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Chapter 1
Sustainability in Food Science and Food 
Industry: Where Are We Now? – 
Viewpoints of the EFFoST Working Group 
on Sustainable Food Systems

Felix Schottroff, Henry Jaeger, Sergiy Smetana, Arthur Robin, 
Kelly Fourtouni, Anet Režek Jambrak, and Hugo de Vries

1  State of the Art: Sustainable Food Processing

A sustainable food system is a system that delivers food security and nutrition for 
all in such a way that the economic, social, and environmental bases to generate 
food security and nutrition for future generations are not compromised. There are 
three pillars of sustainability: economic, social, and environmental sustainability.

This chapter was prepared by the European Federation of Food Science and Technology (EFFoST) 
Working Group “Sustainable Food Systems”. Further information can be found at: https://www.
effost.org/members/effost+working+groups/wg+sustainable+food/default.aspx
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Food production is one of the most ancient and essential human activities. From 
early hunters and gatherers, we have now built a clustered global food production 
network on which we rely to feed the current – and the future – population. However, 
the technological and industrial developments that have led us to be able to sustain 
a population of several billion individuals are also placing a great burden on ecosys-
tems through various adverse environmental impacts. Although the food production 
sector is not the only human activity responsible for such a burden, it plays a major 
role in the contribution to global greenhouse gas emissions (GHG; 26%), water 
resource depletion (>90% scarcity weighted water use), loss of biodiversity (live-
stock represents 94% of the global mammal biomass, excluding humans), land use 
(40–50%), eutrophication (78%), and terrestrial acidification (32%) (Poore and 
Nemecek 2018; Ritchie and Roser 2020). The upstream processes of food produc-
tion (agriculture, animal farming, fishing, etc.) are by far the main sources of detri-
mental environmental effects in the food sector (Poore and Nemecek 2018; Ritchie 
and Roser 2020). Indeed, the supply chain accounts for only 18% of the total GHG 
emissions of the food sector, including food processing (4% of the total GHG emis-
sions of the food sector, Fig.  1.1) (Ritchie and Roser 2020). However, since the 
majority of consumed foods are processed terrestrial or marine resources, the atten-
tion for the sustainability performance of manufacturing, packaging, distribution, 
and consumption is primordial for the entire food systems; this also includes e.g. 
considerations about the use of packaging materials, added value and employment, 
and the social value of food consumption.

In order to achieve the GHG emission reductions required to limit the global 
warming to +2 °C at the end of the century and to reach most of the United Nations 
2030 Sustainable Development Goals, the food sector must undergo profound trans-
formations (Masson-Delmotte et al. 2018; Poore and Nemecek 2018; Ritchie and 
Roser 2020; UNEP 2019; United Nations 2015). In addition to the reduction of their 
environmental footprints, the food production stakeholders need to ensure their eco-
nomic resilience (the food sector is the largest employer in the world), food safety, 
the sufficient supply of nutrients without excess, and increasing health benefits, 
while maintaining cultural heritages and social practices linked to the consumption 
and production of food (Chaudhary et al. 2018; United Nations 2015). Such a com-
plex and ambitious goal can only be achieved with a change of paradigm at each 
food production stage while encompassing the complexity and inter-dependency of 
food systems. Even if food processing is responsible for only a fraction of the global 
food production footprints, it plays a key role in the supply chain, such as increasing 
shelf-life and ensuring food safety, preserving health benefits, and reducing food 
waste generation (Poore and Nemecek 2018; Raak et  al. 2017). As food wasted 

A. Režek Jambrak 
Laboratory for Sustainable Development, Faculty of Food Technology and Biotechnology, 
University of Zagreb, Zagreb, Croatia 

H. de Vries 
INRAE – French National Research Institute for Agriculture, Food and Environment,  
UMR IATE (University of Montpellier, INRAE, Institut Agro), Montpellier, France

F. Schottroff et al.
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Fig. 1.1 Greenhouse gas emissions from food production (image reproduced from Ritchie and 
Roser (2020) (CC-BY), data source: Poore and Nemecek (2018))

throughout the food production chain caused about a quarter of the total food sector 
GHG emissions (6% of the global world GHG emissions), the weight of the holistic 
role of food processing (notably through food preservation) far exceeds its own 
GHG footprint of 4% (Raak et al. 2017; Ritchie and Roser 2020). Besides, improve-
ment of the environmental dimension of sustainability of food processing includes 
the reduction of food waste downstream, the reduction of energy and water con-
sumption, the reduction of the production of solid wastes and wastewater, and pro-
viding technological opportunities for up-recycling of food waste, all of which may 
be achieved, relatively to each case, by using emerging technologies including non- 
thermal processing technologies (Pereira and Vicente 2010; Picart-Palmade et al. 
2019). In this context, the present chapter focuses on the environmental aspect of 
sustainability, although social and economic aspects are also addressed.

1 Sustainability in Food Science and Food Industry…
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2  How Do the Individual Actors in the Food Value Chain 
Influence Sustainable Processing?

The food value chain consists of a variety of different stakeholders, all of them 
exerting an environmental impact. Raw materials for food production are provided 
by the agricultural, as well as the marine and freshwater sectors (fisheries, maricul-
ture, seaweed harvesting, etc.). Logistics companies ensure that materials are trans-
ported along the chain. Food processing aims at the transformation and stabilization 
of products. Foods are usually packaged and transported to retail and distribution 
units, where they are sold to individual consumers. All individual steps bear the 
chance for an improvement of their environmental status (see Chap. 6), ultimately 
contributing to increasing sustainability of the food system (de Oliveira et al. 2018; 
Diamond et al. 2014; Knorr and Augustin 2021b). Besides the fact that food produc-
tion accounts for around one third of GHG emissions, one third of the produced 
food is lost along the value chain (FAO 2011; REFRESH 2020). Therefore, apart 
from the reduction of the carbon footprint, food losses upstream of unavoidable 
cases during raw material processing should also be minimized (Obersteiner and 
Pilz 2020).

Although food raw material production is known to cause the greatest share of 
GHG emissions and food loss (Obersteiner and Pilz 2020), the interdependencies of 
the different actors of the value chain should be considered and set screws to enhance 
sustainability of the food system should be identified for each actor. Passing respon-
sibilities to political actors would be too simple in such complex systems, character-
ized by the unpredictability of events and uncertainties in outcomes. In contrast, 
each actor may individually contribute to a shift towards more sustainable food 
systems. To improve sustainability of agriculture and livestock production, digi-
talization and a shift towards novel and greener technologies are often suggested. 
However, it remains unclear how farmers will be able to cover the potentially aris-
ing costs for such a transition, given the fact that distribution of income is distinctly 
imbalanced for differently sized farms, and farmers experience a pronounced vola-
tility of their income (European Parliament 2015). Ultimately, such changes may be 
triggered by financial support from political actors, governments, or non- 
governmental organizations or may reflect in distinctly increasing prices for raw 
materials, which at the end would have to be compensated by the consumer. 
However, consumers’ willingness to pay may not be given ab initio, but may rather 
have to be triggered, e.g. by the appeal of a product – driven by food processors; or 
marketing and information campaigns – driven by food processors, retailers and 
political actors. Another trigger for a transition towards more sustainable food sys-
tems initiated by the consumer are changing diets. This may be subject to certain 
trends, e.g. caused by social media influencers or marketing and information cam-
paigns or a paradigm shift in the perception of certain behaviors. However, although 
this would be a powerful driver for innovation, consumer choices are a complex and 
individual phenomenon, which are also influenced by sociological and psychologi-
cal aspects, economic considerations, convenience, confirmed habits, personal 

F. Schottroff et al.
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preferences, and the gap between attitude and actual behavior, among others. 
Moreover, this notion also relies on the fact that consumers are well educated in 
terms of their personal contribution towards sustainability, as well as the transfer of 
information towards the consumers (Elhoushy 2020; SAPEA 2020; Vermeir and 
Verbeke 2006). Further, distribution of sustainable alternatives to conventionally 
produced foods towards the consumer has to be ensured through wholesale and 
retail businesses. Especially food retail businesses are known to possess distinctive 
market power, acting in a highly competitive environment. As such, they are able to 
drive down the prices for the offered goods, which may positively affect the actions 
of customers (potentially increasing demand), but may have negative implications 
for food processors, and raw material producers, due to economic drawbacks (EC 
2014; Obersteiner and Pilz 2020; SAPEA 2020). Despite its relative power, con-
sumers may influence retail by a changing demand and food processors may con-
vince markets to take new and sustainably produced products into their portfolios. 
Moreover, by communication and marketing of sustainably produced foods, but 
also the presentation of the goods and the selection of their assortment, supermar-
kets can contribute to actively influence buying behavior of consumers 
(SAPEA 2020).

Due to the fact that processes are often optimized and operated at high through-
put levels, trying to operate in a resource efficient way, minimizing energy and 
water consumption as well as the generation of by-products and waste, the impact 
of food processing itself on GHG emission and food waste generation is limited. 
However, processors can influence almost all players in the value chain. Thus, food 
processors should not only react to the demand of consumers for sustainable diets, 
but also actively trigger such a change of consumer behavior, e.g. by developing 
appealing sustainable food products and a corresponding marketing strategy (incl. 
the adaption of sustainability labels for those foods). Moreover, existing products 
may be adapted, where possible, towards the use of more sustainably sourced raw 
materials, e.g. locally and seasonally produced food constituents and avoidance of 
animal-derived components. Also, the implementation of novel and more efficient 
technologies, e.g. non-thermal technologies, may contribute to a reduction of energy 
consumption and food losses, as well as favoring circular approaches (Knorr and 
Augustin 2021a; Knorr et  al. 2020; Obersteiner and Pilz 2020; SAPEA 2020). 
Subsequent to production, products typically undergo food packaging operations. 
Here, the strategies in terms of increasing sustainability are not as straightforward, 
as packaging may also help to distinctly reduce food loss throughout the supply 
chain. A reduction or adaptation of packaging may make sense for certain products, 
especially such foods usually wrapped in multiple layers. However, where unavoid-
able, the development of novel, more sustainable packaging concepts, e.g. biode-
gradable plastics, may be favorable (Licciardello 2017; Obersteiner and Pilz 2020). 
Similar observations and conclusions may be drawn for the food logistics sector, as 
food storage, packaging and transport together only account for ~1% of GHG emis-
sions (Quantis 2020). Therefore, those operations are hardly avoidable and neces-
sary for the supply chain to function properly. In many cases it makes sense to 
reduce transportation routes of food products for the sake of sustainability. The 

1 Sustainability in Food Science and Food Industry…
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responsibility for the implementation lies with the food processors and raw material 
producers but also with the logistic companies, e.g. by using digital tools for supply 
chain optimization. In addition, logistics companies may ensure that the transport of 
foods is implemented as resource efficient as possible (Bloemhof et al. 2015; Soysal 
et al. 2012). The last player, able to exert influence on all actors of the food value 
chain are policy makers. However, as previously mentioned, politics may not solve 
the transition towards sustainable food systems on their own. Instead, politics 
should build a framework that enables the development of the individual actors 
along the food value chain into the direction of enhanced sustainability. For this 
purpose, actions may be undertaken by implementation of labels and standards in 
different categories, such as voluntary vs. compulsory or directed at the customer 
vs. B2B. Moreover, corresponding laws, suitable information campaigns and educa-
tional efforts will contribute to raise awareness for the issue. Lastly, providing 
appropriate funding and subsidies will help players along the value chain to obtain 
these goals (EC 2021a; Knorr and Augustin 2021a; Leach et al. 2020; SAPEA 2020; 
Weber et al. 2020).

A more in-depth view on the topic of sustainability along the food value chain 
may be found in SAPEA (2020), Knorr and Augustin (2021b), Halberg and 
Westhoek (2019), and Weber et al. (2020).

3  What Do Companies Do to Investigate How Sustainable 
They Are?

Sustainable food production, i.e. the processes or means companies use to minimize 
their environmental impact, is a crucial matter which needs to be addressed by the 
food industry. For this purpose, food companies assess how sustainable they cur-
rently are, by measuring e.g. their use of energy, natural resources (water, land), 
materials (ingredients, packaging) and GHG emissions during the production and 
transportation of their products. They are benchmarked against their peers and com-
petitors using internal and external tools as specified in the next section and in 
Fig. 1.2.

3.1  Labels

In order to communicate sustainable food production towards the consumer, and to 
consequently raise awareness and influence the demand for sustainably sourced 
foods, labels seem to be an appropriate measure.

Eco Labels The increasing concerns from the consumer side drove the emergence 
of organic food, as well as eco and fair-trade labelling. Though the awareness of the 
above, companies can attract more consumers purchasing their products, since they 

F. Schottroff et al.
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Fig. 1.2 From consumers to parliamentary chambers, from labels to laws: how sustainability per-
formance in the food sector can be communicated, assessed, assured, and legislated, with a focus 
on research and innovation in the processing stage of food systems

have the adequate certifications contributing to a more sustainable food industry and 
system (http://www.ecolabelindex.com/).

Some of the following are voluntary certifications that can be assured by third 
parties and verify their compliance with specific conditions:

Rain Forest Alliance seal Promotes collective action for people and nature 
(Rainforest Alliance 2020). What it really means is that the product that has been 
certified with the Rain Forest Alliance was produced with systems and methods that 
do not compromise the viability of the three pillars of sustainable development; 
economy, environment, society. The seal focuses on four themes: Livelihoods, 
Human Rights, Climate Forests (https://www.rainforest- alliance.org/business/
tag/2020- certification- program/).

The organic logo The European Union “Organic logo”, gives an identity to 
European Union organic products, that have been certified and contain at least 95% 
organic ingredients (https://ec.europa.eu/info/food- farming- fisheries/farming/
organic- farming/organic- logo_en).

Animal Welfare Approved Is a certified standard for animal welfare where ani-
mals must be able to live in their natural inhabitant and be in a state of physical and 
psychological well-being (http://www.ecolabelindex.com/ecolabel/
animal- welfare).

Fair Trade Certified Is a standard promoting and supporting the lives and every 
day work of farmers and agricultural workers, through fair trade. Products that are 

1 Sustainability in Food Science and Food Industry…
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promoted under the “Fair Trade seal” are coffee, cocoa, banana, flowers, tea and 
sugar (https://www.fairtradecertified.org/).

3.2  How Is Sustainability Assessed?

There are international standards, regulations, and voluntary codes for assessing the 
level of a company’s engagement and to enhance transparency, related to sustain-
able development. Some of these standards used to evaluate sustainable actions, 
impact and metrics are listed hereafter.

Global Reporting Initiative (GRI) GRI is an international not-for-profit organi-
zation, with a network-based structure. GRI Standards create a common language 
for organizations – large or small, private or public – to report on their sustainability 
impacts in a consistent and credible way (https://www.globalreporting.org/).

ISO 26000 An international standard, launched in 2010, providing guidance to 
those who recognize that respect for society and environment is a critical success 
factor. The application of ISO 26000 is increasingly viewed as a way of assessing 
an organization’s commitment to sustainability and its overall performance (https://
www.iso.org/iso- 26000- social- responsibility.html).

ISO 14044 Is used to specify the necessary requirements and to provide guidelines 
for life cycle assessment (LCA). It provides guidelines on the definition and scope 
of the LCA, the life cycle inventory phase (LCI), the life cycle impact assessment 
phase (LCIA), the life cycle interpretation phase, and the final phase of LCA report-
ing and review. It also covers limitations of the LCA and the relationship between 
the LCA phases (ISO 14044 2006).

Many existing tools can be used in the process of Sustainability Assessment. 
Some of those tools and methodologies include:

• Risk assessment
• Life cycle assessment
• Cost and benefit analysis
• Ecosystem services valuation
• Scenario analysis, including sensitivity analysis

Task Force on Climate-Related Financial Disclosures (TCFD) TCFD is an 
organization with the goal of developing a set of voluntary climate-related financial 
risk disclosures which can be adopted by companies so that those companies can 
inform investors and other members of the public about the risks they face related 
to climate change (https://www.fsb- tcfd.org/).
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Carbon Disclosure Program A nonprofit project aiming at the disclosure of envi-
ronmental information to assist companies address and minimize their environmen-
tal impact and footprint (https://www.cdp.net/en).

Life Cycle Assessment (LCA) Is a methodology where a company can assess its 
environmental impact at all the stages of the lifecycle of a product. This includes all 
the emissions and natural resources used by a company, concluding on the environ-
mental, human health and resource depletion issues that may arise. LCA is a mean 
of identifying any environmental issue that relates to the production, assisting com-
panies to take decisions based on robust results and set targets on mitigating those 
issues. Through the impact assessment, a company can identify the environmental 
and human health impact, set goals and targets, as well as an action plan, on how it 
can overcome and minimize these impacts. Performance indicators and corelated 
metrics can help in quantifying the goals and set more realistic targets, in order to 
achieve them and transit towards Sustainable Development faster, in comparison 
with other companies that lacking quantified targets (Muralikrishna and 
Manickam 2017).

Sustainability Reporting A mandatory process in the European Union (according 
to Directive 2014/95/EU), also known as Non-Financial Reporting Directive 
(NFRD). Since 2018 companies are required to include non-financial statements in 
their annual reports (EC 2020b).

According to the Directive, companies should disclose information on the fol-
lowing (EC 2020b):

• Environmental protection
• Social responsibility and treatment of employees
• Respect for human rights
• Anti-corruption and bribery
• Diversity on company boards (in terms of age, gender, educational and profes-

sional background, etc.)

3.3  External Audits and Assurance

Companies can also seek for assurance on their Sustainability Report and in particu-
lar also their ISO certification schemes, by Auditing Providers. Voluntary codes, 
such as GRI have issued specific guidance manuals used by the auditors, to verify 
and assure the disclosed data.

AA1000AS Assurance Standards Is a methodology used to evaluate 
sustainability- related assurance activities, and it assesses the nature and extent to 
which an organization adheres to the AccountAbility Principles (https://www.
accountability.org/standards/aa1000- assurance- standard/).

1 Sustainability in Food Science and Food Industry…
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Finally, a universally accepted standard is not yet in place, therefore companies 
follow one, or a combination of the above-mentioned standards and disclosures, 
with the auditors and assurance providers facing the challenge of credibility and 
consistency (Coyne 2006).

4  Legislation on Sustainable Food Processing

Sustainability as defined in Sect. 1 relies, in States of Law, on a set of legislations 
dealing with one or several of its aspects (SAPEA 2020).

At an international scale, the International Organization for Standardization 
(ISO) issued 14044:2006, Environmental management; Life cycle assessment 
(LCA) and Requirements and guidelines (see above). These standards contribute to 
the Sustainable Development Goals #12 and #13. The European Parliament and of 
the Council established the framework for achieving climate neutrality and amend-
ing Regulation (EU) 2018/1999 (European Climate Law), COM (2020) 80 final, 
2020/0036 (COD). Also, the Parliament welcomes the plan for a sustainable food 
system strategy and highlighted the need to use natural resources more efficiently 
while supporting the agricultural sector (Waage et al. 2015). They reiterated calls to 
reduce pesticides dependency, and the use of fertilizers and antibiotics in agricul-
ture, while striving for 25% of organic production. They also wanted higher animal 
welfare standards and an EU-wide food waste reduction target of 50%. Even though, 
the European Union currently does not possess an overarching framework for gov-
erning the European food system in a holistic manner (Candel 2016).

The waste reduction target directly concerns the processing part of food systems 
striving for sustainable outcomes (EC 2016). However, also the increase of organic 
production will have consequences on the environmentally friendly way of process-
ing (Barabanova and Moeskops 2019). These consequences are not yet translated 
into appropriate legislation. Also scientific evidence underlying legislation and har-
monized procedures, avoiding disperse private standards, should be reviewed (van 
der Meulen 2017).

Current scientific evidence reveals that food processing should be focused on 
energy reduction and low GHG emissions. In this regard, non-thermal technologies 
can be considered as green technologies (de Vries and Matser 2011). However, fur-
ther calculations and justification are needed to consider them as sustainable. There 
are electrotechnologies (cold plasma processing, pulsed electric fields—PEFs, 
pulsed light—PL, e-beam processing); pressure-based technologies like high pres-
sure processing—HPP (cold preservation—Pascalization), high pressure homoge-
nization and mechanical technologies (high power ultrasound—US, hydrodynamic 
cavitation) (Režek Jambrak et  al. 2021). There are some studies that conducted 
life-cycle assessment and environmental models developed by environmental scien-
tists that are applied on food. There are also models developed by food scientists in 
order to analyze food-environmental interactions (Djekic et al. 2018).

F. Schottroff et al.
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If current legislation of food safety as described in the General Food Law 
(Regulation (EC) No 178/2002) – and overviewed by e.g. the European Food Safety 
Agency (EFSA) – is extended towards sustainability of food systems, the role of 
non-thermal processing is interesting to discuss in more detail. Nonthermal process-
ing can be used in pre-treatments and treatment of food in order to assure on one 
hand food safety and on the other hand reduction of energy consumption and CO2 
emission. This can bring value to new green business models that can contribute to 
removal of CO2 (non-increasing contribution) from the atmosphere, and contribute 
to the climate neutrality objective (carbon market).

Food packaging also plays a key role both in the safety as well as in the sustain-
ability of food systems (EU Regulation (EC) No 1935/2004), which leads to an 
amended Regulation (EU) 2019/1381 on the transparency and sustainability of the 
EU risk assessment in the food chain (EC 2021b). The current rules need to be 
revised (e.g. the one on food contact materials) in legislation to improve food safety 
and public health (in particular in reducing the use of hazardous chemicals), support 
the use of innovative and sustainable packaging solutions using environmentally- 
friendly, re-usable and recyclable materials, and contribute to food waste reduction. 
Also the communication via labels towards consumers needs then a revision. The 
International Organization for Standardization (ISO) defines green labels as sym-
bols printed on products or their packaging to advertise environmental quality or 
characteristics. From producers to consumers, following their green intentions by 
buying certified products there can be a new, appropriate, labeling system. The reg-
ulators should take action to expand and promote sustainable production methods 
and circular business models in food processing and retail, including specifically for 
Small and Medium-sized Enterprises (SMEs). Requiring in the food processing 
industry can promote sustainability by considering the 4 R’s: reducing the amount 
used, re-thinking whether it is actually a genuine requirement, re-using existing or 
ensuring products can be recycled. Legislative initiatives to enhance cooperation of 
primary producers to support their position in the food chain and non-legislative 
initiatives to improve transparency; however, this may ask for a revision of the 
European Competition Law.

Ideally, the future directive is towards “zero waste” agenda, promote a low- 
carbon and eco-friendly economy and support economic growth in rural areas 
(Queenan et al. 2017).

5  How Can Sustainability Be Calculated and Evaluated?

Sustainability is a complex and wide concept, which requires specific approaches 
for the analysis. Progress measurement towards sustainable state of functioning 
requires a quantitative resource-based approach (Fig. 1.3). Quantification and anal-
ysis of sustainability from such a perspective would need to deal with natural (envi-
ronmental), human and economic capital accounting.

1 Sustainability in Food Science and Food Industry…
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Fig. 1.3 Conceptualization of “sustainable development” through resource use approach 
(Smetana 2017)

There are four main groups of studies, oriented towards sustainability assess-
ment, which have quite various approaches. The first group relies on integrated 
indicators (Environmental Sustainability Index, Happy Planet Index, Environment 
Vulnerability Index, Index of Sustainable Economic Welfare, Sustainable 
Governance Indicators, Sustainable Society Index, etc.), which are providing a very 
integrative information hardly usable for the detailed food technologies analysis 
(Fig. 1.4).

The second group includes a multi-criteria quantitative assessment of multiple 
indicators (Alrøe et al. 2016; El Gibari et al. 2019). Multiple criteria analyses are 
widely used for practical solutions of decision-making. At the same time such anal-
yses require separate calculations of multiple indicators which have the disadvan-
tages of separate benchmarks, which cannot be combined into a single integrated 
unit, unless multi-objective optimization is applied (Gazan et al. 2018).

Another group of indicators relates to input-output table analysis (IOTA), known 
as a precise method for the identification of links for national and even global econ-
omies (Leontief 1951). Combination of monetized (economic) and physical IOTA 
at the regional level results in analyses of waste generation and distribution (Meyer 
et al. 2020; Salemdeeb et al. 2016), ecosystem services determination (Fridman and 
Kissinger 2018; Smetana et al. 2016), and the determination of interdependencies 
between economy and physical resources tables (Liu et al. 2021; Wachs and Singh 
2018). IOTA is related to the LCA method (see Sect. 3) and is in the basis of regional 
and national environmental impact accounting systems like EXIOBASE (Merciai 
and Schmidt 2016; Merciai and Schmidt 2018).

The fourth group of sustainability assessment systems is related to the previous, 
as it uses quite similar calculation methods. Life Cycle Assessment approaches are 
well developed and extensively applied on multiple levels of food systems analysis 
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Fig. 1.4 Main groups of sustainability indicators (Smetana et al. 2015) (reprinted with permission 
from John Wiley and Sons)

(Finkbeiner et al. 2010; Patterson et al. 2017; Sala et al. 2015). Literature sources 
indicate the possibility of sustainability estimations for food technologies or prod-
ucts via Life Cycle Sustainability Assessment (LCSA) which includes LCA, Life 
Cycle Costing Analysis (LCC) and newly developing Social LCA (SLCA) (Costa 
et al. 2019; Finkbeiner et al. 2010). LCA is a tool that can be used to evaluate the 
environmental load of a food product, technical process, or food production- 
consumption system. LCA is a standardized methodology (ISO 14040 2006; ISO 
14044 2006) and if the assessment follows them precisely it provides reliable 
results. LCC is a cost management method that considers the development of a 
product from the product idea to withdrawal from the market (product life cycle), 
i.e. from the “cradle to grave”. Numerous guidelines exist to support the successful 
implementation of LCC (DIN EN 2005; Norris 2001; Verein Deutscher Ingenieure 
2005; Verein Deutscher Ingenieure 2010). For SLCA UNEP developed Guidelines 
for SLCA of products (Benoît-Norris et al. 2011; UNEP 2020), which can be effec-
tively applied for the indicator-based social factors calculations in food produc-
tion chains.
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Despite all the developments the scientists face the problems of databases 
absence, wide impact categories selection, qualitative and quantitative data incom-
patibility and lack of case studies (especially for novel technologies and food sys-
tems). All above mentioned methods are time and resource consuming and require 
qualified experts for the assessment. At the same time, there are a few initiatives 
coming from various groups of LCA experts, intended for the creation of open data-
bases of inventories and development of integrated approaches for the assessment 
involving automatization and artificial intelligence algorithms.

For further reading on this topic, the contributions of Curran (2016), Guinée 
et al. (2011), and Hellweg and Milà i Canals (2014) are suggested.

6  How Can Sustainability Be Improved?

The sustainability targets for primary production are relatively well defined, for 
example in the Farm to Fork Strategy (EC 2021a), aiming to protect the environ-
ment, ensure healthy food and ensure farmers livelihood (European Parliament 
2020). The key targets are (i) 50% reduction in the use and risk of pesticides, (ii) at 
least 20% reduction in the use of fertilizers, (iii) 50% reduction in sales of antimi-
crobials used for farmed animals and aquaculture, and (iv) 25% of agricultural land 
to be used for organic farming.

In post-harvest handling, the targets are not given, even though food science and 
technologies may substantially contribute to further improve the sustainability of 
food systems. This should be integrally considered from environmental, economic, 
and social dimensions, since food science connects eco-friendly production of 
resources (environmental dimension), with market value of food (economic dimen-
sion) and well-being in different cultural contexts (social dimension). In particular, 
it concerns the appreciation of food quality, the environmental-friendly way of pro-
cessing, and the creation of added value. Food quality is hereby expressed in terms 
of a tasteful commodity, a common good, a right, a cultural heritage, etc. (social 
dimension; SAPEA (2020); Jackson et al. (2021)). Eco-friendly processing targets 
at most efficiently optimizing energy; water and resource usage (environmental; 
Lillford and Hermansson (2020); Knorr and Augustin (2021a, b)). Added value is 
created by new (circular) business and jobs, among others (economic; Donner; De 
Vries and Donner (2021)). They all should go hand in hand via a scenario-driven 
strategic approach for improving sustainability in the food domain (de Vries 
et al. 2018).

Examples are (i) combining healthy and sustainable diets, (ii) transforming food 
systems for a safe and fair planet, (iii) striving for 100% resource efficiency and 
circularity, (iv) innovating and empowering communities to make approaches inclu-
sive (the four Food 2030 priorities; EC (2020a)). If one integrally takes into account 
the three dimensions for the first focus area, food science may then contribute to 
sourcing forgotten crops for developing new protein foods contributing to local new 
business and traditional culinary dishes. In the second focus area, zero-water-loss 
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processing of biodiverse sources for multiple healthy dishes served by a multitude 
of actors could be envisaged. In the third domain, new industrial-ecological- 
community initiatives for 100% valorization of resources locally could be consid-
ered as a priority. Finally, in the fourth domain, consumer-driven innovations in 
3D-food design is an option, both physically experimented within shared kitchens 
and virtually accessible thanks to informatics service suppliers to guarantee 
zero waste.

Thanks to the creativity of food scientists, many more examples will emerge at 
the crossroads of the planet, people, and profit. These are to be documented, visual-
ized, and shared around the globe. They serve as input for new life long training 
programs in the wider food arena. Lessons learned are to be translated into policy 
options guiding the transitions towards more sustainable foods and broader bio-
economy systems (De Vries et  al. 2021; Directorate-General for Research and 
Innovation (European Commission) 2021).

7  Future Needs

Due to the interconnected nature of the topic as well as the “natural” growth of our 
current systems, a variety of different issues may be addressed now, as well as in the 
future, covering various fields, including research and development, economic and 
legal considerations, consumer behavior and the interests of the agricultural and 
food industries. It is strongly recommended to consider the various fields, tools, 
labels, and (policy and legal) measures, from a conceptual point of view. Even 
though there seems to be consensus about the need for holistic views, in particular 
a consistent framework is needed. Such a framework should allow revealing whether 
food systems are evolving sustainably or unsustainably, and in particular what are 
the consequences of interventions in food science and technology for overall sus-
tainability of food systems. The interventions that may serve as leverage points for 
substantially changing the course of current food systems evolutions towards more 
sustainable outcomes are then addressed preferentially.

Only through the collaboration of all stakeholders – preferentially in well-defined 
and inter-connected cases around the globe – can the transformation towards more 
sustainable food systems be reached. We believe such collaborative works encom-
pass a change in the education of current and future food stakeholders, such as food 
engineers, food technologists, food scientists, food chemists, among others. Not 
only can education in sustainable development help to achieve sustainability goals 
in practice, but it will also ensure that all food engineers have the required knowl-
edge, values, and learning capacity to explore new paradigms and face future hur-
dles (Askfood 2021; Halbe et  al. 2015; Serhan and Yannou-Lebris 2021; 
Sterling 2010).

1 Sustainability in Food Science and Food Industry…
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Chapter 2
Innovative Processing: From Raw 
Material, Post Harvesting, Processing, 
and Applications

Alexandrina Sirbu

1  Innovative Processing, a Driver for the Sustainable Food 
Supply Chain

In the context of sustainable development, the balance between environmental pro-
tection, economic growth, and social cohesion is ensured by constantly embracing 
alternative solutions for carrying out economic activities. In the market economy, 
sustainability in the food chain, in terms of production and trade of the food com-
modities as well as management of environmental factors (referring to energy, 
water, wastes, greenhouse gases, etc.) for the growth of the economic activities 
often involve the innovation of products, processes, or the development of new tech-
nologies. Innovation has become an utmost important driver of sustainability that 
helps companies face the increased market challenges nowadays and convert new 
ideas into business opportunities for the food industry within the supply chain.

In its essential meaning, sustainability is a concept that is applied through a con-
tinuous process; that is why many times has been quoted that sustainability is more 
a journey than a destination. Consequently, lasting development has become more 
and more connected to the innovation process and environmental issues entailed 
finding innovative solutions to be integrated into the supply chains and develop eco- 
innovation practices (e.g., eco-design, life cycle assessment, cleaner production, 
energy recovering, packages recycling, waste reducing, water treatment, etc.). In 
this regard, sustainable innovation has targeted both economic and sustainability 
performances of individual companies that show to advantage various opportunities 
on existent or new markets (Kneipp et al. 2019), being either reactive or proactive 
to technology advancements and new business systems. Tebaldi et  al. (2018) 
reviewed the Sustainable Supply Chain Innovation (SSCI), in which sustainable 
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innovation is approached beyond a company level but it addresses the whole supply 
chain by integrating all kinds of innovations from incremental to radical ones and 
from the product and technological innovations to any resource allocation and orga-
nizations, promoting innovation beneficial for all stakeholders associated with the 
supply chain. Learned lessons from the twentieth century have shown new knowl-
edge should be produced considering scientific advancements and economic added 
value, and additionally the moral and social responsibilities. Even full of promises 
or incentives, sometimes have arisen concerns about innovation in science and tech-
nology regarding unforeseen hazards, loss of control on research outcomes, unpre-
dictable consequences of emerging technologies, or other ethical effects at the 
societal level in a long term. Stilgoe et al. (2013) commented on the governance of 
innovation in science and emerging technology and supported responsible innova-
tion, which has four dimensions (i.e., anticipation, reflexivity, inclusion, and 
responsiveness).

The food industry involves a large number of horizontal and vertical relation-
ships between stakeholders (business people, governmental representatives, tech-
nologists, researchers, etc.), the very dynamic nature of these relationships playing 
an important role in the field of innovation incorporated into the food supply chain 
(Beske et al. 2014). In recent decades, end-consumers have gained a central role in 
the food market, currently being increasingly promoted in the management and 
implementation of consumer-oriented innovation. So, the food industry is a very 
good example of how dynamic capabilities such as product and process develop-
ment among the transparency, knowledge acquisition and assessment, ability devel-
opment, etc., is used by companies on the food supply chain to gain a market 
competitive advantage and face more challenges of customers’ demands. The litera-
ture reviewed in areas of innovation and sustainability within the supply chain 
reveals a consistent interest for agricultural and food sectors (over 17% of total 
industries), the technological innovation being identified in the top 4 of various 
types of innovation (Rajeev et al. 2017; Tebaldi et al. 2018). Most studies have been 
performed on sustainable farming, agro-chemicals, alternative technologies to 
improve the performance of the food industry, and so forth. Concerning food pro-
cessing, as an alternative to thermal conventional technologies for food preserva-
tion, many novel thermal and nonthermal emerging technologies have already 
proved their efficiency, e.g., in terms of food safety, food quality, the shelf life of 
agro-food, and energy decrease. In the aim to promote sustainable food systems, 
Gimenez-Escalante and Rahimifard (2019) proposed an innovative strategy, i.e., 
Distributed and localised food manufacturing (DLM), which consists of those food 
technologies’ selection as the best alternative (in terms of processing, yields at the 
local scale, exploitation of operational capabilities, business flexibility, and response 
to market demands) to be implemented in a manufacturing company based on its 
individual requirements. As Khouryieh (2020) found, food processors from the 
U.S. considered that equipment manufacturers and government research are the 
main drivers for innovation in emerging food technologies. But, from those emerg-
ing food technologies, further on discusses “hurdle” and nonthermal technologies, 
which are applied in the processing of agro-food products “from farm to fork”.
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Globally, the use of technology remains one of the greatest challenges to the food 
supply chain. It is important to notice that radical innovation, in time, has become 
an incremental one, and emerging or young technology from yesterdays may come 
to a mature technology tomorrow. Van den Oord and van Witteloostuijn (2018) stud-
ied the case of biotechnologies’ evolution from the 1970s to 2000s (including co- 
evolution of technologies and organizations) and they defined a multi-level model 
of emerging technology from seed to its growth. As Hernández-Hernández et al. 
(2019) quoted, some emerging food processing technologies have been studied 
more than others in the last decades, a few are well known but not of all with com-
mercial applications. However, an in-depth analysis of the stage of nonthermal tech-
nology evolution for agro-food processing (incl. Technology Readiness Level TRL) 
is out of scope within this chapter, when it refers to the term of emerging or novel 
technologies onwards.

Since the twentieth-century, consumers have expressed their demands related to 
foodstuffs that should be at the same time, if it is possible, convenient, safe, healthy, 
with an extended shelf life, and having a fresh-like quality as well. Innovative solu-
tions promoted in the 1990s in food technology envisaged minimal processing tech-
nologies that could be applied in various stages of the food supply chain (Ohlsson 
1994). Minimal processing consists of a combination of technologies, methods, or 
processing procedures by using the “hurdle” concept to ensure adequate stability, 
sensory, safety, or shelf life of food commodities. That means a processing system 
or fine-tuning preservation by using different barriers such as controlled tempera-
ture, water activity, pH, redox agents, preservatives, etc., aimed at having a mild or 
minimal effect on food quality changes.

Designing the minimal processing technologies evolved from combinations’ 
optimization of traditional preservation techniques to combinations of traditional 
methods with emerging preservations, or novel combinations of emerging technolo-
gies, all of them applied without afflicting safety nor altering quality attributes of 
food (Alzamora et al. 2016; Khan et al. 2017). A suitable selection of stressor fac-
tors and combinations of intervention technologies (e.g., emerging ones) to perform 
minimal processing continues to be innovative; this is related to its foreseen pur-
pose, available resources, type of food, and balance between advantages and limita-
tions of the chosen solution.

2  Nonthermal Emerging Technologies Along the Food 
Supply Chain

Nonthermal technologies allow food preservation or processing at milder tempera-
tures, below the temperatures used during thermal pasteurization, or without gener-
ating very high temperatures whilst the products are exposed to the specific, intense 
treatment during a short period of time. This kind of technology is considered non-
thermal processing (NTP) because numerous applications studied on microbial deg-
radations proved that biological inactivation occurs at a sub-lethal temperature of 
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the microorganisms or room temperature (Pereira and Vicente 2010; Hassoun et al. 
2020). Also, as regard food quality, NTPs proposed food processing aimed at mini-
mizing the changes in flavor, color, texture, odor, or residuals in comparison with 
other treatments, but preliminary results were not always so outstanding. Hence, 
several processing techniques and fine-tuning of the experimental setup continue to 
be under development, and scaling up may neither be technically nor economically 
feasible yet. It seems that the oldest nonthermal technologies applied to the biologi-
cal matrices are Pulsed Electric Fields (PEF) from the 1950s (Zhang et al. 2019) and 
High Hydrostatic Pressure (HHP). HHP is also known as ultra-high pressure (UHP) 
or high pressure processing (HPP). The applicability of HHP was firstly proved for 
milk preservation in 1899, scientifically reapproached (on other food matrices) in 
the mid-1980s, but it has started to be industrially used for fruit juices, jams, sauces, 
desserts, etc., in the 1990s in Japan; whilst the first commercial PEF technology was 
implemented for fruit juice treatment in 2005  in the US (Yaldagard et  al. 2008; 
Barba et  al. 2016). According to Khan et  al. (2017), one of the most researched 
novel technology is food irradiation, the first patent of ionizing radiation for patho-
gen spoilage dating from 1905; and then assessed against pork trichinae in 1921. 
Also, the bactericidal effect of pressurized carbon dioxide was discovered by Valley 
and Rettger in 1927 (Yu et al. 2020).

Nonthermal emerging technologies can be grouped based on different criteria 
such as engineering aspects, novelty, scope, and food applications. Engineering 
aspects refer to the scientific principles and technical solutions applied in engineer-
ing to perform that technology. The advantages and limitations of each nonthermal 
food technology are explained by its mechanisms of action, with consequences on 
potential applications in the agro-food sector (Barbosa-Cánovas et al. 2005; Barba 
et  al. 2016; Khan et  al. 2017; Režek Jambrak et  al. 2018; Picart-Palmade et  al. 
2019). As mentioned above, nonthermal technologies under discussion are ground- 
breaking technologies, and their novelty is straightly related to TRLs or their life 
stage since they were developed and used. Based on processing principles and 
mechanism of action, technological purposes envisage their applications on the 
food supply chain related to their scope and operations to be done. Nonthermal food 
processing applications are considered from the agricultural raw materials towards 
end-consumption on food categories or areas.

Depending on their novelty, namely, if relevant technologies are industrial avail-
able for the manufacture of food products enabling food processes cost-efficient 
(according to DLM concept), Gimenez-Escalante and Rahimifard (2019) distin-
guished the novel nonthermal food processings in two categories, namely: applica-
ble (as HHP/HPP, irradiation, ultrasound, PEF, and membrane separation) and 
emerging technologies (e.g., Ultraviolet (UV) and pulsed light, pulsed X-Rays, cold 
plasma, oscillating magnetic fields (OMF), electric arc discharges, microfluidics, 
nanotechnologies, and membrane emulsification). For example, HHP is the most 
widely applied novel nonthermal food technology at the industrial level, followed 
by PEF (Hernández-Hernández et  al. 2019; Khouryieh 2020). According to 
Khouryieh (2020), OMF is one of the most common nonthermal technologies under 
development. In the next decade is foreseen that cold plasma to come on second 
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place within the top of the most significant emerging technologies available, whilst 
ionizing radiation will decrease on the tenth position (Hernández-Hernández 
et al. 2019).

The main purpose of developing these nonthermal technologies focused on inhi-
bition of microbial growth and food preservation in ways to minimally alter the 
sensorial properties of the food matrix and ensure food stability during storage or 
processing with an adequate shelf life increment (Keyser et  al. 2008; Yaldagard 
et al. 2008; Niemira 2012; Barba et al. 2016; Alzamora et al. 2016; Khan et al. 2017; 
Brodowska et al. 2018; Hernández-Hernández et al. 2019; Zhang et al. 2019). In 
this respect, the effects of these nonthermal technologies have been studied either 
on food substrate or microbiota, or both. Additionally, much research on emerging 
nonthermal processings encompassed inactivation of enzymes, modification of 
physicochemical and colloidal properties (e.g., hydrophilic/hydrophobic changes, 
solute diffusion), denaturation of macromolecular compounds (proteins, starch), 
partial modifications of nutritive substances, bioactive compounds, and sensory 
attributes. Consequently, depending on the scope of novel NTP and their potential 
technological effects, these technologies in the food industry can be grouped as:

• Technologies for food preservation, shelf life extending and food safety ensuring
• Green technologies for food processing
• Technologies type “clean-room” for food safety assurance
• Technologies for the valorization of food by-products, and other bioresources.

In the classification above, a distinctive approach is proposed between food pres-
ervation, which is mainly focused on food products (as part of Hazard Analysis 
Critical Control Points (HACCP) method), and all necessary conditions, as part of 
prerequisite programs within a food safety management system (FSMS) to ensure 
safe production and distribution of food commodities. So, the first group of NTP 
technologies refers to minimal damages of food products and their preservation 
(e.g., food decontamination, cleaning, washing, pre-treatment, pasteurization, ster-
ilization, etc.), whilst the third category comprised the adequate technologies for 
keeping a clean and safe environment in plants, warehouses, and any manufacturing 
facilities (e.g., sanitation, disinfection, controlled environment, etc.). Emerging 
nonthermal technologies try to solve food safety issues by several means, namely: 
reducing the microbial population on the surface of food, inactivation of foodborne 
pathogens and spoilage microorganisms, nonthermal neutralization of certain bio-
logical hazards, surfaces decontamination and other food-contact materials, sanita-
tion, and disinfection, hygienically removal of wastes, etc. Zhang et  al. (2019) 
reviewed different mechanisms of some nonthermal technologies (e.g., PEF and 
ultrasound) against food spoilage and explained them by destroying genetic materi-
als or changing the structure of the cell membrane of the microorganisms.

As discussed, new agricultural and food strategies, practices, and technologies 
integrated along a sustainable food supply chain have claimed innovation for green 
technology development. As an alternative to conventional or traditional technolo-
gies, the green nonthermal technologies allow to the same extent the food manufac-
turing and lower environmental impact that means food transformation with energy 
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efficiency, reducing carbon footprint, saving water, reducing waste generation along 
the food chain, etc. Many emerging NTP food technologies under discussion proved 
that are green or at least potentially green (López-Pedrouso et  al. 2019; Picart- 
Palmade et al. 2019). But food processing is not limited to technologies and opera-
tions aiming at food preservation or thermal effect on the food products. In literature, 
there are different other criteria for defining food technologies based on their role 
(e.g., conditioning, preparation, cooking) or type of processes or unit operations 
(e.g., mass and energy transfer). So, this class of green technologies for food pro-
cessing comprises those NTP with the primary technological purpose other than 
preservation or decontamination, namely: extraction, drying, cooking, boiling, ten-
derization, maturation (aging), separation, gelatinization, mixing, emulsification, 
homogenization, thawing, blanching, forming, fermentation, distillation, etc. Green 
nonthermal processing address the main challenges of market demands as regards 
the new formulation of food, fresh-like food products, quality improvement, better 
sensory characteristics, chemical or additive-free, nutrition keeping or increasing, 
integrity, and in a certain manner, environmental-friendly. For sure, some of these 
green technologies may influence also food stability during storage, shelf life 
extending, or preservative character but no necessarily as a first or unique goal of 
their implementation into a food processing plant.

Food by-products are secondary, sometimes unintended products that resulted 
during the food manufacture, and their removal, recovery, and attempts to harness 
through processing became of interest for a high valorization and diversifying of 
food materials, food manufacture cost-efficiency, and reducing waste, at least. 
Nowadays, various high-value compounds can be capitalized within the food supply 
chain, as bioresources, by recovering not only from food by-products but also food 
raw materials, waste, or food wastewater. Also, the separation of valuable bioactive 
compounds from food opened the gates for new food branches as nutraceuticals, 
food supplements, etc. In conclusion, concerning this specific technological scope, 
the novel nonthermal technologies implemented for the valorization of food by- 
products, and other products (e.g., edible films) should represent a distinct category, 
apart from food production itself.

Based on a literature review, a few applications of nonthermal emerging tech-
nologies are introduced in Table  2.1. As mentioned above, there is a difference 
between opportunities of usage and commercialization of emerging NTP; that is 
why Table 2.1 does not necessarily consider the TRL of each technology in terms of 
technological effects nor food types.

Main applications, which are foreseen on the food chain for emerging nonther-
mal technologies refer to at least two or many of the following: enhance the micro-
biological, nutritional, and sensorial quality of food, keep the fresh-like quality 
properties almost or as of food’s native state, develop new food products, give food 
with a prolonged shelf life, partially solve the issues arisen in other types of tradi-
tional or novel thermal processing, promote sustainable innovation and address to 
new niche markets, increase yield, reduce environmental impact, etc. Table 2.1 pres-
ents some applications of novel NTPs such as treatment of post-harvest agricultural 
products, food preservation, food processing, sanitation or disinfection, food 
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packaging, and shelf life extension, valorization of by-products, extraction of vari-
ous compounds, etc. As is introduced in Table 2.1, research of novel nonthermal 
techniques under development or already applicable in agriculture, food industry, 
and trade encompassed a high diversity of food products on categories, namely:

• cereals, grains, pulses, and farinaceous foodstuffs,
• fruits, vegetables and legumes, fruit and vegetable juices and other derivated 

products,
• spices and herbs,
• milk and dairy products,
• eggs,
• meat, poultry, and meat products,
• fish and seafood,
• beverage, beer, wine
• other compounds (nutrients, etc.).

Different authors pointed out that novel nonthermal technologies have restrictive 
applications as regards the food types to be processed, as a consequence of operat-
ing principles and processing conditions (Barba et al. 2016; Picart-Palmade et al. 
2019; López-Pedrouso et  al. 2019). For example, Barbosa-Cánovas et  al. (2005) 
commented that some nonthermal technologies, such as HHP, OMF, and light 
pulses, can be used for processing various liquid and solid food but other NTPs 
allow processing only for solid or fluid food. A few examples of food-type applica-
tions using some nonthermal processes are depicted in Table 2.1, too. Emerging 
nonthermal technologies remain an attractive solution for food manufacturers that 
may select optimal processing alternatives if they understand NTP potentiality for 
food processing, know certainly product requirements, and have access to necessary 
resources.

As regards the overall engineering or technical aspects, it is difficult to find in the 
literature a comprehensive classification of all novel nonthermal technologies. 
Considering the source of energy transfer and type of action on microorganisms, 
Režek Jambrak et al. (2018) grouped nonthermal emerging technologies in: electric 
and magnetic fields (pulsed electric fields, oscillating magnetic fields, cold plasma, 
electron beam processing, and electrohydrodynamic processing); with mechanical 
action because of shock waves or hydrodynamic effects (ultrasound and plasma); 
through radical formation (plasma, ozonation, ultrasound, UV light); and pressure- 
based technologies (using extremely high pressures). At the same time, Režek 
Jambrak et al. (2018) mentioned another categorizing in wave technologies (UV, 
plasma, and ultrasound); field technologies (i.e., electric and magnetic fields); and 
pressure technologies (e.g., high-pressure processing/homogenization). Depending 
on material influence principles, Gimenez-Escalante and Rahimifard (2019) classi-
fied novel nonthermal technologies in: physical (e.g., membrane technologies, nan-
otechnologies) and physicochemical (e.g., HHP, PEF, OMF, ultrasound, irradiation, 
UV and pulsed light, cold plasma technologies).

An accurate classification based on engineering principles is difficult because 
exist some NTP technologies, which can use a wide array of technical methods and 
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operating conditions that can act in various ways on biological matrices. For 
instance, several technologies (e.g., plasma, ozonation, irradiation) are based on 
different mechanisms and methods, thus can be grouped at the same time in many 
classes. Ozonation technologies allow ozone formation through chemical or elec-
trotechnologies. As Pankaj et al. (2018) reviewed, the plasma can be produced using 
various kinds of energy for the gas ionizing, namely, thermal, electrical, optical (UV 
light), X-ray electromagnetic radiation, and radioactive (gamma radiation), even if 
the electric or electromagnetic fields are widely used. Also, as Niemira (2012) 
pointed out, many cold plasma systems operate in a variety of conditions (e.g., pres-
sure, temperature, and carrier gas) using different pieces of equipment (e.g., refer-
ring only plasma generator), and several mechanisms (e.g., chemical, radiation) by 
which cold plasma damage the microorganisms. On the other hand, because many 
of these emerging technologies are still under development, evaluation of their 
mechanisms, alternative issues, and other scientific-technical consequences are in 
progress and a complete understanding of these is not yet accomplished. For exam-
ple, ohmic heating (OH) is considered a novel thermal technology, but a few research 
in pasteurization emphasized that OH has also a nonthermal, mild effect on micro-
bial hazards due to the electric field (i.e., electroporation, electropermeabilization) 
(Sun et al. 2008; Park and Kang 2013). On the contrary, Schottroff et al. (2020), 
studying nonthermal effects against vegetative microbial populations by OH (of 
12–300 kHz), concluded that, except for potential electrochemical reactions, pas-
teurization by ohmic heating basically follows the thermal process concepts. 
Consequently, research on assessment, differentiation, or experimental setup of the 
emerging nonthermal technologies proceeds further. Other matters in a systematic 
approach refer to their diversity and novelty. Nonetheless, the terminology on non-
thermal technologies is also evolving, that is why some methods or technological 
variants are named differently without a unitary system of nomenclature (e.g., see 
HHP vs. HPP or UHP). In conclusion, at the moment, an in-depth taxonomy of 
emerging nonthermal technologies cannot be rigorously achieved because of mani-
fold arisen questions that should be elucidated furthermore. However, based on lit-
erature review, a classification of these nonthermal technologies depending on 
engineering aspects on proposes, as follows:

• Electrotechnologies and electromagnetic technologies: pulsed electric fields 
(PEF), cold plasma technologies (CPT/e.g., atmospheric cold plasma CAP), 
magnetic fields (MF/e.g., OMF), electrohydrodynamic (EHD) processing, ion-
izing radiation (IOR/e.g., electron beam (EB) processing)

• Pressure-based technologies: high hydrostatic pressure (HHP/HPP), hydrody-
namic pressure processing (HP homogenization  – HPH), and carbon dioxide 
processes (e.g., supercritical fluid SCF processing)

• Mechanical technologies, caused by shock waves or hydrodynamic effects: 
ultrasound (US or ultrasonication), hydrodynamic cavitation

• Chemical technologies (e.g., through formation or interactions of radicals): 
ozonation

• Nanotechnologies
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• Non-electro-technologies and others: UV light, pulsed light, photosensitization, 
membrane technologies (microfiltration, membrane separation, etc.), modified 
atmosphere, etc.

The electrotechnologies effectively act on biological matrices (i.e., microbial 
inactivation, biological cell electropermeabilization, etc.) due to matrix exposure to 
electrical fields, the operating conditions and experimental setup being of utmost 
importance in this regard (Toepfl et al. 2006; Niemira 2012; Schottroff et al. 2020); 
that is why different works propose treatment conditions in various range of electric 
field intensity and different energy input requirements. Pulsed electric fields consist 
of application the oscillating, bipolar, exponentially decaying, or electric pulses of 
high voltage (e.g., 20–80 kV/cm) to food placed between two electrodes (treatment 
time is from several nanoseconds to several milliseconds) (Alzamora et al. 2016; 
Zhang et al. 2019). Cold plasma (CPL) is a low-temperature non-thermal plasma 
(non-equilibrium plasma) generated at room temperature or nearly (Misra et  al. 
2016). Cold plasma technology (CPT) uses an ionized gas composed of a large 
number of charged species (i.e., ions, photons, electrons, free radicals, radiations 
within the UV wavelengths) (Priyadarshini et  al. 2019). Plasma composition is 
influenced by methods used to ionize gases as regards the carrier gas, plasma gen-
erator, and operating conditions (Niemira 2012). For instance, electrical energy can 
ionize the gas for plasma production, gas being subjected to electric fields (with 
constant or alternating amplitude) existing between two electrodes (Sonawane et al. 
2020). Depending on the pressure operating conditions, plasma can be grouped as 
high-pressure, atmospheric pressure (CAP), and low-pressure plasma. According to 
Pankaj et al. (2018), dielectric barrier discharge (DBD) and jet plasma devices are 
mostly compatible and commonly used with current food industry equipment. 
Electrohydrodynamic (EHD) caused by corona discharge refers to an airflow ion-
ized locally near the corona electrode when a high voltage difference is produced 
between emitter and ground electrodes (Singh et al. 2012).

Magnetic fields (MF) are generated by either electric currents direct or alternat-
ing in conductors or permanent magnets (Miñano et al. 2020). They can be static 
magnetic field (SMF) or mobile/moderate magnetic field (MMF), oscillating mag-
netic field (OMF), or pulsed magnetic field (PMF) (Yıkmış 2016; Miñano 
et al. 2020).

Group of ionizing radiation (IOR) comprises electron beam (EB), X-rays, and 
gamma rays, in which EB uses high energy electrons unlike X- and gamma -rays 
(that employ energetic photons). Electron beam processing is generated electrically 
with an electron beam linear accelerator, in which electrons are accelerated to 99% 
of the speed of light and energies of up to 10 MeV (Hernández-Hernández et al. 
2019). EB irradiation does not use a radioactive source (radioisotopes) as gamma 
rays radiation, although the process has a similar effect to that of gamma-ray irra-
diation. Irradiation refers to food exposed to radiation of various frequencies, ion-
izing energy being provided by any of the three sources: gamma-rays, X-rays, and 
EB. Food irradiation is performed with gamma rays generated using radionuclides 
such as Cobalt 60 or Cesium 137, and with X rays, which are produced by reflecting 
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a high-energy stream of electrons off a target substance into food (Priyadarshini 
et al. 2019; Hernández-Hernández et al. 2019).

High hydrostatic pressure processing consists of the application of pressures 
spanning from 100 to 1000 MPa (typically, between 300 and 600 MPa) at a tem-
perature in the range of 0–100 °C for a variable time (from seconds to about 20 min) 
(Barba et al. 2016; Alzamora et al. 2016). Dynamic high-pressure (i.e., high pres-
sure homogenization HPH and (ultra)-high pressure homogenization UHPH) means 
processing with a pressurized liquid (obtained using a high-pressure generator 
(100–400  MPa) to be forced through a designed disruption valve (Zamora and 
Guamis 2015; Picart-Palmade et  al. 2019). Carbon Dioxide Processes introduce 
pressurized carbon dioxide under fluid phase or supercritical state into a liquid or 
solid matrix and keep pressure/temperature ranges a sufficient period for treatment, 
according to its scope. Depending on operating conditions, these processes are 
known as Dense Phase Carbon Dioxide (DPCD), High Pressure Carbon Dioxide 
(HPCD), and Super Critical Carbon Dioxide (SC-CO2) (Spilimbergo et al. 2013; 
Balaban and Duong 2014; Picart-Palmade et al. 2019; Yu et al. 2020). However, 
treatment of solid food with DPCD presents some difficulties (Balaban and 
Duong 2014).

Ultrasound (US) or ultrasonication are applied for fluid food processing with 
ultrasound waves at frequencies ranging from 18 to100 kHz, as low-intensity soni-
cation and high-intensity (power ultrasound) depending on the ultrasound waves 
intensity (Yıkmış 2016; Hernández-Hernández et  al. 2019). Ultrasounds may be 
generated using several methods (i.e., mechanically, electrically, optically, etc.) 
(Musielak et al. 2016). Hydrodynamic cavitation (HC) has been deemed as an alter-
native to acoustic cavitation (US) for exploring fluid food applications, as regards 
the intensification of several physical and chemical processes (Gogate 2011).

Ozonation represents a chemical treatment in which foodstuffs are exposed to 
ozone in a fluidic (gaseous or aqueous) state, ozone being produced by several 
methods (e.g., chemical, photochemical, electrical, etc.) (Brodowska et al. 2018).

Food nanotechnologies deal with size manipulation of the particles of cc. 
1–100 nm to use these nanomaterials within the food matrix for any of enhancing 
food quality, safety, or shelf life, delivering nanoencapsulated food ingredients, and 
developing novel food with improved physicochemical, nutritive, etc., properties by 
matter manipulation at the nanoscale (Singh et al. 2017; Nazir and Azaz Ahmad 
Azad 2019).

Ultraviolet (UV) light technology works with radiations on the light spectrum 
(100–380 nm) of shortwaves UV-C, whereas pulsed light (PL) uses few flashes in 
the fraction of a second of intense pulses from a larger electromagnetic spectrum of 
180–1100 nm (Priyadarshini et al. 2019). UV is mainly used for liquid food, whilst 
PL had better results on decontamination of food surfaces and packages.

Photosensitization is based on the usage of photosensitizers, light-sensitive mol-
ecules for microbial spoilage (Luksiene and Paskeviciute 2011).

Membrane technologies use a separation process with a selective barrier or inter-
face between two phases; many advancements in design and membrane composi-
tion are in progress. Different membrane systems for ultrafiltration (UF), 
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microfiltration (MF), reverse osmosis (RO), or nanofiltration (NF) are applied in 
nonthermal processing of liquid food (Echavarría et  al. 2011; Picart-Palmade 
et al. 2019).

3  Prospects on Novel NTPs’ Adoption Within 
the Sustainable Food Chain

Among emerging technologies, nonthermal ones appeared as an innovative alterna-
tive to traditional food processing for reducing harmful microbial populations and 
ensuring food preservation, with less damage on sensory attributes of the food prod-
ucts, and keep food nutritional value to a certain extent. During research on nonther-
mal technologies under development, the interest focused also on improving the 
physical and chemical properties of food, facilitate food processing and optimize 
processes, enhance quality attributes of food, keep as much as possible product 
integrity and stability, develop novel packaging systems for convenience foodstuffs, 
high valorization of bioactive compounds or other food ingredients, develop novel 
food, nutraceuticals, dietetic food, etc. (see also Table 2.1). High pressure treatment, 
gamma irradiation, high electric field pulses are a few nonthermal processing meth-
ods successfully used in minimal processing applications (Ohlsson 1994). Also, 
Barbosa-Cánovas et al. (2005) emphasized the use of nonthermal technologies in 
food processing in combinations based on the “hurdle” concept, starting from the 
idea that each emerging food processing technology has its own advantages and 
limitations, and some nonthermal technologies fit better or is applicable with one 
food type than another.

“Hurdle” approach materialized in combinations of nonthermal emerging tech-
nologies proved to have a double outcome, namely, on one hand, can have synergis-
tic or additive operational effects related to scope or technological purpose, and, on 
the other hand, may counterbalance drawbacks of individual technologies applied. 
The combination of ultrasound with UV light (Antonio-Gutiérrez et  al. 2017), a 
pulsed electric field with OMF (Mok et al. 2017), high-pressure homogenization 
with nanotechnologies (Ruiz-Montañez et al. 2017), high pressure (HHP), PEF, and 
sonication (Pyatkovskyy et al. 2018) are only a few examples of this view.

As shown, innovative sustainable food processing using nonthermal technolo-
gies tries to respond to social needs and solve manifold technical problems, known 
and unpredictable. The steps from scientific ideas to a novel technology going 
through all technology readiness levels until commercialization are numerous. As 
Picart-Palmade et al. (2019) observed, although implementation of NTPs and tech-
nology transfer from one field (e.g., membranes and PEF) to another is promising 
for future sustainable food applications, the progress registered in industrial scal-
ing- up implementation of NTPs differs from one technology to another. Also, novel 
technologies that have the potential to be commercialized need capital for adequate 
industrial equipment, one of the actual limitations being high investment costs for 
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nonthermal technologies implementation (Shabbir et  al. 2021; Khouryieh 2020). 
Besides capital and operational costs, scalability and flexibility seem to be other 
criteria for the food manufacturers to adopt novel food processing technologies. 
Attention given to high-pressure processing industrial applications is obvious when 
HPP has had exponential growth in the food industry worldwide since the 1990s. 
For example, several authors commented on how food manufacturers commercial-
ized high-pressure processing and mapped worldwide HPP applications and scal-
ability by food sectors from 2008 to 2016 with a forecast until 2026 (Tonello 2010; 
Barba et al. 2016; Priyadarshini et al. 2019). In order to faster start-up and reduce 
long-term investment, toll-processing business models became attractive. For 
example, Hernández-Hernández et  al. (2019) presented how food manufacturers 
accessed industrial HPP toll-processing in different countries and a few obstacles 
related to industrial processing PEF implementation. Nonetheless, economic rea-
sons as the increase in revenue and productivity, and profitably placing the novel 
foodstuffs in the market are important drivers for the commercialization NTPs by 
food manufacturers. For a better illustration of the importance of innovative pro-
cessing along the food chain and the adoption of emerging nonthermal technologies 
in the spirit of sustainability, a schematic representation is depicted in Fig. 2.1.

Increasing reliability and cost-efficiency become other challenges for scaling up 
NTPs at the industrial level, which concentrate various innovations and efforts to 
fine-tuning processing equipment, operations optimization, and suitable control of 
nonthermal processes implemented along the food supply chain. Reengineering and 
integrated automation systems using Information and Communication Technologies 
(ICTs) are drivers for the next generation of advanced agricultural and food industry 
systems that will allow modeling new food business using NTPs within Food indus-
try 4.0 for lasting development and industrial competitiveness.

Nonthermal food technologies, either novel or emerging, under development, 
stand in a continuous process of evaluation for process optimization, productivity 
improvement, cut costs, and environmental assessment. Based on life-cycle assess-
ment (LCA), many nonthermal emerging food technologies proved to be eco- 
friendly as regards the energy and water savings, emissions decrement, and other 
environmental indicators (Pereira and Vicente 2010). For example, Arnal et  al. 
(2018) applied PEF technology as a pre-treatment for tomato peeling in the canning 
industry and determined an energy saving of about 20%, as well as the decreasing 
of fossil, water, and ozone depletion with cc. 18–20% in comparison with conven-
tional tomato peeling pre-treatment.

Anyway, before 2016, many studies on the environmental impact of nonthermal 
technologies were performed at the laboratory or pilot scale, where different NTPs 
proved their added value in terms of processing, energy-saving, or waste decrement. 
Režek Jambrak et al. (2018) reviewed several difficulties in environmental impact 
assessment of NTP technologies, regarding inventory data, scope, scalability, and 
processing units, etc. But then, Barba et al. (2016) observed gaps in systematic cost- 
benefit analysis concerning the inputs for commercialization of emerging NTP tech-
nologies and industrial outputs. On a case study of orange juice pasteurization using 
nonthermal technologies of HHP and PEF compared to thermal pasteurization, 
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Fig. 2.1 Prospects on novel NTPs’ adoption along the sustainable food supply chain

Barba et al. (2016) concluded that the overall cost of processing (calculated with 
capital, labor, and energy costs-based) was a few times-fold higher for NTPs than 
thermal pasteurization that means a higher price of end-product obtained by emerg-
ing technologies. Similar results were observed in a case study of milk processing 
between PEF and some thermal processes (Barba et al. 2016). In conclusion, at this 
stage, even environmentally attractive, in terms of efficiency, many emerging tech-
nologies are still expensive enough to be implemented in comparison with 
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beneficial consequences of energetic optimization, waste management, or reduced 
costs by saving water, decrease waste, etc. But, as Picart-Palmade et  al. (2019) 
emphasized, further holistic and cross-sectoral evaluations of novel NTPs should be 
considered to assess the potentialities and drawbacks of each emerging nonthermal 
technology implemented within the sustainable innovation food supply chain.

As shown in Fig. 2.1, the social dimension plays an important role in achieving 
sustainability. From a market perspective, stakeholders whose commitments have 
increased over the last two decades are final consumers, as their behavior deter-
mines whether or not they accept novel food or technologies and influences final 
consumption. According to marketing, purchasing decision is determined by the 
food product, price, convenience, and other factors, and in a highly competitive 
market as the food one is, food producers should be reactive, even proactive, to 
consumer demands, taking into account those for up to a point. In this sense, 
Khouryieh (2020) conducted a survey to food experts on the use of new NTP tech-
nologies in the US and concluded that food companies, motivated to meet consumer 
needs, chose to use new thermal technologies mainly for reasons, as follows: better 
nutritional and sensory quality (71.1%), improved shelf life (39.3%), and solutions 
for safety issues (25.4%). Khouryieh (2020) also pointed out that food manufactur-
ers decide or prefer to implement a certain type of nonthermal technology in a direct 
relationship with these reasons (e.g., HHP or PEF for better nutritional and sensory 
quality, and increase the shelf life whilst pulsed light for a better nutrient and sen-
sory quality, and solutions for safety problems). However, a clear distinction should 
be done between the acceptance of these novel technologies between food scientists 
and common consumers. Also, as Jaeger et  al. (2015) pointed out, a difference 
between how scientists and regular consumers understand the NTP terminology 
(e.g., minimally processing, cold preservation, etc.) is.

As mentioned before, end-consumers have more demands related to food attri-
butes and food safety, clean label, attractive and resilient food packaging, a wide 
array of foodstuffs through range diversification or new product development (e.g., 
functional food, chemical-free, dietetic food, etc.), food commodities with higher 
sensory characteristics, even food products customized according to their prefer-
ences. So, consumer preferences and food choices are expressed in favor of novel 
food but, at the same time, consumers seem to react differently when discusses 
novel technologies. For example, Sonne et al. (2012) performed qualitative research 
on consumer attitudes of HPP and PEF apple juices in four European countries and 
observed that although the subjects liked attributes of new products more than of 
conventional heat-processed ones, some consumers expressed concerns about PEF 
technology associated with potential food safety risks. Also, according to Hassoun 
et al. (2020), a major issue related to consumer perception and doubts toward novel 
technologies refer to food safety. Similarly, Hernández-Hernández et  al. (2019) 
commented on consumer acceptance of food processed employing irradiation 
(IOR), although adequate food legislation was put in force to ensure food safety in 
this respect. Consequently, consumer awareness about emerging technologies may 
be perceived within market risks and a suitable and transparent communication 
about novel technologies towards end-consumers seems to be a key to increase 
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consumer acceptance on the food market further (Barba et al. 2016). Nonetheless, 
besides these food concerns, there are many other triggers and obstacles that emerg-
ing food technologies face in gaining consumer acceptance (Ronteltap et al. 2007). 
And in purpose to anticipate consumer behavior towards future innovative process-
ing, different tools as the framework of “distal” and “proximal” factors of Ronteltap 
et al. (2007) or Consumer Value (CV) framework (Perrea et al. 2015) were proposed 
for exploring the consumer acceptance, and ensure the marketability of the food 
product processed by emerging technologies. In conclusion, consumer acceptance 
is a criterion aiming to determine the social sustainability of the emerging nonther-
mal technologies onwards.

4  Conclusion

The lasting development is in-depth connected to the innovation the steps from eco- 
innovation to responsible innovation, being in progress of integration into the food 
supply chain for sustainability achieving nowadays. As innovation type, technologi-
cal ones are in the top-4 of sustainable innovation with increasing applications in 
the agriculture and food industry. From those, innovative processing as a “hurdle” 
approach and nonthermal processing are key enable food technologies that can con-
tribute to sustainable food chain value to a certain extent.

An overview of applications of the innovative nonthermal and minimal thermal 
processing technologies on the food supply chain has been introduced. Despite dif-
ficulties for an accurate categorizing, a classification of the emerging nonthermal 
processing food technologies is proposed. Also, several relations between innova-
tive NTPs and social, economic, and environmental dimensions of the sustainable 
food supply chain are described. Some emerging nonthermal food processing tech-
nologies have already proved their efficiency, e.g., in terms of food safety and shelf 
life of agro-food commodities compared to conventional technologies. Nowadays, 
consumer-oriented innovation focuses on the “hurdle concept” and choosing green 
nonthermal technologies. Due to unknown adverse effects or unforeseen potential 
hazards of nonthermal emerging technologies in food processing, sometimes ques-
tion marks about consumer acceptance have arisen, but through appropriate com-
munication, marketability of the food products processed by nonthermal emerging 
technologies can be sustainably accomplished.
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Chapter 3
Engineering and Nonthermal Technologies: 
Process Optimization Through Kinetic 
Modelling

George Katsaros, Varvara Andreou, and Marianna Giannoglou

1  Introduction

Food research and innovation during the last 50 years has significantly offered in the 
technological advancement. Significant effort has been targeted on the production 
of safer, of higher quality, of improved nutritional profile foods, as well as in the 
development of new-novel food products that could not be produced, or their safety 
and stability could not be ensured by the conventional equipment and knowledge. 
Novel Nonthermal technologies in food processing are among the technology 
advancements. Their aim is mainly to substitute conventional thermal treatment 
applied for the pasteurization and sterilization of foods, while simultaneously 
retaining their quality and nutritional characteristics. High pressure (HP), Pulsed 
Electric fields (PEF), Pulsed Electromagnetic Fields (PEMF), Cold Atmospheric 
Plasma (CAP) and Osmotic Dehydration (OD) are the most important novel tech-
nologies studied and (some of them) efficiently applied in an industrial environment.

Although the research activity on novel Nonthermal technologies has been con-
tinuously growing the last decades (Fig. 3.1) resulting in production of data, thus 
continuously growing application of some of the novel technologies, some scien-
tific, technological, and technical issues should be answered. Food industry demands 
fully documented and validated answers with regards to the applicability and the 
benefits of all these technologies, as physical processes of food preservation. Process 
optimization (selection of most appropriate process conditions) for the production 
of safer, high quality, nutritious, cost effective and consumer acceptable products is 
essential. The implementation of the scientific achievements for an effective process 
is based on the kinetic approach of the destructive reactions of several factors that 
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Fig. 3.1 Number of cited papers in the literature through years (keywords: novel and food and 
technology)

lead to spoilage or degradation of food, during the novel technologies’ treatments. 
A systematic study of the technical parameters would allow for food engineers to 
predict and evaluate for the process applied, its intensity and efficiency, enabling the 
use of corrective actions if needed, for production of safe, sustainable, and cost- 
efficient final food products.

Although the novel technologies are aimed to substitute conventional thermal 
treatment, there is still research being conducted even for the well-studied thermal 
processing that has only two process parameters (temperature and time). For all the 
other Nonthermal technologies, that the number of their variables is higher 
(Table 3.1), it is evident that for the production of data, increased number of experi-
ments has to be conducted.

Depending on the product to be treated, the dependent variables need to be 
named and studied as a function of the independent variables of each technology 
applied. The most important quality and safety parameters to be studied are the 
pathogens inactivation, the spoilage microflora inactivation, the endogenous dete-
riorative enzymes inactivation and the non-alteration of colour, texture, pH value, 
nutritional characteristics and finally organoleptic acceptability. The mathematical 
description of the effect of independent variables (process parameters) on the safety 
and quality indices of the treated foods is of high importance since allows for the 
food engineer to optimize the process; mathematical equations describe the effect of 
the process parameters values on selected quality indices. Thus, food engineers save 
time and money by not applying the trial and error approach for the selection of the 
appropriate conditions for the Nonthermal treatment.
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Table 3.1 Number of independent variables for each process nonthermal technology

Technology
Number of 
variables Independent variables

High pressure 3 P: Pressure
T: Temperature
t: Treatment time

Pulsed electric fields 7 E: Electric field strength
t: Treatment time
s: Shape of pulse
w: Width of pulse
f: Frequency
Q: Specific energy
T: Temperature

Pulsed electromagnetic 
fields

7 M: Magnetic field strength
t: Treatment time
s: Shape of pulse
w: Width of pulse
f: Frequency
Q: Specific energy
T: Temperature

Cold atmospheric plasma 9 F: Flow of the gas
T: Temperature
t: Treatment time
l: Gap distance between electrode and food
vol: Volume of food
V: Voltage
s: Shape of pulse
w: Width of pulse
f: Frequency

Osmotic dehydration 6 t: Treatment time
T: Temperature
msolution/mproduct: Solution-to-product mass 
ratio
Type of osmotic solutes
%C: Concentration of the osmotic solution
Type and level of agitation

For all thermal and Nonthermal technologies, the mathematical description of 
the effect of process time on any food quality index is characterized as primary 
modelling. Within this approach, all other independent variables of each technology 
are kept constant, thus the effect on any chemical change, microbial population or 
enzyme activity is described by zero order, first order, second order or nth order 
kinetics (Table 3.2) (Labuza 1984; Saguy and Karel 1980). First-order kinetics is 
the one mostly applied in nonthermal processing for the estimation of the rate con-
stant of a quality index alteration vs process time and will further be discussed 
within this chapter.

The primary models are useful when the processing conditions (values of the 
independent variables for each Nonthermal technology) are kept constant. For pro-
cessing conditions that are changed, new experiments should be performed to 
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Table 3.2 Reaction order kinetics applied for the mathematical description of the effect of process 
time on any microbial, enzymatic or chemical index

Zero order First order Second order nth order

Rate law −d[C]/dt = k −d[C]/dt = 
k[C]

−d[C]/dt = k[C]2 −d[C]/dt = k[C]n

Integrated rate 
law

[C] = 
[C]0 − kt

[C] = [C]0 e−kt 1/[C] = 1/[C]0 + 
kt

[C]n−1 = [C]0
n−1 − (n 

− 1)kt

estimate the corresponding new primary model parameters. For a number of differ-
ent process conditions studied with simultaneous application of primary models for 
each alteration of the process conditions, new mathematical equations known as 
secondary models can be applied to express the independent variables parameters 
effect on the predicted primary model parameters. These equations are the result of 
theoretical considerations or empirical observations and in most cases are nonlinear.

2  High Pressure Processing

The initial interest of the scientific community in the application of High pressure 
(HP) technology included inactivation of microorganisms such as bacterial stem 
cells, yeasts and fungi (Hoover et al. 1989; Patterson et al. 1997; Smelt 1998). The 
main target was, through HP processing optimization, to increase foods shelf-life by 
inactivating spoilage and pathogenic bacteria (Bayindirli et al. 2006; Donaghy et al. 
2007; Jofré et al. 2008). HP causes microorganisms cellular membrane damage and 
is mainly reported for pathogenic and spoilage bacteria vegetative forms when food 
is treated with pressures higher than 200 MPa, where irreversible protein/enzyme 
denaturation and intracellular content leakage occur. The effects of HP on enzymes 
(mainly pectin methylesterase, polyphenoloxidase and peroxidases) has also been 
reported in a large number of studies cited in the literature (Irwe and Olsson 1994; 
Seyderhelm et al. 1996; Butz et al. 1996; Weemaes et al. 1997; Ludikhuyze et al. 
1996, 1998, 2000; Indrawati et al. 2000; Nienaber and Shellhammer 2001; Moatsou 
et al. 2008a, b; Eylen et al. 2008; Katsaros et al. 2006, 2017; Boulekou et al. 2010). 
The conclusion of the studies is that HP significantly affects enzymes and enzy-
matic reactions, allowing for the development of an alternative to thermal treatment 
preservation technique that leads to reduced undesirable changes in the texture and 
sensory characteristics of a food product. The enzyme inactivation is mainly attrib-
uted to changes in the secondary and tertiary structure of enzymes occurring at 
specific pressures (Giannoglou et al. 2016). HP process of pressurization is based 
on the principle of “Le Chatelier,” inducing a reduction in molecular volume and, 
consequently exponentially accelerating the occurrence of reactions favoured by 
pressure. Thus, the rates of the chemical or physical reactions resulting in lower 
volume products are accelerated by HP, whereas the reactions that result in an 
increase in the total volume are retarded. Based on the literature, the results show 
that different microorganisms and enzymes, exhibit different kinetic inactivation or 
activation with HP.
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The observation from the researchers that the effect of HP processing, on a par-
ticular characteristic, over time follows a specific trend that could be kinetically 
expressed through mathematical modelling, led to the need mathematical models to 
be developed in order to predict the impact of HP processing on a specific charac-
teristic (e.g., activity of enzymes, microorganisms etc). A mathematical model pre-
dicting the change of a target parameter as a function of time (primary model) is an 
essential tool when designing HP experiments and industrial processes. Furthermore, 
the application of a primary model can be extended if a secondary model describing 
the pressure dependence of the primary model parameters is available too. Below 
the most used primary and secondary mathematical models by various researchers 
in the field of HP processing are presented, to describe and predict the effect of HP 
on different microorganisms, enzymes and quality indices of various food systems.

2.1  Primary Mathematical Modeling

The main equations reported in the literature describing the effect of treatment time 
at constant pressure and temperature on the microbial, enzyme or any other quality 
index alteration are depicted in Table 3.3.

In Table  3.4, the effect of processing conditions range on the inactivation of 
indicative microorganisms and enzymes from various food products is depicted. 
The model used along with the model parameters estimated are also presented.

2.2  Secondary Mathematical Modeling

The primary models are useful when the processing conditions (pressure, tempera-
ture, pH, etc.) are kept constant. If any processing condition is changed, a new set 
of experiments must be performed to obtain new primary model parameters. To 
extend the application of primary models, mathematical expressions known as sec-
ondary models can be developed to estimate the pressure and/or temperature effect 
on the predicted primary model parameters. As in the case of primary models, sec-
ondary models can be obtained from theoretical considerations or empirical obser-
vations. Most of the secondary models here presented (Table 3.5) are nonlinear, 
reflecting complex biological behaviors under high-pressure/high-temperature 
conditions.

In most references cited in the literature, the Bigelow model is used to describe 
the effect of temperature and pressure on the reduction of microbial load. As in the 
case of thermal treatment, the thermal resistance constant zT was developed is used, 
the analogous approach was established for pressure effect as well, estimating the 
pressure resistance constant zP. Both these values may be used for the description of 
the effect of pressure (zP) and temperature (zT) on the decimal reduction time of 
microorganisms. The parameter zP determines the pressure increase required to 
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Table 3.3 Mathematical equations cited in the literature and used for the description of the effect 
of treatment time at any combination of pressure and temperature on the value of microbial, 
enzymatic or chemical reactions

Model used Observations

First order kinetics
log10(N/N0) = −k·t
ln10(N/N0) = −(2.303/D)·t

A change in the initial 
concentration of an index, N0 at 
t = 0, up to a value of the 
concentration equal to N after a 
process time, t, is described by 
an inactivation rate constant 
(k min−1) under constant 
isobaric and isothermal 
conditions. Decimal reduction 
time, D (min) can be used for 
the microbial load reduction.

Fractional conversion model
C = C∞ + (C0 − C∞)·exp(−k·t) Applied when part of a 

baroresistant or thermoresistant 
enzyme or isoenzyme or 
microbial load or component 
concentration with much higher 
resistance, C∞ (t = ∞).

Multi phasic model
C = CL·exp(−kL·t) + CS·exp(−kS·t) The simplest form of the 

multiphasic model considers 
the presence of a labile fraction 
(CL) that is inactivated more 
rapidly and a stable fraction 
(CS) able to withstand longer 
treatment times. Each fraction 
is inactivated at a distinct rate, 
and the concentration (C) 
observed represents the sum of 
CL and CS at any given time

Weibull model
log10(N/N0) = −b tn The residual microbial/enzyme 

activity curve can be interpreted 
as a cumulative function of the 
distribution that dictates the 
treatment time at which the 
microorganism or enzyme will 
fail to resist and result in 
inactivation. The Weibull 
frequency distribution is 
applied, where N0, the initial 
number of cells (CFU ml−1 or 
g−1); N, the number of survivals 
after an exposure time t 
(CFU ml−1 or g−1); t, the 
holding time (min) at pressure 
and b, n are the scale and shape 
factors respectively.

(continued)

G. Katsaros et al.



59

Table 3.3 (continued)

Model used Observations

Weibull biphasic model

N N f ft

t b n t b n

� �
�� � �� �� �� � �� ��

�
�
�0

1 210 1 101 2· ·/ / When two bacterial 
subpopulations are present, the 
Weibull model is 
reparametrized as a function of 
the labile population fraction (f)

Log-logistic model
log10N = α + (ω − α)/1 + exp[4·Ωω − α(τ − log10t)] The maximum inactivation rate 

(Ω), and the time at which Ω 
occurs (τ), along with the 
dependent variable microbial 
population logarithm 
(y = log10N) and the 
independent variable logarithm 
of time (log10 t) were 
incorporated into the Log- 
logistic equation. Parameter ω 
was defined as the difference 
between the lower and upper 
asymptotes (ω = β − α)

Modified Gompertz model
Log10N/N0 = A exp·[−exp [(μmax exp(1)/A)· (λ − t) + 1]] Parameter A represents the 

difference between the lower 
and upper asymptotes of 
microbial survival curves 
(log10N/N0 vs time), μmax is the 
maximum inactivation rate, and 
parameter λ is the inflection 
point, or the time at which the 
linear portion of the curve starts

Baranyi-Roberts model
y(t) = lnx(t) = y0 + μmaxA(t) − ln(1 + eμmaxA(t) − 1*e(ymax − y0)) The model encompasses both 

the lag to exponential and 
exponential to stationary 
transitions of bacterial growth. 
Letting the bacterial 
concentration at time t be given 
by x(t), where, y0 = lnx(0), 
ymax = lnxmax are the initial and 
maximum bacterial 
concentrations respectively, μmax 
denotes the maximum specific 
growth rate.
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Table 3.4 Effect of High pressure processing conditions range on the inactivation of indicative 
microorganisms, enzymes and substituents from various food products as cited in the literature

Microorganisms Environment
Processing 
conditions Kinetic model References

Aerobic bacteria Fresh, whole, raw 
milk pH = 6.64

300, 400, 
600 MPa
100–
200 MPa s−1

0–105 min
25 °C

First- order Dogan and 
Erkmen 
(2004)Fresh, filtered 

orange juice 
pH = 3.35
Fresh, filtered peach 
juice pH = 5.21

Aerobic bacterial spores
B. amyloliquefaciens 
TMW 2.479 Fad 82
B. amyloliquefaciens 
TMW 2.482 Fad 11/2
B. sphaericus NZ14
B. amyloliquefaciens 
ATCC 49763
Anaerobic bacterial spores
C. sporogenes ATCC 7955
C. tyrobutylicum ATCC 
27384
T. thermosaccharolyticum 
ATCC 27384

Deionized water 700 MPa
0–5 min
105, 121 °C

First- order Ahn et al. 
(2007)

Bacillus 
stearothermophilus spores

Egg 400, 600, 
700 MPa
0–16 min
105.8 ± 0.6 °C

First- order Rajan et al. 
(2006)

Lactobacillus delbrueckii 
subsp. bulgaricus 
ACA-DC0105

Phosphate buffer 
20 mM pH 7.0

100–700 MPa 
20–40 °C

First- order Katsaros 
et al. 
(2009a)

Lactobacillus delbrueckii 
subsp. bulgaricus 
ACA-DC0105
Streptococcus 
thermophilus 
ACA-DC0022
Lc. lactis ACA-DC 0049

Reconstituted 
skimmed milk

100, 200, 
450 MPa
0–40 min
20, 30, 40 °C

Baranyi 
model

Giannoglou 
et al. (2019)

Pediococcus spp. Raw seabream 
(Sparus aurata) 
extract

150–600 MPa 
20–40 °C

First- order Tsironi et al. 
(2015)

Escherichia coli Fresh extracted 
carrot juice 
pH = 6.6

200, 250, 300, 
350, 400, 450, 
500, 550, 
600 MPa
100 MPa min−1

0–60 min
5–45 °C

First- order Van Opstal 
et al. (2005)

(continued)
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Table 3.4 (continued)

Microorganisms Environment
Processing 
conditions Kinetic model References

Listeria monocytogenes Fresh, whole, raw 
milk pH = 6.6

300, 400, 
600 MPa
100–
200 MPa s−1

0–105 min
25 °C

First- order Dogan and 
Erkmen 
(2004)Fresh, filtered 

orange juice 
pH = 6.64
Fresh, filtered peach 
juice pH = 3.35

Native microflora Unpasteurized 
Hamlin variety 
orange juice

350, 400, 450, 
500 MPa
1–300 s
25 ± 5 °C

First- order Parish 
(1998)

Saccharomyces cerevisae 
ascospores
Saccharomyces cerevisae 
vegetative cells

Commercial 
pasteurized orange 
juice

Vibrio cholerae
Vibrio parahaemolyticus
Vibrio vulnificus

Phosphate- buffered 
saline

200–250 MPa
55–80 s
0–240 s
<2 s
8–10 °C 
(initial)

First- order Cook (2003)

Bacteriophage P008 Milk 0–800 MPa 
10–70 °C
0–60 min

nth order
n = 1.25

Müller- 
Merbach 
and Hinrichs 
(2006)

Enzymes Environment

Processing 
conditions 
ranges

Kinetic 
model References

a-Amylase
(Barley malt (Hordeum 
vulgare))

0.1 M ACES buffer 
pH 5.6

0–800 MPa 
30–90 °C

nth order
n = 1.75

Buckow et al. 
(2007a)

0.1 M ACES buffer 
+ 3.8 M
Ca2+ pH 5.6

0–1000 MPa 
30–90 °C

nth order
n = 2.1

Alkaline phosphatase Raw bovine milk 0–800 MPa 
20–100 °C

First order Ludikhuyze 
et al. (2000)

β-Amylase
(Barley malt (Hordeum 
vulgare))

0.1 M ACES buffer 
pH 5.6

0–800 MPa 
20–80 °C

nth order
n = 1.4

Heinz et al. 
(2005)

β-Glucanase
(Bacillus subtilis)

0.1 M ACES buffer, 
pH 5.6

0–1000 MPa 
20–80 °C

nth order
n = 1.8

Buckow et al. 
(2007b)

Lipoxigenase
(Green pea)

Green peas 0–650 MPa 
−20–115 °C

First order Indrawati et al. 
(2001)Supernatant of 

squeezed green peas

(continued)
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Table 3.4 (continued)

Enzymes Environment

Processing 
conditions 
ranges

Kinetic 
model References

Lipoxigenase
(Tomato (Lycopersicom 
esculentum, cv Malpica))

Tomato puree 0–750 MPa 
5–75 °C

Fractional 
conversion

Rodrigo et al. 
(2006)

X-prolyl dipeptidyl 
aminopeptidase (PepX)

Sodium phosphate 
buffer solution 
(pH 7.0)

100–450 MPa 
20–40 °C

First order Giannoglou 
et al. (2018)

Actinidin
(Kiwi fruit)

Solution of 
phosphate buffer, 
L-cystein, EDTA 
and deionized water

0.1, 600, 750, 
900 MPa 
50–70 °C

First order Alexandrakis 
et al. (2017)

Actinidin
(Kiwi fruit)

Kiwi fruit juice 200–800 MPa 
25–50 °C

First order Katsaros et al. 
(2009b)

Ficin (EC 3.4.22.3) Phosphate buffer 
50 mM pH 7.0

500–900 MPa 
50–80 °C

First order Katsaros et al. 
(2009c)Papain (EC 3.4.22.2)

Pectinmethylesterase
(Persimmon (Hachiya 
cv.))

Pulp pH 5.5 500–800 MPa 
40–70 °C

First order Katsaros et al. 
(2006)

Pectinmethylesterase
(Sea buckthorn (Golden 
sea berry cv.))

Juice pH 2.8 200–600 MPa 
25–35 °C

Fractional 
conversion

Alexandrakis 
et al. (2014a)

Pectinmethylesterase
(Orange (Navel cv.))

Juice pH 3.4 100–800 MPa 
30–60 °C

Fractional 
conversion

Polydera et al. 
(2004)

Pectinmethylesterase
(Orange (Valencia cv.))

Juice pH 3.8 100–500 MPa 
20–40 °C

Fractional 
conversion

Katsaros et al. 
(2010)

Pectinmethylesterase
(Orange (Valencia cv.))
(Orange (Navel cv.))

Tris buffer pH 7.5 200–700 MPa 
40–55 °C

First order Alexandrakis 
et al. (2014b)

Pectinmethylesterase
(Peach (Everts cv.))

Phosphate buffer 
pH 7.0

100–800 MPa 
30–70 °C

First order Boulekou et al. 
(2010)

Pectinmethylesterase
(Carrot (Daucus carota 
L. cv.))

Tris buffer pH 7.0 100–825 MPa 
10–65 °C

Fractional 
conversion

Ly-Nguyen 
et al. (2003a)

Pectinmethylesterase
(Banana (Cavendish 
cv.))

Tris buffer pH 7.0 100–900 MPa 
30–76 °C

Fractional 
conversion

Ly-Nguyen 
et al. (2003b)

Pectinmethylesterase
(Carrot (D. carota L. 
cv.))

Citrate buffer pH 6.0 650–800 MPa 
10–25 °C

First order Balogh et al. 
(2004)

Juice pH 6.0 700–800 MPa 
10 °C

Pieces pH 6.0 700–800 MPa 
40 °C

(continued)
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Table 3.4 (continued)

Enzymes Environment

Processing 
conditions 
ranges

Kinetic 
model References

Polyphenoloxidase
(Pineapple (Ananas 
comosus L.))

Puree pH 3.48 0.1–600 MPa, 
30–70 °C 
0–20 min

nth order
n = 0.991

Chakraborty 
et al. (2015)

Peroxidase
(Pineapple (Ananas 
comosus L.))

nth order
n = 0.995

Food constituents Environment

Processing 
conditions 
ranges Kinetic model References

Ascorbic acid Fresh pineapple 
juice

0.1–600 MPa 
30–95 °C

First order 
fractional 
conversion

Dhakal et al. 
(2018)

Chlorophyll (Broccoli 
(Brassica oleracea L. 
italica))

Broccoli juice 0–800 MPa 
50–105 °C

First order Van Loey 
et al. (1998)

Folate (5-methyl-
tetrahydropholic acid, 
5-CH3-H4-folate)

0.1 M 
phosphate 
buffer
pH 7.0

0–700 MPa 
20–90 °C

First order Indrawati 
et al. (2005)

Starch (Normal maize) 5% w/w 
deionised water

0–700 MPa 
20–75 °C

nth order
n = 1.65

Buckow et al. 
(2007c)

Anthocyanins Raspberry paste 200–700 MPa 
90–115 °C

First order Verbeyst 
et al. (2011)

Table 3.5 The most common kinetic models used for secondary mathematical modeling for high 
pressure processing as cited in the literature

Bigelow model Observations

Zp = −P − Pref/log Dp – log DPref Zp or ZT: the inverse negative slope of logDP or 
logDT versus pressure or temperature level and 
determines the pressure or temperature increase 
required to achieve a tenfold increase in the 
inactivation rate

Model proposed by Santillana Farakos and Zwietering (2011) (based on Bigelow Model)
logD = 1/zP(Pref − P) + 1/zT(Tref − T) + 1/
zPT[(TrefPref) − (TP)] + log DPrefTref

ZPT the inverse negative slope of log DPT versus 
pressure∙temperature level and represents the 
amount that the linear term P·T needs to increase 
for a tenfold decrease in D

Eyring-Arrhenius Model
k(P) = krefP·exp[−ΔV≠(T)/R·(P − Pref)T]
ΔV≠(T) = a·(T − Tref) + ΔVT

≠

k(T) = krefT·exp[−Ea(P)/R·(1/T − 1/Tref)]
Ea(P) = EaP·exp[−g·(P − Pref)]
k = krefP,T·exp{−
EaP/R·exp[−g·(P − Pref)]·(1/T − 1/
Tref) − a·(T − Tref) + ΔVT

≠/R·P − Pref/Τ}

Ea: the activation energy
ΔV≠: the activation volume

(continued)
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Table 3.5 (continued)

Bigelow model Observations

Model proposed by Weemaes et al. (1998) (based on Eyring-Arrhenius Model)
lnkref(P) = c1 + c2·P + c3·P2 + c4·P3

Weemaes et al. (1998)
Ea(P) = EaP·[exp(−c5·P)]
  k = exp{c1 + c2·P + c3·P2 + c4·P3 + 

[−EaP·[exp(−c5·P)]R(1/T − 1/Tref)]}
van den Broeck et al. (2000)
Ea(P) = c5 − c6·P
  k = exp{c1 + c2·P + c3·P2 + c4·P3 + 

[−c5 − c6·PR(1/T − 1/Tref)]}

c1 − c4: Empirical parameters describe the effect 
of pressure on kref

Antagonistic pressure effects on k

Model proposed by Ludikhuyze et al. (1998) (based on Eyring-Arrhenius Model)
lnkref(T) = c1 + c2·T + c3·T2

ΔV ≠ (T) = c4·T·[exp(−c5·T)]
  lnk = c1 + c2·T + c2

3·T − {c4·T·[exp(−
c5·T)]/R·T·(P − Pref)}

Antagonistic effects for combined pressure–
temperature treatments for the low-temperature 
(T < 40 °C) and high-pressure (P > 475 MPa) 
region

Model proposed by Katsaros et al. (2010) (based on Eyring-Arrhenius Model)
k/kTref = DTrefDT·10(Tref − TzT)
kkPref = DPrefDP·10(Pref − PzP)
D = DPrefTref·exp{(P − Pref)·[ΔV≠(T)/R·T + 
2.303/zP] + 2.303(T − Tref)/zT + Ea(P)/
RT·(1/T − 1/Tref)}

Proposed for microbial inactivation

Log-logistic model for Weibull distribution

log10(N/N0) = −b′ tn

b′(T) = ln{1 + exp[wT(T − Tc)]}m

b′(P) = ln{1 + exp[wP(P − Pc)]}m

Pc(T) = Pc0·exp(−w1 T)
Tc(P) = Tc0·exp(−w2 P)
n(P) = d0·exp(−d1 P)

Tc: the temperature at which b′ (T) increases 
linearly for m = 1.
If T > Tc, the parameter b′ (T) increases to the 
power wT·(T − Tc)
wT determines the rate at which b′ (T) increases 
with temperature.
If T < Tc, the exponential term tends to zero and b′ 
(T) is approximately ln (1) = 0

achieve a tenfold increase in the inactivation rate, while the zT determines the tem-
perature increase required to achieve the tenfold increase in the inactivation rate 
constant.

The Eyring equation was also developed to mathematically describe the effect of 
pressure (P) on the inactivation rate constant (k). This effect was correlated to the 
Activation Volume value (ΔV). Similarly to the Arrhenius equation that is widely 
used for the mathematical description of temperature on the inactivation rate con-
stant of a quality index. In this case, the Activation Energy (Ea) is estimated and is 
correlated to the effect of temperature on the inactivation rate constant. In High 
pressure treatments that pressure and temperature are the main process parameters 
apart from treatment time, the combined effect of Eyring and Arrhenius equations 
may be used. Thus, the effects of pressure and temperature may be expressed 
through the Activation volume and Activation energy, respectively. For more than 
one different treatment temperatures, the Activation volume value is estimated for 
each temperature and the effect of temperature on the ΔV values may be estimated 
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(by plotting ΔV values vs treatment temperatures). The same approach may be fol-
lowed for the Activation energy as well, that expresses the effect of temperature on 
the inactivation rate constant of an index. For more than one pressures studied, the 
Εa value is determined for each pressure and then the effect of pressure on the Εa 
value can also be determined by plotting the Ea values vs treatment pressures.

Secondary models for the Weibull parameters include a logistic-exponential 
expression for parameter b’, indicating that the inactivation rate constant will be 
close to zero until a critical pressure level (Pc) is reached. If the pressure level is 
increased beyond Pc, b′ will increase at a rate wP. An exponential decay model has 
been used to predict pressure effects on the Weibull parameter “n”, where the 
dimensionless parameter d0 is the value of n at pressures P approaching 0, and d1 is 
the rate at which n exponentially decays (Doona and Feeherry 2007; Peleg 2006; 
Doona et al. 2007).

3  Pulsed Electric Field Processing

For PEF treatment, the most critical processing factors are electric field strength, 
treatment time, shape and width of the pulse, frequency, specific energy, and pre-
heating temperature (Barbosa-Canovas et al. 1999; Wouters et al. 2001). Depending 
on the conditions intensity, the treatment efficacy is affected leading to microbial 
population or enzyme activity decrease, causing cell disintegration. The develop-
ment of mathematical models that can predict the death of microorganisms and 
inactivation levels of quality-related enzymes by PEF is a very useful tool to design 
safe and effective PEF processes.

3.1  Primary Mathematical Modeling

Many researchers have focused on developing mathematical models to understand 
the physiological mechanism of each quality or safety index alteration and how the 
treatment conditions affected microorganisms, enzymes, quality indices, retention 
of bioactive compounds and extraction of intracellular compounds from plant tis-
sues. Kinetic models for studying the effects of PEF treatment on the activity of 
microorganisms or enzymes, have been extensively used in different process condi-
tions and are presented in Table 3.6.

First-order kinetic model as a function of treatment time or electric field strength 
is the most widely mathematical equation used to describe successfully the effect of 
PEF treatment on inactivation rate of microorganism, enzymes or retention of 
health-related compounds in the foods. This model describes the dependency of 
residual activity of microorganisms or enzymes as a function of the PEF conditions 
intensity (Bendicho et al. 2002; Giner et al. 2001, 2002, 2003). In literature, the 
experimental data clearly show an exponentially decrease in residual activity as the 
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Table 3.6 Mathematical equations cited in the literature and used for the description of the effect 
of PEF treatment on the value of microbial, enzymatic or chemical reactions

Model
Mathematical 
equation Where References

Kinetic models for the inactivation of microorganisms and enzymes by PEF

First order 
kinetic

RA � � �e k PP RA is the residual activity, P is the studied 
parameter (PEF treatment time (t, s), 
electric field strength (E, kV/cm), pulse 
frequency (f, Hz), the pulse width (τ, s), or 
the PEF energy input (Q, J/kg)), kP is the 
inactivation constant rate for the respective 
studied parameter

Giner et al. 
(2000, 2001, 
2002, 2003)

Empirical 
Hulsheger’s 
model

RA �
�

�
�

�

�
�

�
�� �

t

tc

E E

k
c

c

RA is the residual activity, t is PEF 
treatment time, E is the electric field 
strength, Ec, tc, and kc are proposed to be 
independently determined by the target 
microorganism or enzyme

Hülsheger 
et al. (1981)

Empirical 
Fermi model RA �

�
� � �� �
� �

1

1 e

E E t

a t
c

c

RA is the residual activity, E is the electric 
field strength (kV/cm), Ec(t) is the electric 
field strength (kV/cm) for RA equal to 50% 
and ac(t) is the parameter indicating the 
slope of the curve around Ec. Ec and kc, are 
exponentially related to the PEF treatment 
time t.

Peleg (1995)

Weibull 
distribution 
model

RA �
��
�
�

�
�
�

e
t

a

� RA is the residual activity, P is the studied 
PEF parameter (treatment time (t, s) or PEF 
energy input (Q, J/kg)), a and γ are the 
scale and shape parameters, respectively. 
Apart from rare exceptions, an exponential 
relationship exists between the values “a” 
and electric field strength E

Weibull 
(1951)

Kinetic models for the extraction of intracellular compounds by PEF

Empirical 
Peleg model C

t

k k tt � �1 2·

Ct is the concentration of extracted 
compound (mg g−1) at time t (s), k1 is 
Peleg’s rate constant (min g mg−1) and k2 is 
Peleg’s capacity constant (g mg−1)

Peleg (1988)

First-order 
fractional 
model

C C

C C
k tt �

�
� ��

�0

·
Ct is the concentration of extracted 
compound (mg g−1) at time t (s), C0 is the 
concentration of extracted compound 
(mg g−1) at time t = 0, C∞ is the 
concentration of extracted compound 
(mg g−1) at time ∞ time, k is the constant 
rate of the concentration increase of 
extracted compound

Levenspiel 
(1972)

intensity of PEF conditions (electric field strength or treatment time) is increased 
(Bendicho et al. 2002; Giner et al. 2002). Moreover, the effect of PEF on microbial 
or enzyme inactivation could also be explained by empirical models such as those 
of Hülsheger, Fermi’s and Weibull distribution model (Table 3.6). These models 
were first proposed for predicting microbial inactivation, and later to describe the 
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destruction of enzymes by PEF (Giner et al. 2000; Min et al. 2003). Hülsheger’s and 
Fermi’s models describe the decrease of microbial or enzyme activity (RA) as a 
function of both electric field strength and treatment time.

PEF efficacy is crucial as a knowledge for accepting this technology as a pas-
teurization process equivalent of thermal treatment. Critical factors affecting micro-
bial inactivation, enzymes inactivation as well as effect on other quality indices is 
necessary to be studied. The data received from these studies will establish opti-
mized processes that are applicable under a wide range of conditions. Mathematical 
models applied target to fit microorganism and enzyme responses to processing 
factors and environmental variables. The fitting accuracy of the traditional first- 
order kinetics, Hulsheger’s, Fermi’s, and Weibull distribution models for microbial 
inactivation by PEF treatments has been reported in several studies (Table  3.7). 
Similarly to microbial inactivation, effort has been done on the mathematical 
description of PEF effect on enzymes inactivation. Indicative studies are presented, 
reporting the mathematical model they applied to describe their results in Table 3.8.

Numerous papers report studies of quality parameters of foods and how are they 
affected by PEF treatment (Table 3.9). The results obtained are promising, since the 
health-related compounds and quality indices are retained better when compared to 
conventional thermal treatment (Min et al. 2003; Odriozola-Serrano et al. 2008a, b).

PEF technology led to retention or enhancement (due to increased extractability 
offered by PEF technology) of health-related compounds in juices, such as lyco-
pene, vitamin C and polyphenols. Generally, more intense process conditions 
(higher electric field strength and treatment time), resulted in lower vitamin C (in 
strawberry as reported by Odriozola-Serrano et al. 2008c, 2009b in tomato reported 
by Odriozola-Serrano et al. 2007, 2008b, d, 2009a and in watermelon juice cited by 
Oms-Oliu et al. 2009) and in higher lycopene contents (Odriozola-Serrano et al. 
2007) up to 146.2% for tomato juices.

Mathematical description of data obtained by PEF treatment of foods may 
improve the prediction of the variation of the health-related compounds and antioxi-
dants as affected by key parameters involved in PEF treatments.

PEF was also used to assist and accelerate extraction of high added value com-
pounds from by products, such as tomato peels (Andreou et al. 2020a; Luengo et al. 
2014; Pataro et  al. 2020), olive pomace (Andreou et  al. 2020b), potato peels 
(Frontuto et  al. 2019), grapes by-products (Corrales et  al. 2008), orange peels 
(Luengo et al. 2013), and sesame cake (Sarkis et al. 2015). PEF-assisted extraction 
could lead to cell alterations or disruption of cell membranes resulting in higher 
recovery yields of valuable compounds while decreasing the extraction time or sol-
vent volume.

There is limited data in literature about the modeling description of the effect of 
PEF treatment on the enhancement of mass transfer phenomena. Several research-
ers have used PEF as pretreatment to conventional extraction procedure and several 
mathematical models have been used to optimize the PEF conditions’ selection.

For instance, Andreou et  al. (2020b) used a fractional fist order equation to 
describe the polyphenol and protein extraction assisted by PEF from olive pomace, 
and the extracted concentration of each compound was correlated with PEF energy 
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Table 3.7 Effect of PEF processing conditions range on the inactivation of indicative 
microorganisms from various food products as cited in the literature

Microorganism Medium Process conditions

Maximum 
reduction 
(logCFU/g)

Mathematical 
models References

E. coli Orange juice 15–40 kV/cm, 
pulse width 2.5 μs, 
treatment time 
700 μs, flow rate 
60 mL/min, 
<55 °C

3.83 First order 
kinetic model
Hulsheger’s 
model
Weibull 
distribution 
model

Rivas et al. 
(2006)

E. coli 
O157:H7
Salmonella 
Enteriditis

Liquid egg 
yolk

30 kV/cm, pulse 
width 2 μs, 
treatment time 
210 μs, flow rate 
12 mL/min, 40 °C

4.9
4.8

First order 
kinetic model

Amiali et al. 
(2006)

E. coli CGMCC 
1.90

Carrot juice 5–25 kV/cm, pulse 
width 1.5 μs, 
treatment time 
207–1449 μs, 
coaxial treatment 
chamber, flow rate 
52.5 mL/min, 
<40 °C

3.6 Hulsheger’s 
model
Fermi’s model

Zhong et al. 
(2005)

Salmonella 
Dublin (ATCC 
15480)

Skim milk 15–40 kV/cm, 
treatment time 
12–127 μs, 
10–50 °C

4 Hulsheger’s 
model
Fermi’s model

Sensoy 
et al. (1997)

E. sakazakii 
CECT 858

Buffered 
peptone 
water
Rehydrated 
infant 
formula 
milk

10–40 kV/cm, 
pulse width 2.5 μs, 
treatment time 
360 μs, flow rate 
1.8 L/h, 25 °C

2.7
1.7

First order 
kinetic model
Weibull 
distribution 
model

Pérez et al. 
(2007)

Salmonella 
Senftenberg 
775 W

Liquid 
whole egg

20–45 kV/cm, 
square pulse width 
3 μs, treatment 
time 0–150 μs, 
55 °C

3.3 Weibull 
distribution 
model

Monfort 
et al. (2010)

E. coli
L. 
monocytogenes

Melon & 
watermelon 
juice

35 kV/cm, pulse 
width 4 μs, pulse 
frequency 217 Hz, 
treatment time 
1440 μs, 40 °C

3.7
3.56
3.6
3.41

Quadratic 
response 
model

Mosqueda- 
Melgar 
et al. (2007)

(continued)
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Table 3.7 (continued)

Microorganism Medium Process conditions

Maximum 
reduction 
(logCFU/g)

Mathematical 
models References

E. coli 
O157:H7
Salmonella 
Enteriditis

Apple
Pear
Orange
Strawberry 
juice

35 kV/cm, bipolar 
pulse width 4 μs, 
flow rate 
80–110 mL/min, 
<40 °C

4.29
4.34
4.59
4.87
5.16
5.22
5.56
4.43

Quadratic 
response 
model

Mosqueda- 
Melgar 
et al. (2008)

G. oxydans
K. apiculata
L. bacteria
S. cerevisiae

Grape juice 35 kV/cm, bipolar 
pulse width 5 μs, 
pulse frequency 
303 Hz, flow rate 
3.33 mL/s, inlet 
temperature 15 °C, 
maximum 
temperature 
<30.4 °C

2.24
3.88
3.54
3.90

Quadratic 
response 
model

Marsellés- 
Fontanet 
et al. (2009)

Table 3.8 Effect of PEF processing conditions range on the inactivation of indicative enzymes 
from various food products as cited in the literature

Enzyme Medium Process conditions

Residual 
activity 
(%)

Mathematical 
models References

LOX Tomato juice 35 kV/cm, pulse width 
3 μs, 50 μs treatment 
time, flow rate 1 mL/s, 
30 °C

20 First order 
kinetic model
Hulsheger’s 
model
Fermi’s model
Quadratic 
response 
model

Min et al. 
(2003)

PME Tomato juice 5–24 kV/cm, 
10.9–108.0 MJ/m3 
energy input, pulse 
width 0.02–0.04 ms, 
0–400 pulses

8 First order 
kinetic model
Hulsheger’s 
model
Fermi’s model

Giner et al. 
(2000)

LOX Tomato juice 35 kV/cm, 250 Hz, 
bipolar pulse width 
7 μs, treatment time, 
1000 μs

81 Quadratic 
response 
model

Aguiló- 
Aguayo et al. 
(2009a)

PME
PG

Tomato juice 5.5–12.5 kV/cm, 
0–12 ms treatment 
time, pulse width 
15 μs, 300 Hz, bipolar 
pulses

98
45

First order 
kinetic model

Andreou et al. 
(2016)

(continued)
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Table 3.8 (continued)

Enzyme Medium Process conditions

Residual 
activity 
(%)

Mathematical 
models References

PME
PG
POD

Tomato juice 35 kV/cm, 250 Hz 
bipolar pulse width 
7 μs, flow rate 60 mL/
min

10
45
0

Quadratic 
response 
model

Aguiló- 
Aguayo et al. 
(2008a, b, 
2009a, b)

LOX Soymilk 20–40 kV/cm, 400 Hz 
pulse width 2 μs, 
treatment time 
1036 μs, 25 °C

12 First order 
kinetic model
Fermi’s model
Weibull 
distribution 
model

Li et al. (2008)

PME Orange juice 25 kV/cm, 700 Hz 
pulse width 2.0 ms, 
flow rate 0.31 mL/s, 
50 °C

10 First order 
kinetic model

Yeom et al. 
(2002)

PME Orange juice 5–35 kV/cm, 200 Hz 
bipolar and monopolar 
pulse width 4 μs, 
treatment time 
1500 μs, 60 mL/min, 
37.5 °C

20 First order 
kinetic model
Hulsheger’s 
model
Fermi’s model
Weibull 
distribution 
model

Elez-Martinez 
et al. (2007)

PME Fresh mixed 
orange and 
carrot juice

25–40 kV/cm, bipolar 
pulse length 2.5 μs, 
treatment time 340 μs, 
60 mL/min

18.6 First order 
kinetic model
Hulsheger’s 
model
Weibull 
distribution 
model

Rodrigo et al. 
(2003)

PME Red grape 
juice

40 kV/cm, 15 Hz pulse 
width 1 μs, treatment 
time 100 μs

3.2 First order 
kinetic model

Riener et al. 
(2009)

POD, 
PPO

Grape juice 25–35 kV/cm, 600 Hz 
bipolar pulse width 
4 μs, treatment time 
5 ms, flow rate 
7.8 mL/s, 40 °C

49.4
0

First order 
kinetic model

Marsellés- 
Fontanet and 
Martin-Belloso 
(2007)

POD, 
PPO

Grape juice 25–35 kV/cm, 600 Hz 
bipolar pulse width 
4 μs, treatment time 
5 ms, flow rate 
7.8 mL/s, 40 °C

49.4
0

Quadratic 
response 
model

Marsellés- 
Fontanet and 
Martin-Belloso 
(2007)

POD, 
PPO

Apple juice 23–50 kV/cm, 15 Hz 
pulse width 1 μs, 
treatment time 100 μs, 
50 °C

32, 29 First order 
kinetic model

Riener et al. 
(2008)

(continued)
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Enzyme Medium Process conditions

Residual 
activity 
(%)

Mathematical 
models References

PPO Apple & pear 22.3–24.6 kV/cm, up 
to 6 ms treatment time, 
bipolar mode, 
exponential decay 
pulses, 0.02 ms pulse 
width

96.8
62.0

First order 
kinetic model

Giner et al. 
(2001)

PPO Peach juice 24.3 kV/cm, bipolar 
pulse width 0.02 ms, 
5 ms treatment time

30 First order 
kinetic model

Giner et al. 
(2002)

PME, 
PG

Strawberry 
juice

35 kV/cm, 100 Hz 
monopolar pulse width 
1 μs, flow rate 60 mL/
min

10, 75 Quadratic 
response 
model

Aguiló- 
Aguayo et al. 
(2009a)

LOX, 
POD

Watermelon 
juice

35 kV/cm, 50 Hz 
monopolar pulse width 
1 μs, treatment time 
1000 μs

112.25
15.25

Quadratic 
response 
model

Aguiló- 
Aguayo et al. 
(2010)

PME Gazpacho 35 kV/cm, 200 Hz 
monopolar pulse width 
4 μs, treatment time 
1500 μs, flow rate 
60 mL/min, 40 °C

3.8 Giner-Segui’s 
model

Giner-Seguí 
et al. (2009)

Table 3.8 (continued)

input. Moreover, lycopene extraction kinetic from industrial tomato peels was well 
fitted by Peleg’s model (Pataro et al. 2020), allowing to select the optimal PEF con-
ditions with low energy consumption.

3.2  Secondary Mathematical Modeling

Except on empirical models that are used as a first step to obtain optimum values of 
each factor with maximal reduction for every microorganism or enzyme, there is no 
secondary modeling approach proposed in the literature. This is mainly attributed to 
the numerous process parameters that counteract between them not allowing for 
development of secondary models.

4  Pulsed Electromagnetic Fields Processing

Pulsed electromagnetic fields (PEMF) technology involves the generation and pow-
erful direction of pulsed electromagnetic waves. The generated waves seem to react 
with the cells that come in contact changing the state of the electrons spin system 
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Table 3.9 Effect of PEF processing conditions range on the effect of quality indices of various 
food products as cited in the literature

Quality and 
bioactive 
compounds Medium Process conditions RC

Mathematical 
models References

Anthocyanin
Vitamin C
Antioxidant 
capacity

Strawberry 
juice

25–35 kV/cm, 232 Hz 
bipolar pulse width 
1 μs, 100 μs treatment 
time, flow rate 60 mL/
min, 40 °C

100.5
93
0

First order 
kinetic model
Weibull 
distribution 
model

Odriozola- 
Serrano et al. 
(2008c)

Antioxidant 
capacity
Vitamin C

Tomato 
juice

35 kV/cm, 100 Hz 
bipolar pulse width 
4 μs, 1500 μs treatment 
time, flow rate 60 mL/
min, 40 °C

0 First order 
kinetic model

Odriozola- 
Serrano et al. 
(2008b)

Antioxidant 
capacity
Lycopene
Vitamin C

Tomato 
juice

35 kV/cm, 250 Hz 
bipolar pulse width 
1 μs, 500 μs treatment 
time, flow rate 60 mL/
min, 40 °C

137.7
100
97

Weibull 
distribution 
model
Fermi’s model
First order 
kinetic model

Odriozola- 
Serrano et al. 
(2008d)

Ascorbic acid Milk A static parallel plate 
treatment chamber, 
27.1 kV/cm, 20–25 °C

93.4 First order 
kinetic model

Bendicho 
et al. (2002)

Anthocyanin
Vitamin C

Strawberry 
juice

35 kV/cm 250 Hz, 
bipolar pulse width 
1 μs, treatment time 
1000 μs

101.9
100.3

Quadratic 
response model

Odriozola- 
Serrano et al. 
(2009b)

Antioxidant 
capacity
Lycopene
Vitamin C

Tomato 
juice

35 kV/cm, 150 Hz 
bipolar pulse width 
4 μs, 1000 μs treatment 
time, flow rate 60 mL/
min, 40 °C

92.3
146.2
99

Quadratic 
response model

Odriozola- 
Serrano et al. 
(2007)

Antioxidant 
capacity
Lycopene
Vitamin C

Watermelon 
juice

35 kV/cm 200 Hz, 
bipolar pulse width 
7 μs, treatment time 
50 μs

100
72
113

Quadratic 
response model

Oms-Oliu 
et al. (2009)

(Pawluk 2015). PEMF is mainly studied for its use for human therapeutic purposes, 
indicating significant effects on cells, tissues and biological processes such as 
embryogenesis, regeneration, wound healing (Hammerick et al. 2010), as well as in 
cell migration, DNA synthesis and gene expression (Tsai et  al. 2009; Luo et  al. 
2012; Kang et al. 2013). PEMF technology has hardly been studied for its effect on 
food products, however it is considered to be a promising technology for microbial 
inactivation (Tadevosian et  al. 2006; Torgomyan et  al. 2011; Giannoglou et  al. 
2020a, 2021). Extensive work on the effect of PEMF on a food system (whole fresh 
strawberries) has been performed by Giannoglou et al. (2021). PEMF processing 
did not appear to have a significant impact on the weight loss, the color, the total 
anthocyanin content and on the pH-value of the strawberries, after processing and 
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during storage. PEMF processing led to a 16% decrease in the firmness of the straw-
berries immediately after processing compared to Control samples, which was also 
maintained during storage. A significant increase in the total phenolic content and 
in the free radical scavenging activity was observed for PEMF processed fruits 
immediately after processing. PEMF processed strawberries also presented higher 
peak values in the total phenolic content during storage compared to the untreated 
ones. The PEMF strawberries presented the highest values in ascorbic acid content 
after processing and also during storage, compared to Control. PEMF technology 
could be used for enhancement of nutritional value of fruits in addition to the quality 
retention related with safety and consumer perceived traits. Nevertheless, there has 
not yet been described the effect of PEMF on any quality index by mathematical 
equations. There is a lot of space for work towards this direction, since the equations 
applied for PEF treatments could be modified and applied also for PEMF treated 
food products.

5  Cold Atmospheric Plasma Processing

Cold atmospheric plasma (CAP) is an emerging non-thermal processing method 
that attracts an ever increasing interest for future application in food industry 
(Schlüter et al. 2013; Niemira 2012; Giannoglou et al. 2020a, b). Plasma is a par-
tially ionized gas consisting of a reactive mixture of charged particles, free radicals, 
excited species, and UV photons. Novel plasma reactor designs and electrical power 
supplies have enabled the generation of non-thermal, far from thermodynamic equi-
librium, plasmas in atmospheric pressure (Pappas 2011; Brandenburg 2018). The 
high reactivity combined with the low temperature operation render plasma suitable 
for treatment of heat-sensitive food products, due to their ability to deactivate micro-
organisms (Kelly-Wintenberg et al. 1999; Moisan et al. 2002; Laroussi 2005; Puač 
et al. 2017; Dimitrakellis et al. 2021). In the field of fruits, the investigation mainly 
concerns the CAP effect on the microorganisms/enzymes and quality characteristics 
of fruit products such as orange juice (Xu et al. 2017), white grape juice (Pankaj 
et al. 2017), siriguela juice (Paixão et al. 2019), fresh-cut apples (Ramazzina et al. 
2016; Tappi et al. 2014), fresh-cut melon (Tappi et al. 2016). A more limited number 
of studies concern the effect of this technology on whole fruit i.e. blueberries 
(Sarangapani et al. 2017) and cherry tomatoes (Misra et al. 2014). Studies on the 
effect of CAP processing on quality parameters of whole fruits during storage are 
limited to strawberries (Rana et al. 2020; Giannoglou et al. 2021) and mandarins 
(Won et al. 2017). Based on the reported results, CAP processing induced the inac-
tivation of microorganisms mostly due to the interaction with reactive oxygen and 
nitrogen species (RONS) generated in the gas phase during processing. The effect 
of plasma treatment on the quality characteristics varied from significant to insig-
nificant, depending on the investigated parameters, the product characteristics, as 
well as the intensity of the processing and the plasma source design. Indirect plasma 
treatment of strawberries through immersion in plasma activated water has also 
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Table 3.10 Indicative mathematical equations cited in the literature and used for the description 
of the effect of CAP treatment on the value of microbial and enzymatic reactions

Model
Mathematical 
equation Where References

First- 
order 
model

lnA/A0 = −k·Δt Where A0 is the initial activity of PPO, A 
represents the PPO activity at time t, k is the 
first-order kinetic constant (min−1), and t is the 
treatment time (min).

Dong et al. 
(2021); Liang 
et al. (2012)

Weibull 
model

lnA/A0 = −(t/a)β Where A and A0 have the same meaning as in Eq. 
(2), t is the DBD plasma exposure time (min), α is 
the scale parameter (characteristic time, min), and 
β is the shape parameter. The β value denotes an 
idea of the form of the inactivation curve: upward 
concavity (β < 1), straight line (β = 1), or 
downward concavity (β > 1).

Dong et al. 
(2021); Liang 
et al. (2012)

Logistic 
model

A = [(100 
− Amin)]/[1 + (t/
t50)p] + Amin

Where Amin (≥0) is the minimum value attained by 
the logistic function, t50 is the time of half-maximal 
activity (min), and p is the power term.

Pankaj et al. 
(2013); Dong 
et al. (2021)

been proposed in the literature for efficient disinfection based on secondary RONS 
formed in liquid phase upon interaction with gas discharges (Ma et al. 2015).

In general, CAP can be used either as direct (direct processing of a food product 
by the ionized gas), semi-direct (surface dielectric barrier discharge used for the 
treatment of whole food products) or even indirect (production of “plasma activated 
water” and immersion of food products within this water rich in Reactive Oxygen 
Nitrogen Species with the antimicrobial effect) applications. In all cases, there is 
limited work done on the mathematical description of the data obtained. This is 
mainly attributed to the numerous process parameters for CAP treatment making it 
harder for the researchers to apply or develop appropriate mathematical equations. 
Nevertheless, the models applied in the limited works cited in the literature are 
depicted in Table 3.10. No secondary models have been applied or developed for the 
description of the effect of process parameters on the inactivation rate constants for 
microbial, enzymatic and chemical indices.

The works having included the kinetic approach in data obtained by applying the 
Cold Atmospheric Plasma technology on microbial, enzyme and chemical indices 
are very limited and some of them are depicted in Table 3.11. The Weibull model is 
mainly used by the researchers both for microbial and enzymatic inactivation.

6  Osmotic Dehydration

Osmotic dehydration (OD) has received greater attention in recent years as an 
important complementary treatment and food preservation technique in the process-
ing of dehydrated foods. OD is a water removal process which is based on the 
implementation of foods, mainly fruits and vegetables, in a hypertonic solution, 
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Table 3.11 Effect of CAP processing conditions range on the effect of indicative microorganisms, 
enzymes and quality indices of various food products as cited in the literature

Model Process conditions Medium Reference

Weibull model Dielectric barrier discharge-atmospheric cold 
plasma treatment at high voltages (40, 50 
and 60 kV) for durations ranging between 
15 s and 5 min

Alkaline 
phosphatase 
enzyme

Segat et al. 
(2016)

Weibull model Fixed distance of 35 mm, input power of 
200 W for 30, 60, 120, 180, and 240 s

Salmonella and 
Escherichia coli 
in apples

Kilonzo- 
Nthenge 
et al. (2018)

Weibull model Plasma exposure time varied between 0 and 
480 s. The gas flow rate was 5 slm (standard 
litre per minute), and the power supply was 
operated at a voltage of 65 V and a 
resonance balancing of 0.05 A. The distance 
between nozzle outlet and sample was set to 
10 mm.

Citrobacter 
freundii in apple 
juice

Surowsky 
et al. (2014)

Weibull model 
and a 
three- 
parameter 
logistic model

Different voltages (30, 40 and 50 kV) for 
different time intervals (15 s–5 min)

Tomato POD 
inactivation

Pankaj et al. 
(2013)

Weibull and 
logistic model

Different voltages (18, 23 and 28 kV) for 
different time intervals (15 s–5 min)

Peroxidase and 
polyphenol 
oxidase in tender 
coconut water

Chutia et al. 
(2019)

Weibull and 
logistic model

19.4, 26.4, and 32.6 W, for 3 min PPO isolated 
from Agaricus 
bisporus

Dong et al. 
(2021)

Weibull model 50 kV (65–75 W @ 0.5–0.8 mA) with an 
electrode gap or depth of 2.5 cm. Samples 
exposures time to the cold plasma discharge 
were 0, 15, 30, 60, and 120 s.

B. subtilis spores Mendes- 
Oliveira 
et al. (2019)

reducing its water content while increasing the soluble solid content. The raw mate-
rial is placed in concentrated solutions of soluble solids with higher osmotic pres-
sure and lower water activity. Diffusion phenomenon takes place with two 
countercurrent flows: a water flow from the food to the outer solution and a simul-
taneous flow of solute from the solution to the food (de Mello Jr et al. 2019), enrich-
ing its composition by enhancing its nutritional value. These mechanisms lead to 
water loss and solid gain in the food. OD process occurs at mild temperatures 
(<50  °C), thus low energy consumption and processing costs are required 
(Torreggiani 1993). Although OD process will not give a product of sufficiently low 
moisture content to be considered a shelf stable product and therefore, OD should 
be combined with other preservation techniques.

The kinetics of mass transfer is described using terms such as water loss (WL), 
solids or solutes gain (SG) and water activity (aw) reduction (Pękosławska and 
Lenart 2009). The most important variable markedly affecting the kinetics of mass 
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transfer during OD is temperature (Mokhtarian et  al. 2014). This enhances the 
removal of water and uptake of solids.

The most widely used model for OD processes at atmospheric pressure is the 
Crank’s model, which consists of a solution of non-steady Fick’s law and represents 
the diffusional mechanism. Crank’s model (Crank and Gupta 1975) consists of a 
group of analytical solutions of Fick’s diffusion law that were obtained by Crank for 
various geometries and several initial and boundary conditions. Other models can 
also be found in the literature trying to describe the effect of process parameters on 
the mass transfer phenomena and are presented in Table 3.12.

Many researchers used the Crank’s model in order to describe the mass transfer 
phenomena during OD treatment of various tissues such as apple (Sereno et  al. 
2001), strawberry (Dermesonlouoglou et al. 2017a), goji berry (Dermesonlouoglou 
et al. 2018), tomato (Dermesonlouoglou et al. 2017b), cucumber (Dermesonlouoglou 
et  al. 2008), kiwi (Dermesonlouoglou et  al. 2016), pumpkin (Dermesonlouoglou 
et  al. 2020), apricot (Dermesonlouoglou et  al. 2019a; Dermesonlouoglou and 
Giannakourou 2018), bananas (Mercali et al. 2010), etc. The effective diffusivities 
of water and solids were found to be in the range of 2.0  ±  1.0  ×  10−7 to 
0.7 ± 0.2 × 10−11 m2/s, depending on the food tissue and the OD treatment condi-
tions applied.

OD is the process that can be used as pre-treatment for conventional drying pro-
cedures, such as air-drying, microwave-drying and freeze drying. High temperature 
and long drying time in conventional drying may change flavor, color and rehydra-
tion capacity of dried products (Garcia et al. 2007). In all cases the drying efficiency 
and energy demand is associated with drying time, which is highly related with 
volume of moisture in a material to be removed or the rate at which drying can be 
accomplished. As a pretreatment it is necessary for the food engineer to effectively 
predict the effect of OD on quality indices, so as not to over process the food prod-
uct. Thus, kinetic modeling is essential and can provide useful information on the 
necessary treatment conditions, depending on the tissue to be treated. Several 
researchers have studied and mathematically modeled the use of OD as a pretreat-
ment to air-drying for fruits and vegetables such as tomato and cucumber 
(Dermesonlouoglou et al. 2019b), goji berry (Dermesonlouoglou et al. 2018), apple 
(Mandala et al. 2005), banana (Fernandes et al. 2006), pumpkin (Garcia et al. 2007) 
and melon (Teles et al. 2006). The beneficial use of OD has also been demonstrated 
for dairy (Giannoglou et al. 2020c) and meat products (Andreou et al. 2018).

7  Models Application, Process Parameters Estimation 
and Validation

The development and application of predictive models for the description of the 
effect of Nonthermal process conditions on safety and quality indices is a very use-
ful tool for the food engineers and food scientists in general. These models already 

G. Katsaros et al.
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developed by food scientists and researchers allow for the scaling up of Nonthermal 
processes. Industry food engineers can adopt these equations and effectively apply 
them for predicting the optimal process conditions for the products to be treated. 
This does not require any special skills from the food engineer, neither a special 
tool, apart from a common software (Excel, Sigmaplot, SYSTAT, Origin softwares 
etc.) already installed to most PCs.

The food engineer will have to transfer the equation to one of the softwares and 
by replacing the model parameters with the ones estimated by scientists after numer-
ous experiments will be able to predict the total effect on microbial, enzymatic or 
chemical indices (depending on the dominant deterioration factor) allowing him to 
decide which process conditions are more appropriate and efficient for the 
production.

Of course, since the models are just equations, there is always an error in the 
predictions, thus the food engineer has to validate the results obtained in his/her PC 
by results obtained from the actual production considering the process parameters 
estimated by the models. The deviation between predicted and observed values 
(effect on safety and quality indices after the processing) must not be high otherwise 
the model cannot predict with high accuracy and cannot be used for the scale up of 
processes.

8  Application of Kinetic Modeling for Process Optimization 
and Case Studies

Two cases studies on how a food engineer could work and take advantage of the 
kinetic approach and the predictions by the kinetic models on selecting the optimal 
process conditions are presented below. Both case studies concern the application of 
High pressure technology on the cold pasteurization of orange juices of different 
varieties; the first one is Valencia var., while the second one is Navel var.

The dominant quality indices that were taken into consideration are the dominant 
microbial flora-Lactic acid bacteria, LAB (L. plantarum and L. brevis) and the 
endogenous enzyme pectinmethylesterase that causes cloud loss, thus quality deg-
radation of the juices. For both cases, a wide range of experiments on inactivating 
these indices by high pressure was conducted. The data received were mathemati-
cally described by the combined Eyring-Arrhenius equation, used to predict the 
inactivation rate constants at any combination of pressure and temperature for both 
juices. By estimating the inactivation rate constants, the necessary processing time 
can be determined for achieving a stable final food product. Iso-reduction plots for 
achieving a seven microbial log reduction and 90% PME inactivation after High 
processing were developed.

G. Katsaros et al.
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8.1  Case Study 1: Valencia Orange Juice

The Fig. 3.2 depicts the necessary combination of pressure and temperature process 
conditions for achieving the seven microbial log reduction and 90% PME inactiva-
tion, after 2 and 5 min processing time, conducted by Katsaros et al. (2010). By the 
obtained results, the food engineer may select the necessary process conditions for 
optimal high pressure processing, avoiding over-processing and products degrada-
tion or not sufficient processing for pasteurization thus survival of degradation fac-
tors. Process conditions required for the simultaneous targeted inactivation of PME 
and LAB in 5  min are 325  MPa and 30  °C.  More intense process conditions 
(360 MPa and 35 °C) are required for 2 min processing.

8.2  Case Study 2: Navel Orange Juice

Similarly to the case study 1, the authors of this current chapter have unpublished 
data showing the iso-reduction plots for achieving a seven microbial log reduction 
and 90% PME inactivation after processing for 3 and 5 min for another orange juice 
variety, the Navel cv. one. Lactobacillus plantarum appeared to be relatively sensi-
tive to pressures above 300 MPa. Navel orange PME sensitivity is in accordance 
with the general statement that PMEs are generally more resistant than microorgan-
isms and that treatment for PME inactivation is sufficient for juices pasteurization. 
For Navel orange juice pasteurization, inactivation of 90% of the pressure/tempera-
ture labile PME fraction was considered as process target. For LAB a 7D reduction 
of the most resistant strain was considered. The required processing times for pas-
teurization of Navel orange juice PME at different process pressures, at 25 and 
30 °C are shown in Fig. 3.3. Processing at 25 and 30 °C requires longer times for the 
PME inactivation compared to the inactivation of LAB species. The necessary pres-
sure and temperature process conditions for the inactivation of 90% PME and 7D 
LAB reduction were estimated for 5 min (milder conditions are required) and 3 min 
(more intense treatment conditions are required) processing time. The microbial 
and enzymatic iso-reduction contour plots for achieving 90% PME inactivation and 
seven microbial log reductions after processing for 5 and 3  min are depicted in 
Fig. 3.4.

According to the above results, the selection of HP processing conditions was 
based mainly on PME inactivation. A treatment of fresh Greek Navel orange juice 
at 600 MPa and 40 °C for 3 min can cause inactivation of the labile isoenzyme, lead-
ing to a remaining PME activity equal to approximately 10% of the initial activity 
of untreated juice. These conditions also exceeded process requirements for micro-
bial stability of orange juice.
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Fig. 3.2 Microbial (LAB) and enzymatic (PME) iso-reduction plots for achieving a seven micro-
bial log reduction and 90% PME inactivation after processing for 2 and 5 min. Dashed lines repre-
sent a 7D LAB destruction and solid lines represent 90% PME inactivation. Black lines show 
processing for 2  min, while grey lines show processing for 5  min (own data, as published to 
Katsaros et al. 2010)

Fig. 3.3 Required processing time for the inactivation of PME and LAB as a function of pressure 
at 25 and 30 °C. Solid and dotted lines represent 90% PME inactivation at 25 °C and 30 °C, respec-
tively. Dashed and dash-double dotted lines represent 7D LAB reduction at 25  °C and 30  °C, 
respectively
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Fig. 3.4 Microbial (LAB) and enzymatic (PME) iso-reduction plots for achieving a seven micro-
bial log reduction and 90% PME inactivation after processing for 3 and 5 min. Solid and dotted 
lines represent 90% PME inactivation after processing for 3 and 5 min, respectively. Dashed and 
dash-double dotted lines represent 7D LAB reduction after processing for 3 and 5 min, respectively

9  Conclusions and Future

In general, kinetic modeling is essential in nowadays for achieving an efficient pro-
cessing in terms of producing food products of increased safety, quality, healthier 
profile while simultaneously being more cost effective. The scientists have done a 
lot of work towards producing data necessary for the development of mathematical 
equations for the description of the effect of process conditions with Nonthermal 
technologies on quality indices of new or improved food products. Nevertheless, 
there is space for more work on developing more reliable models with not signifi-
cant errors, thus of higher accuracy when using them to scale up production from 
the labs to the industries. New measuring techniques providing more reliable values 
will boost the applicability and efficiency of kinetic models.

Nonthermal technologies are the future of food processing, but some issues 
related to products specificity have to be taken into consideration. Food engineers 
will have in their hands useful tools to predict optimal process conditions, thus 
evaluate for the process applied, its intensity and efficiency, enabling the use of cor-
rective actions if needed, for production of safe, sustainable and cost-efficient final 
food products. Training and education has to be improved towards this direction 
enabling for the food engineers to efficiently take advantage of the tools-kinetic 
models available in the literature.
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Chapter 4
Electro – Technologies

Ilknur Ucak, Maliha Afreen, Evgenia Benova, Plamena Marinova, 
Todor Bogdanov, Maria Turtoi , Livia Patrașcu, and Iuliana Aprodu

1  Pulsed Electric Field

Ilknur Ucak and Maliha Afreen

1.1  Introduction to Pulsed Electric Field

Pulsed electric field (PEF) is a technique that includes the use of uninterrupted  
current voltage pulses for a very small duration, ranging from nanoseconds to mil-
liseconds, from 100–300 V/cm to 20–80 kV/cm (Fincan and Dejmek 2002; Koubaa 
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et al. 2015). The strength of PEF can rely on an object sited in the middle of two 
electrodes. This voltage produces an electric field, the strength of which can be 
determined by the distance between the electrodes and the voltage supplied. There 
is not a proper description of PEF, electric fields of low-intensity include field 
strengths of E < 0.1 kV/cm, electric fields of moderate intensity include the range 
of 0.1 to 1 kV/cm, and electric fields of high-intensity include the range of electric 
field greater than 1 kV/cm (Asavasanti et al. 2010).

Pulsed electric field is an eco-friendly procedure; that can be efficiently used in 
many food handling processes such as inactivation of enzyme/microorganism, 
freezing and dehydration and extraction of bioactive compounds etc. (Li and Farid 
2016). Muscle foods, liquids, semi-liquid, and solid can be processed by PEF (Barba 
et al. 2016; Bhat et al. 2018). Electric fields greater than 20 kV/cm establish a sub-
stitute to traditional thermal techniques to eradicate pathogenic microorganisms and 
similar enzymes, with slight modification in nutritive, sensory and health promoting 
characteristics of liquid foodstuffs (Sánchez-Vega et al. 2014). Low electric field 
perforates the biological membrane and makes it semi-permeable for the time being 
or eternally (Barba et al. 2014; Deng et al. 2014), which can pass significant high- 
quality worth compounds from diverse mediums. When cytoplasmic membranes of 
cells become damaged due to deterioration, then objects can be transferred through 
the cell membrane by treating them with heat, grinding or through enzymatic pro-
cedures in many cases. Food materials are pretreated by mechanical grinding, heat, 
or enzymes to improve the rate of transferring objects by enhancing the penetrabil-
ity of the cell membranes (Toepfl et al. 2006a). These procedures need a substantial 
quantity of mechanical or thermal energy. Pulsed electric fields (PEFs) is a replace-
ment of conservative procedures. This technique has been verified as an effective 
operational procedure for permanent cell membranes permeabilisation in animal 
and plant tissues without enhancing temperature and at a low operational charge 
(Toepfl et al. 2006b). This technique was used in the middle of the past century by 
Russian scientists for the extraction of diverse internal compounds, like juice from 
vegetables and fruits and sugar from beets (Flaumenbaum 1949).

1.1.1  PEF Processing System

The general electrical system for pulse electric field processing comprises a pulsed 
power supply, treatment chamber, and governing system (Buchmann et al. 2018). 
High-voltage is delivered across the food containing treatment chamber through a 
pulse power generator (Sack and Mueller 2017). The pulse power generator con-
tains distinct inert components, including (resistive, inductive and capacitive), 
power switches and transformers (Kumar et al. 2019). Power switches are used to 
transmit the energy deposited in the capacitors of inductors (Redondo 2017). Every 
component of the pulsed electric field system has many related constraints that con-
trol the circumstances of foodstuff and any required procedure. Some factors are 
essential for the efficient use of this technology to a profitable level. The significant 
factors of this procedure are pulse waveform, flow rate, pulse repetition rate, spe-
cific energy density, strength of the electric field, exposure time, and temperature 

I. Ucak et al.



95

deviation in the treated product (Amit et al. 2017). These factors can be evaluated 
and equated according to the desired energy requirement.

1.1.2  Apparatus of Pulsed Electric Field

Pulsed electric field apparatus contains two fundamental parts: treatment chamber 
and pulse generator (de Haan 2007). The pulse generator contains a charger that 
transforms the alternate current to direct current and charges an energy storage 
device, including an inductor or a capacitor. Electrical energy released in the treat-
ment chamber is ordered by a switch that is the peak critical part of a pulse genera-
tor for industrial uses because it essentially turns off and, on a circuit, at large 
current and high voltages in microseconds. A pulse transformer is used to control 
the voltage supply in the capacitor. The treatment chamber that comprises the sam-
ple to be handled contains two electrodes alienated by a dividing material. Many 
new strategies of treatment chamber have been established in the last few years. The 
best significant designs used for a pulsed electric field are coaxial, colinear and 
parallel electrode patterns. The most typical factors considered for the PEF process 
are the strength of the electric field, pulse width, pulse shape, number of pulses, 
specific energy of pulses, and frequency (Barssoti et al. 1999).

1.1.3  Mechanism of Action

When an external electric field is not applied, a transmembrane potential of about 
10 mV arises vertically in a cell due to the accumulation of opposed pole charges 
on the respective side of a membrane (Toepfl et al. 2014). Once the external electric 
field is applied, extra potential energy is produced, determined by the power of the 
applied field adjoining the cells. In PEF processing, the food is positioned between 
two electrodes and an external electric field is implemented, which produces the 
movement of the ions of the applied electric field alongside the way of force lines 
of both the outside and inside the cells. Due to these cells become polarized by 
gathering of ions on the membrane (Teissie et al. 1985), which leads to a decrease 
in the membrane thickness because of the electro compressive forces between 
oppositely charged ions on each side of the membrane. When the power of the 
electric field increases from the acute onset value of the transmembrane potential 
of about 1 V (Weaver 2000), these electro-compressive forces produce an electrical 
breakdown of the cell membrane, which conclude as pores in the membrane. This 
procedure is also known as electroporation, which raises membrane permeability.
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1.2  Applications of PEF Technology

Pulsed electric field procedure has been used to deactivate diverse enzymes and 
microorganisms and decrease their actions in egg products, milk products, juice, 
and other food liquids to confirm harmless and suitable food quality according to 
consumer’s requirements (Kempkes and Munderville 2017). Food preservation 
through PEF requires less energy, so the temperature of the preserved food sample 
does not increase as compared to conservative sterilization procedures (Timmermans 
et al. 2019). This technique is used to pretreat muscle foods and apples, eggshells 
and potatoes (Barba et al. 2016; Bhat et al. 2018). The efficiency of the extraction 
procedure can be enhanced through the PEF procedure, including extraction of bio-
active compounds, extraction of juice from grapes or apple, and sugar from beetroot 
(Gómez et al. 2019; Redondo et al. 2018). Pretreatment of potatoes through PEF 
presents considerable effects on quality features of French fries throughout the 
industrial level production (Fauster et al. 2018). Processing of beef muscles through 
PEF decreases shear force and enhanced softness (Bekhit et al. 2014). Pulsed elec-
tric field treatment can influence the properties of dehydration and desiccating time 
can be reduced, which encourages the preservation of bio-compounds in dehydrated 
samples (Parniakov et al. 2016). The effectiveness of PEF depends on different fac-
tors, including pH and conductivity of handled food sample; electric field strength, 
specific energy, treatment time, pulse width, pulse shape, temperature and frequency 
for cell permeabilization; size, shape and membrane structure of treated cells. 
Industrial applications of PEF are the following.

1.2.1  Extraction by Diffusion

The resulted juices from cold diffusion had less amount of pectin, and the juice 
color was routinely 3 to 4 times less intense than the commercial juice color (Jemai 
and Vorobiev 2006). Furthermore, the juice quality was better than for raw 
(untreated) slices after thermal diffusion at around 70 °C for slices pretreated with 
PEF (Lebovka et al. 2007). The scale-up study has been reported on PEF-assisted 
aqueous sugar filtration that used a pilot counter current extraction system. 
Moreover, with electric field strength ranging from 100 to 600 V/cm, diffusion heat 
from 30–70 °C and drafts ranging from 120 to 90%, PEF processing of sugar beet 
cassettes was conducted. Sugar diffusivity was reported mostly the same in raw tis-
sue, around 60 °C in sugar beet tissue, while pretreated with PEF at 30 °C (Jemai 
and Vorobiev 2003). The application of moderate heating at 50 °C and implementa-
tion of PEF is a viable technique for diffusion time reduction. In contrast to those 
industrial thermal diffusion techniques, PEF-assisted cold provided juices with 
fewer contaminants (Loginov et al. 2011; Loginova et al. 2011, 2012). The findings 
showed that using PEF technologies in sugar processing could lead to a more envi-
ronmentally sustainable and effective process by reducing energy usage and cost- 
efficiency. Thus, PEF treatment permits the productive extract of raw collagen 
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protein from bovine bone against the impurity of all other small proteins obtained 
from previous researches. With electrical field strength of 22 kV/cm, the maximum 
performance of soluble collagen (16.21 mg/ml) was attained. The results of PEF 
were analyzed mainly on extraction from saffron (Crocus sativus) of significant 
compounds (crocin, safranal and picrocrocin) (Pourzaki et al. 2013). Pulsed electric 
field therapy (5 kV/cm, pulsation period 35 μs and 100 pulses) has been shown to 
have induced a notable rise in the saffron-stigmatic and saffron-pomace recovery of 
crocin, saffron, and picrocrocin. Previous research developed a method of extrac-
tion of PEF from the Chinese medicinal herb Aconitum coreano to increase the 
yield of the alkaloids. A solid to solvent ratio of 20 kV/cm of electric field and a 
90% ethanol-water solution around 1:12 solid-to-solvent ratio were used (Bai et al. 
2013). It has been revealed from other experiments that a high intensity PEF-assisted 
extraction technique was used to enhance extractive conditions to retrieve Tibetan 
spiritual mushroom broth’s exopolysaccharides (EPS) (Zhang et al. 2011). The find-
ings show that such extraction strategies have an optimal 40 kV/cm electric field 
pressure at eight pulses with pH  7. The influence on exopolysaccharides (EPS) 
extraction of the electric field strength > pH > the number of pulses was identified 
by the order mentioned above. EPS extraction improved by 84.3% under ideal con-
ditions. For oil extracted with PEF processed (3 KV/cm), rape seeds were obtained 
higher oil yields and a higher concentration of tocopherols, polyphenols, complete 
antioxidants, and phytosterols (Guderjan et  al. 2007). Pulse electric field helped 
press enhanced Golden Delicious apple slices juice extraction (Bazhal and Vorobiev 
2000). The pre-treatment of plant tissue by thermal and PEF resulted in an improved 
yield of juice during the further description. In yet another research, the method for 
handling apple tissue damage under simultaneous pressure and PEF field treatment 
was addressed. Compared to the treated sample, the yield of juice increased with an 
increase in field pressure. The whole structure, polyphenol content, and antioxidant 
ability for PEF-assisted and conventional pressing were identical.

1.2.2  Extraction by Pressing

Pressing is commonly used in the processing of fruit and vegetable juices. 
Throughout these operations, juices bound in plant materials are extracted by com-
pression or pressing. Various devices (screw, belt, hydraulic, and or filter presses) 
and pre-treatment operations were used to promote the expression of juices. The 
severe mechanical, thermal or enzymatic treatment induces deterioration of plant 
tissues, juice contamination, and multi-stage juice clarity (Albagnac et al. 2002). 
Several studies have shown that PEF pre-treatment before pressing or a mixture of 
PEF and pressing permits significant increases in juice yield and consistency (Donsì 
et al. 2010; Grimi et al. 2014; Jaeger et al. 2012). Pulsed electric field assisted press-
ing is a laboratory device that, consisting of a treatment cell, is filled initially with 
slices, a moveable electrode is linked to a diaphragm, and a gauze electrode is strad-
dling between a filter cloth and a layer of slices. The two electrodes are attached to 
the PEF generator. The strain of compressed air is applied to the sheet of slices 
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employing a movable electrode and a flexible diaphragm in studies performed to 
confirm the findings of PEF treatment during the processing slices of sugar beet 
(Praporscic 2005). PEF-linked pressing greatly improved the juice yield, raising it 
to 43%, 68%, and 79%, accordingly, for the electrical field strength gradations of 
215–427 V/cm. It was found that the initial pressing of slices was used to ensure 
strong electrical interaction. The energy intake for the raw resources was 0.6–1 Wh/
kg and the juice generated was non-uniform, less flavored, and had a higher concen-
tration of sugar. An output of 80% in juice per original cossette amount was placed 
adjacent to washing. The consistency of juice (96–98%) was significantly higher for 
PEF-assisted pressing relative to raw juice. Sugar crystals formed after evaporation 
and crystallization of PEF-treated juices have been less colored than sugar crystals 
collected from factory juices. As a result of PEF application, the amounts of pulp 
and juice obtained contained 3–5 fold more α-amino nitrogen and two to three-fold 
more Na and K than that derived from marketing sugar pulp.

1.2.3  Colorants

Nowadays, scientists focus on replacing artificial colorants with natural colorants in 
the food industry, which can be obtained from vegetable and fruit extracts. According 
to consumer desires, this approach can be accredited to healthy and safe food prod-
ucts with natural colorants (Cai et al. 2005). These natural colorants involve carot-
enoids, chlorophylls, betalains, flavonoids and anthocyanin. It was observed during 
extraction procedure that pre-treatment of fruits and vegetables through PEF enables 
the discharge of carotenoids (Grimi et  al. 2007; Koehler et  al. 2005), betalains 
(Chalermchat et  al. 2004; Fincan et  al. 2004; Lopéz et  al. 2009), chlorophylls 
(Koehler et al. 2005), and anthocyanins (Corrales et al. 2008; Gachovska et al. 2010). 
Koehler et al. (2005) evaluated the use of PEF by treating Chlorella vulgaris with 
100 kJ/kg at 15 kV/cm for the extraction of carotenoids and chlorophyll and attained 
higher production of 52.2% and 80% correspondingly. Lopéz et al. (2009) stated that 
the implementation of five pulses with an energy of 0.24 kJ/kg at 7 kV/cm produced 
four times the total quantity of betalain obtained from red beetroot. Gachovska et al. 
(2010) reported that PEF treatment of 16.63 kJ/kg at 2.5 kV/cm on red cabbage 
released anthocyanins 2.15 times more than the normal extraction process.

1.2.4  Microbial Inactivation through PEF

The potential of PEF for liquids food production has grown over the last centuries in 
terms of its potential to manufacture peaceful and sustainable products. Microbial 
inhibition in whole milk was caused by PEF therapy in conjunction with managed 
preheating (55 °C for 24 s) and stepwise moderate cooling in a survey performed by 
Sharma et al. (2014). Pulsed electric field therapy at 22–28 kV/cm, 20 μs pulse at 
10–60  Hz, 17–101  μs, results in a 5–6 log phase reduction of certain bacteria’s 
(Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, and Listeria 
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innocua) to points far below detectable threshold. Sharma et al. (2014) stated cumu-
lative plate count decreases to 2–3 log phases in bovine raw milk following PEF 
treatment (20.7–26.2  kV/cm, 20 μs pulse at 10–60  Hz, 17–101 μs). Such rate of 
inactivation of microorganisms was close to those obtained through thermal pasteuri-
zation (63 °C for 30 min or 73 °C for 15 s) (Amiali et al. 2004). The findings revealed 
that the inactivation of microorganisms improved with an increasing number of 
pulses, and a reduction of 1, 3, and 3.5 logs were attained from whole egg products.

The PEF treatment (35 kV/cm, 4 μs bipolar pulses, max. 40 °C) on Salmonella 
enteritidis and E. coli O157:H7 populations inoculated in the treatment period 
(0–2000 μs) and pulse duration (100–250 Hz), for mango, pear, orange and straw-
berry juices have shown by Mosqueda-Melgar et al. (2008). Pulsed electric field 
blends against specific pathogens have been assessed through citric acid or cinna-
mon bark oil. In this analysis, only fruit juice was PEF-treated and it has been 
observed that microbes have been reduced by upwards of 5 log units. The mixture 
of PEF with citric acid at 0.5, 0.1 and 1.5%, or cinnamon bark oil at 0.05, 0.1, and 
0.1% have been used to pasteurize the juices of the grapes, apples, and pears. 
Inhibition of Salmonella panama, E. coli, Listeria monocytogenes, and 
Saccharomyces cerevisiae with a steady flow of PEF (14 mL/min., 20 kV/cm, and 
120–964  Hz variable frequencies) was studied in apple, watermelon and orange 
juice (Timmermans et al. 2014). After induction of cell membrane electroporation, 
materials from foreign sources are incorporated into the cell, such as DNA. When 
PEF is detached, the membranes are repaired and the electropores are sealed. A 
similar process can be used for fusing two microbial cells by the formation and 
reunification of electropores. The method must be carefully supervised in geneti-
cally engineering technology and biotechnology to ensure that pathogens are sus-
tainable by using PEF. A specific theory refers to inhibition by increased medication 
time or severity of microbes, thus ensuing the irretrievable interruption of the cell 
membrane. Over the past decades, there has grown interest in applying PEF to fluid 
food processing as regards the potential to manufacture healthy, stable products. 
Pulsed electric field treatment combined with managed preheating (55 °C in 24 s) 
and moderate cooling were triggered by the microbial inactivation in whole milk 
(Sharma et al. 2014). The reduction of certain bacteria to levels below the detectable 
limit was obtained from an electric field of 22–28 kV/cm for 20 μs pulse at 10–60 Hz, 
for 17–101 μs, 5 to 6 log cycles. In another study, overall plate counting was reduced 
by PEF (20 μs pulse, 20.7–26.2 kV/cm, 10–60 Hz for 17–101 μs) in bovine whole 
milk to 2–3 log phases. These grades of pathogenic inactivation are similar to those 
that resulted in pasteurization (63  °C for 30  min or 73  °C for 15  °C) (Sharma 
et al. 2014).

Mechanisms of Inactivation by PEF

The microorganism subjected to PEF is inactivated because of the cell membrane’s 
electromechanical instability (Castro et  al. 1993; Zimmermann 1986a). The cell 
membrane defends the microorganisms from the atmosphere, which is an enduring 

4 Electro – Technologies



100

obstacle. The cell membrane regulates the metabolic activity of the cell by estab-
lishing an appropriate osmotic border between both the cell and its surroundings. 
The microbial inhibition hypothesis by PEF has been established in 1968 (Sale and 
Hamilton 1968). A transmembrane potential (TMP) is generated through the cell 
membrane by the external electric field. Sale and Hamilton (1968) mentioned that 
cell lysis due to lack of membrane stability took place while the TMP was approxi-
mately 1 volt. Zimmermann (1986a) suggested the concept of a “dielectric-rupture 
theory,” close to that of Sale and Hamilton (1968). According to this principle, the 
cell membrane is assumed to be a capacitor packed with a dielectric substance. The 
dielectric constant of most foodstuffs was around 60 and 80. Free charges at all 
membrane surfaces accumulate due to the disparity in dielectric constancies. The 
regular TMP is approximately 10 mV. A rise in TMP induces cell membrane sus-
ceptibility to an electric field. The growth of TMP decreases the thickness of the 
membrane. An electric pressure of the membrane is opposed by a viscoelastic 
restore force. As the electro-compressive force grows faster than the viscoelastic 
force at a TMP of about 1 V, local degradation of the membrane happens. Any local 
disruption in the cell membrane will develop abruptly in an electrical field with suf-
ficient strength to overpower the opposite viscoelastic power. Having a standard 
value of 0.5 mm as the cell radius, it is appropriate to raise the TMP to the pre-
defined threshold by 13.33 kV/cm and thus induce the forming of pores. When the 
electrical field intensity is further enhanced, large pores are formed and an inevita-
ble deterioration happens.

The membrane has a well-ordered structure. As moderate potentials are used, 
dipolar reorientation happens in single layer phospholipids. Sale and Hamilton 
(1968) proposed that such a polarized realignment may well be an initiating mecha-
nism leading to conformational changes in the membrane structure, contributing to 
a deterioration of the role of the membrane as a semi-permeable buffer, which in 
turn contributes to cell inactivation. Tsong (1991) suggested a related hypothesis, 
named the “electroporation theory”. The electroporation process is frequently used 
for the genetic transformation of microbial species, and the technique may provide 
visibility into the inactivation of microorganisms under PEF treatment (Palaniappan 
and Sastry 1990). The cell membrane is sensitive to electrical fields due to the dipole 
existence of the lipid molecules and its limited permeability to ions (Tsong 1991). 
The introduction of an electrical field induces both electrical and thermal effects in 
cell membranes. The lipid bilayer is vulnerable to generated voltage fields due to its 
net electrical current (Tsong 1991). The introduction of an electrical field induces 
improvements in the validation of lipid molecules by widening internal pores or by 
developing new hydrophobic pores that eventually create hydrophilic pores that are 
more structurally stable.

1.2.5  Dehydration

Many previous studies presented that high permeability of cell membrane by PEF 
treatment increases conservative and osmotic dehydration. For instance, it has been 
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stated that PEF treatment of vegetables and fruits such as red peppers, potatoes, and 
coconuts, decreased the conventional dehydration time by 20% to 30% without 
enhancing the temperature higher than 60 °C (Ade-Omowaye et al. 2000, 2003b). 
Researchers observed the rate of osmotic dehydration of vegetables, including car-
rots, apples, and peppers, and found that PEF pretreated samples have a higher 
release of water (up to 30%) and dehydration rate as compared with the untreated 
samples (Ade-Omowaye et al. 2002, 2003a; Amami et al. 2006, 2007; Taiwo et al. 
2002, 2003).

1.2.6  Biorefinery

In recent research, scientists attempted to make valuable products from food pro-
cessing wastes that appealed consumers (Parliament 2011; Roselló-Soto et  al. 
2015a). In this context, PEF related procedures can be used to produce high-added 
value compounds from food wastes and by-products, which can be used for the 
production of many useful products, including food additives, pharmaceuticals or 
nutraceuticals) (Roselló-Soto et al. 2015b). Scientists retrieved these valuable com-
pounds from seeds, peels, and husks of grapes, kernels, marks and oil-cakes 
(Mahnič-Kalamiza et al. 2014). Pulsed electric field related procedures were also 
used for biorefinery of agricultural remains, including sawdust, leaves, stems, bark, 
vine shoots, energy crops, municipal wastes and debris, etc. (Mahnič-Kalamiza 
et al. 2014). These resources contain large quantities of bioactive compounds, par-
ticularly polyphenols (anthocyanins, flavonol glycosides, phenolic acids, catechins) 
including antibacterial, antifungal, antiviral and antioxidant properties. Moreover, 
PEF-assisted retrieval of proteins and trehalose can be a valuable tool in the food, 
medicine, and cosmetics industries. Pulsed electric field related treatment resulted 
in considerable enhancement in biogas production (Mahnič-Kalamiza et al. 2014).

1.2.7  Reduction of Food Contaminants

The European Food Safety Authority reports that acrylamide in foodstuff is a public 
well-being issue as it can be a cancer-causing substance. There is also a need to create 
alternative methods that can decrease the consumption of acrylamide in foodstuffs. 
Few findings have been reported to support the potential formulation or degradation 
of undesirable Maillard reaction related products, such as acrylamide, by PEF treat-
ment. Previous researches have indicated that PEF processing decreases the accumu-
lation of acrylamide in potato goods (Kalum and Hendriksen 2014). It has been 
suggested that PEF pre-treatment can facilitate the enzymatic action of glucose oxi-
dase contained in membrane-derived vegetable cells, thereby decreasing the quantity 
of asparagine or glucose in potato goods prior to the frying process. Besides, Jaeger 
et al. (2010) contributed that the PEF inhibits the action of Maillard primarily owing 
to its capacity to facilitate the release of reduced potato sugars. Thus, PEF pretreat-
ment can be used as a possible method to extract sugars before cooking.

4 Electro – Technologies



102

1.3  Advantages of PEF

The three most critical specifications defined for PEF production are electric field 
power, temperature treatment, and energy supply (Toepfl et al. 2014; Amiali et al. 
2007). As a nonthermal system, PEF processing produces less loss of the sensory 
and nutritional properties of food than conventional thermal production technology 
(Buckow et al. 2013; Walkling-Ribeiro et al. 2010). It has several benefits, such as 
lower treatment temperatures, faster processing cycles, and possible continuous 
flow, relative to conventional production technology rendering it a really promising 
technology for food producers (Walkling-Ribeiro et al. 2011; Puértolas et al. 2010a, 
b). Pulsed electric field may allow the food industry to manufacture high-quality 
foodstuffs based on enlisted points:

• Efficient protection of fluids of low ionic strength and low conduction
• Provides maximum returns and higher consistency during the processing of 

juices and oils
• Improves mass transfer in citrus, meat, or fish drying methods at lower 

temperatures
• At lower temperatures, pigment extraction can be achieved
• Good effect on quicker protein digestion
• Pulsed electric field decreases the energy required to cut by the softening effect 

(Ignat et al. 2015)
• Reducing temperature increase and processing times (Chotphruethipong 

et al. 2019)
• Eco-friendly, fewer production costs, energy-efficient (Jambrak et al. 2018)
• When linked with other methods, such as thermal, high hydrostatic pressure, and 

ultrasound, the pulsed electric field enhances the process efficiency to attain 
improved results (Katiyo et al. 2017).

1.4  Disadvantages of PEF

Among the advantages of PEF in the food sector, certain drawbacks hinder the 
implementation of the technology. For instance, the absence of efficient and more 
realistic electrical systems is recognized as the key constraint for the commercial 
adoption of the technology (Priyadarshini et al. 2019). However, other drawbacks 
for PEF-based food manufacturing are as follows:

• Substantial cost of capital (Priyadarshini et al. 2019)
• Inefficient for certain enzymes (Wang et al. 2020)
• Challenging for use with conductors
• The dissolving of gasses and bubble formation is an operating challenge that 

triggers a dielectric breakdown
• Insufficient economic and innovation studies for the high-quality process
• Fewer procedures for food production techniques.
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2  Cold Plasma

Evgenia Benova, Plamena Marinova, and Todor Bogdanov

2.1  Cold Plasma Properties and Sources

Plasma is a partially or completely ionized quasi-neutral gas. It can be low- 
temperature plasma with a temperature of the ions Ti < 105 K and high-temperature 
plasma with Ti > 105 K (as is the Sun and stars plasma) which is out of our interest. 
The low-temperature plasma produced by various electrical discharges is partially 
ionized and consists of charged particles (electrons and ions), highly reactive radi-
cals, excited atoms, molecules, UV radiation. It can be classified into two main 
categories: equilibrium (thermal) and non-equilibrium (nonthermal) plasma. All 
particles in thermal plasma are in thermal equilibrium and have the same (high) 
temperature, Te ≈ Ti ≈ Tg. The electrons in the nonthermal plasma have temperature 
Te much higher than the heavy particles (ions, atoms and molecules) temperature, Te 
> > Ti ≥ Tg, where the temperature of the neutral particles is denoted as Tg and is 
called gas temperature.

The nonthermal plasmas at atmospheric pressure usually have electron tempera-
ture of about 1–2 eV while the heavy particles temperatures can vary from room 
temperature to above 1000 K. For treatment of biological systems, food and thermo-
sensitive materials, the thermal damage has to be eliminated. For such purposes, the 
temperature of the heavy particles needs to be low enough, and a “cold atmospheric 
plasma” (CAP) is used for direct plasma treatment in plasma food technology.

Various indirect plasma treating methods were developed in the past decade to 
eliminate the thermal damage on the plasma treated products. The plasma treated 
water (PTW), usually called plasma activated water (PAW), is a common name for 
the liquids (water and not only) treated with atmospheric low-temperature plasma. 
It is classified as an eco-friendly technique with minor changes in food products. 
Most of nowadays investigations of PAW applications have been focused on wash-
ing disinfection, surface decontamination and bacteria inactivation. PAW is success-
fully used not only in the food industry but in the agricultural and biomedical fields.

The temperature is not the only important parameter in plasma food technology. 
For each type of products, the plasma source and discharge conditions have to be 
optimized to achieve the required effects without any additional damage. Many 
parameters have to be considered and controlled during the plasma process, such as 
type of plasma source, geometry, working gas (gas mixture), degree of ionization, 
treatment time, pH changes, etc.

The main advantages of plasma food technology are the high level of inactivation 
of food pathogens (bacteria, viruses and fungi) and possible degradation of pesti-
cides without using chemicals and eliminating any thermal damage of the products.
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The plasma devices used in food technology can be separated into the following 
categories:

2.1.1  Gas Discharge Plasma Sources

Dielectric Barrier Discharge (DBD)

The various types of dielectric barrier discharges (DBD) are widely used and stud-
ied in food technology. The advantages are the simple construction, easy operation 
and geometry flexibility of the atmospheric DBD plasma sources.

In all geometrical configurations, the DBD consists of two electrodes with one or 
two dielectric layers between them (Fig. 4.1). One of the electrodes is grounded and 
the other is powered by AC or pulsed high voltage (~kV) with frequency varying 
from Hz to MHz (Guo et al. 2014). Most popular are planar (Fig. 4.1a–c), cylindri-
cal (Fig. 4.1d–f), and plasma-jet (Fig. 4.1g) configurations.

Corona Discharge

Corona discharge occurs when high pulsed DC voltage is applied between two elec-
trodes, one of which is in the form of wire. Its surface is small compared to the other 
electrode, usually having the form of a plate (Fig. 4.2). For surface treatment appli-
cations, the wire electrode is more often cathode (connected to the negative voltage) 
and the discharge appears in the air around it in the form of a crown called negative 
corona (Fig. 4.2). The positive corona also exists when the wire electrode is the 

Fig. 4.1 Most popular DBD configurations
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Fig. 4.2 Corona discharge

anode. The pulsed high voltage is used to prevent an increase in temperature and 
keep the discharge in non-equilibrium conditions important for food treatment. If 
not pulsed but continues high voltage is used, the temperature becomes very high 
and the arc discharge close to thermal equilibrium is produced.

The corona discharge has a simple construction and can operate in the open air 
without adding any noble gas, making it a cheap and easy operation device. It is widely 
used for ozone production for fruits and vegetables ozone treatment (Baggio et al. 2020).

Microwave Plasma Torch

Various microwave plasma torch systems are developed for different purposes: TIA 
(Torch á Injection Axiale) (Moisan et al. 1994), TIAGO (Torche à Injection Axiale 
sur Guide d’Onde) (Moisan and Nowakowska 2018), surface-wave discharges 
(SWD) with different wave-power applicators (surfaguide, surfatron, waveguide 
surfatron, Ro-Box) (Moisan and Nowakowska 2018; Moisan and Zakrzewski 1991). 
Operating at atmospheric pressure at high microwave power, they produce plasma 
with a gas temperature above 1000  K (and can reach 6000  K in some cases). 
Recently, atmospheric pressure SWD operating at low microwave power demon-
strated the possibility to produce a plasma torch with gas temperature below 40 °C 
and was used for biological systems treatment, including fresh berries, without ther-
mal damage (Bogdanov et al. 2018; Krčma et al. 2018) (Fig. 4.3).

2.1.2  Plasma-Liquid Systems

The plasmas sustained by various gas discharges interacting with liquids (mainly 
water) produce active particles in the air at the plasma-liquid interface and inside the 
liquid (Fig.  4.4). Other types of plasma-liquid systems are the plasma sustained 
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Fig. 4.3 Surface-wave-sustained plasma torch: (a) Surfatron discharge; (b) general view; (c) low 
temperature allows touching the torch

directly inside the liquid, the discharges in bubbles in the liquid and the gas dis-
charges containing sprays. A wide variety of plasma reactors based on plasma-liq-
uid interaction is built and used. Generally, as a result of the plasma-liquid 
interaction, a conductive liquid with reactive species, changed physicochemical 
properties, and oxidation-reduction potential (ORP) is produced, and that is called 
plasma treated water (PTW) or plasma activated water (PAW).

Classification of devices for PAW production could be done based on the work-
ing media: the working plasma gas, the surrounding gas or the activated liquid. They 
are determined by the direct (discharges in liquids or bubbles) or non-direct (dis-
charges over the liquids and discharges with aerosol) contact of plasma and liquid.
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Fig. 4.4 Main processes 
for active particles 
production at the interface 
of microwave plasma torch 
and water

Depending on the plasma sustaining devices, the following systems for PAW 
production are used more often: (i) gas discharges in direct and non-direct contact 
with liquid, such as plasma jets in all of their variations (Joshi et al. 2018; Qi et al. 
2018; Royintarat et al. 2019; Tian et al. 2015; Wu et al. 2017; Xiang et al. 2018; Ye 
et al. 2013; Zhang et al. 2013, 2016; Zhou et al. 2018) and dielectric barrier dis-
charges (DBD) (H€ansch et al. 2015; Kojtari et al. 2013; Royintarat et al. 2019); (ii) 
inside liquid discharges as pinhole (Kamgang-Youbi et  al. 2007, 2009; Lipovan 
et al. 2015; Naïtali et al. 2010) and gliding arc (Suganuma and Yasuoka 2018) dis-
charges. Different working gases produce plasma in such devices: air (Kamgang- 
Youbi et al. 2007, 2009), noble gases as Ar or He (Oh et al. 2019), and gas mixtures 
as Ar  +  O2 (Ye et  al. 2013; Zhang et  al. 2013) in different proportions (oxygen 
concentration varies from 1% to 3%). Details about such systems and the plasma 
properties can be found in (Bruggeman et al. 2016; Gorbanev et al. 2018; Vanraes 
and Bogaerts 2018; Xiang et al. 2020).

The long living active particles produced due to plasma interaction with the 
ambient air and the liquid systems are mainly reactive oxygen (ROS) and nitrogen 
species (RNS). The processes of reactive species production are highly dynamic and 
pass through various short living active particles production. An example of the 
main processes for active particles production at the interface of the microwave 
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plasma torch and water is shown in Fig. 4.4. The chemical reactions pathway and 
particles concentration strongly depend on the type of the discharge system and the 
discharge conditions. The result of plasma interaction with the liquid (water or solu-
tion) is the production of PTW (or plasma activated water, PAW), which can be used 
further in food technology. Variations in the physicochemical properties of treated 
liquid due to the complex mechanism of interaction between plasma and solution 
have to be described in detail to understand PAW inactivation ability better. The 
oxidative stress and the physical effect of treated water are identified as leading 
influencing factors of PAW efficiency. A short review of the last published papers 
about activated water applications demonstrates that PAW could be used in the food 
industry, enhancing product quality even more than the classical thermal and chemi-
cal processes.

Complex chemical reactions between the liquid and the plasma occur at the 
interface region between plasma and treated substance. Reactive species are pro-
duced due to plasma-liquid interaction and physicochemical properties of PAW are 
changed. Electrical conductivity, oxidation-reduction potential (ORP) and pH of the 
liquids are changed during the activation process. Most commented chemical reac-
tions between gaseous species and liquid molecules (Bruggeman et  al. 2016; 
Gorbanev et al. 2018; Vanraes and Bogaerts 2018; Wende et al. 2018) are presented 
in Table 4.1.

Fast reactions between hydroxyl ions (OH−) and solved electrons leads to the 
formation of stable reactive oxygen species (ROS) as superoxide (O2

−), ozone (O3) 
and H2O2. Production of ROS depends on the treatment time and increases with it, 
while the active time of species varies with the storage time and pH of PAW. Short 
living radicals (oxygen, ozone and OH*) could react with some organic admixtures 
in the liquid and form new radicals triggering new reactions. Relatively stable spe-
cies as H2O2 could be identified in PAW a long time after treatment (Niquet et al. 
2018). H2O2 is a biologically active agent with important antimicrobial and cyto-
toxic properties.

The formation of nitrite ions affects PAW in the reduction of pH and acidic envi-
ronment. Variation of liquid pH accelerates nitrite degradation to nitrates. The short 
living time of reactive nitrogen species determines difficulties in the detection of the 
same. Long exposure time was reported (Chen et al. 2018) as the main mechanism 

Table 4.1 Chemical reactions for ROS and RNS production at the plasma-liquid interaction 
(Khlyustova et al. 2019)

ROS production processes RNS production processes

H2O + e− → OH* + H+ + e−

H2O + e− → OH* + H+ + 2e−

OH* + OH* → H2O2

H* + O2 → HO2

OH* + H2O2 → OOH + H2O
O2

− + H+ ↔ OOH
O2 + e− → O+ + O* + 2e−

O2 + O* → O3

NO2
− + H+ → HNO2

NO2
* + OH* → HNO3

3NO2
− + 3H+ → 2NO + NO3

− + H3O+

2HNO2 → NO* + NO2
* + H2O

2NO2 + H2O → NO3
− + NO2

− + 2H+

NO2
− + H2O2 + H+ → ONOOH + H2O

ONOOH → NO2
* + OH*

ONOOH → HNO3 → NO3
− + H+
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of copper, zinc or other metal ions dissipation into the PAW due to electrode ero-
sion, especially in inside liquid discharges.

Plasma treatment time of PAW is inversely proportional to acidification of the 
treated liquid and pH decrease. The microbial inactivation ability of PAW is assumed 
to result from acidic pH (Naïtali et al. 2010). The electrical conductivity of PAW is 
assumed to increase with the activation period. The ability of a liquid to conduct 
electricity depends on the type of discharge, too. The conductivity of He and Ar 
discharges was shown (Vlad and Anghel 2017) as lower than conductivity of water 
activation by in-air discharges at similar working conditions. The treated liquid tem-
perature was not reported to be dramatically changed (Tian et al. 2015), even for 
relatively long treatment times. A combination between “cold” PAW and the short 
living time of some reactive species determine the applicability of the activated 
liquid directly to heat-sensitive materials in a short time after the activation without 
the need for conservation for a long time.

2.2  Cold Plasma in Food Technology

Due to the reactive species, the plasma treatment has shown good antibacterial and 
antifungal effect and is used to decontaminate food and packages. The plasma tech-
nology in food, although relatively new field, uses a huge variety of plasma systems 
applied in (i) direct treatment of food, packages and instrumentation by the active 
gas-discharge region, by afterglow discharge region or by the air treated by the 
plasma; (ii) plasma treatment of water with food products immersed in it; (iii) direct 
or indirect plasma treatment of water for PTW production further used for microbial 
disinfection of food products (Thirumdas et al. 2018).

The different direct treatment technologies, plasma sources and treated food 
products are presented in Table 4.2. The main active particles and obtained results 
are also included.

The plasma treated water (PTW), often called plasma activated water (PAW), has 
also shown significant degradation of pesticides (Xiang et al. 2020) and is used for 
PTW washing and soaking of fresh fruits, vegetables and other products. Because 
of the wide use of PAW in food technology, the following important PAW features 
have to be taken into account:

2.2.1  Oxidation-Reduction Potential (ORP) of PAW

ORP has been pointed to as the main factor of disinfection due to its effect on cell 
membranes and integrity of the microbes (McFerson 1993; Suslow 2004). H2O2 
concentration determines the ability of PAW to oxidize. The treatment time depen-
dence of H2O2 production leads to a positive correlation of ORP from the same 
parameter. Depending on the plasma - liquid interface (plasma above the water or 
inside it), oxidation-reduction ability from the activated liquid has been reported to 
vary (Tian et al. 2015).
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2.2.2  Storage of PAW

Antimicrobial potential and bactericidal efficiency of PAW decrease with the stor-
age time and temperature (Shen et al. 2016). The main reason for such behavior of 
PAW could reduce the long-lived reactive species as H2O2 and NO3. The lower stor-
age temperature of the PAW could slightly enhance the antimicrobial potential of 
the liquid.

2.2.3  Combination of PAW with Other Technologies

Last few years, a set of cross-methods of treatment have been reported. PAW was 
combined with heat treatment and ultrasound cleaning (Royintarat et  al. 2020; 
Zhang et  al. 2020). Synergistic treatment of PAW and mild heating (50–55 °C) 
strongly inactivate some bacteria in food products, while treatment with PAW only 
is not providing satisfying results. A combination of PAW and ultrasound has been 
presented as a promising methodology for cleaning ready-to-consume plants and 
seeds. All investigated cross-treatments almost have not been reported any observ-
able adverse effect on the firmness, color, total soluble solids, total phenolics, vita-
min C, and antioxidant properties of samples.

The various applications of indirect treatment (mainly washing and soaking) by 
PTW are included in Table 4.3.

Table 4.3 Indirect treatment

Мethod
Treated 
object

Plasma 
source

Working 
gas

Dominant 
active 
particles 
considered Results reported Article

Washing – 
plasma 
processed 
air (PPA) 
was used to 
treat 
distilled 
water

Fresh-cut 
lettuce

Microwave-
driven device 
(2.45 GHz)

Air Nitrogen 
monoxide 
radical 
(·NO), 
nitronium 
cation 
(NO+

2), and 
hydroxide 
anion (OH−)

High 
concentrations of 
nitrite and nitrate 
in PTW did not 
affect the nitrate 
concentration of 
the lettuce

Schnabel 
et al. 
(2021)

Washing – 
plasma 
processed 
air (PPA) 
was used to 
treat 
distilled 
water

Fresh-cut 
lettuce

Microwave-
based

Air H2O2, NO2
−, 

and 
NO3

− and 
the 
acidification 
by low pH 
values

Cause only 
minor cell 
membrane 
damage, the 
metabolic 
activity could be 
significantly 
affected

Schnabel 
et al. 
(2020)

(continued)
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Мethod
Treated 
object

Plasma 
source

Working 
gas

Dominant 
active 
particles 
considered Results reported Article

Immersed 
in 
PAW – 
plasma 
discharge 
over the 
sterile 
distilled 
water 
surface, no 
contact

Strawberries Single 
electrode 
nonthermal 
atmospheric 
pressure 
plasma jet

Ar/O2 Hydroxyl 
radical 
(OH), 
singlet 
oxygen 
(1O2), 
superoxide 
anion (O2), 
and 
hydrogen 
peroxide 
(H2O2)

Treatment 
achieved a 
higher bacterial 
reduction of 
S. Aureus. After 
PAW treatment, 
the S. Aureus 
cells exhibited 
different degrees 
of damage.

Ma et al. 
(2015)

Soaking – 
plasma 
discharge 
over the 
sterile 
distilled 
water 
surface, no 
contact

Button 
mushrooms

Single-
electrode, 
nonthermal, 
atmospheric-
pressure 
plasma jet

Ar/O2 Hydroxyl 
radical 
(OH), 
singlet 
oxygen 
(1O2), 
superoxide 
anion (O2), 
and 
hydrogen 
peroxide 
(H2O2)

PAW treatment 
was more 
effective in 
reducing 
microorganisms 
than water 
treatment. The 
antimicrobial 
effects are well 
established and 
the mechanism 
of action has 
been related to 
membrane 
damage.

Xu et al. 
(2016)

Exposure 
to plasma 
afterglow – 
distance 
between 
the end of 
the plasma 
nozzle and 
the jujube 
surface was 
5 cm

Jujube The plasma 
system 
consisted of 
electrodes 
and a 
dielectric. A 
copper 
cylinder was 
the cathode 
and a metal 
rod made of 
tungsten alloy 
the anode. 
The plasma 
region was at 
the end of the 
inner anode.

Air N2*, N2
+, 

N+, O2
+, and 

O

Cold plasma 
pretreatment 
significantly 
changed the 
moisture content 
of jujube 
samples, which 
reduced to 
61.80%, and 
59.29% after 30 
and 60 s 
pretreatment on 
each side. Cold 
plasma 
pretreatment can 
effectively 
inhibit the 
degradation of 
antioxidants.

Bao 
et al. 
(2021)

Table 4.3 (continued)
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2.3  Conclusion

Plasma technologies offer new approaches in the food industry. Producing reactive 
oxygen and nitrogen species like ozone, singlet oxygen, H2O2, OH−, NO2

−, NO3
−, 

N2*, N2
+, N+, and many others during the treatment process or in the plasma treated 

liquid (water) without additional chemicals makes the plasma technology clean, 
green and environmentally friendly. The synergetic action of many active plasma 
components leads to high efficiency and effectiveness of plasma decontamination 
processes, reducing the pathogens (bacteria, viruses, fungi) and possibly degrading 
pesticides in food. This is why using the plasma or plasma treated water (PTW) in 
a broad spectrum of food processes leads to disinfection, sterilization and increased 
storage time and quality of fruits, juices, fresh products, and other foods. The plasma 
technology is also applied to disinfect instrumentation surfaces in food production 
and food packaging without using heat and chemicals.
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3  Radio-Frequency

Maria Turtoi, Livia Patrașcu, and Iuliana Aprodu

3.1  Introduction

Radio-frequency (RF) represents the oscillation rate of an alternating electric cur-
rent or an electric, magnetic, or electromagnetic field that consists of a band of fre-
quencies that range from around 20  kHz to about 300  GHz. This interval is 
approximately between the upper limit of audio frequencies and the lower limit of 
infrared frequencies (NASEM 2015; IEEE 521-2019 2021). At these frequencies, 
the energy from an alternating current goes through a conductive material and gen-
erates radio waves into space. RF includes the frequencies used for communications 
signals (radio and television broadcasting and cell-phone and satellite transmis-
sions) or radar signals.

Therefore, according to the Federal Communications Commission (FCC 1988) 
and International Telecommunication Unit Radio Regulations (ITU 2012), there are 
only a few permitted frequencies for industrial, scientific and medical (ISM) 
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Table 4.4 Federal Communications Commission (FCC) allocated RF bands designated for 
industrial, scientific and medical (ISM) applications (FCC 1988)

Frequency range, 
MHz

Centre frequency, 
MHz

Bandwidth, 
kHz

Frequency 
tolerance, ± %

Free space 
wavelength, m

13,553 13,567 13.56 14 0.052 22.1
26,957 27,283 27.12 326 0.600 11.1
40,660 40,700 40.68 40 0.005 7.4

applications. The frequencies reserved internationally for ISM purposes other than 
telecommunications are between 10 and 50 MHz (Table 4.4).

There are other several frequency bands admitted for ISM applications such as: 
6765–6795  kHz (centre frequency 6780  kHz), 433.05–434.79  MHz (centre fre-
quency 433.92 MHz), 61–61.5 GHz (centre frequency 61.25 GHz), 122–123 GHz 
(centre frequency 122.5 GHz), 244–246 GHz (centre frequency 245 GHz) (FCC 
1988, art. 5.138), and 902–928 MHz (centre frequency 915 MHz), 2400–2500 MHz 
(centre frequency 2450  MHz), 5725–5875  MHz (centre frequency 5800  MHz), 
24–24.25 GHz (centre frequency 24.125 GHz) (FCC 1988, art. 5.150). The last four 
bands are used for microwave ovens.

The microbicidal effect of the electric current had been known since the early 
twentieth century when milk started being electrically pasteurized. The lethality of 
milk microorganisms in the electrical pasteurization was due to the thermal effects 
of the direct or alternating electric current applied to the milk (Anderson and 
Finkelsein 1919; Beattie and Lewis 1913; Beatie 1914; Stabler 1931).

RF is also referred to as dielectric heating (RF-H) and dielectric loss heating and 
is considered a novel thermal processing method in food engineering (Jiao et al. 
2011). There are many studies on RF-H in the literature, both research articles and 
reviews (Altemimi et al. 2019; Komarov 2021; Marra et al. 2009; Piyasena et al. 
2003). RF-H is considered an eco-friendly technology, better than microwave heat-
ing, and has many applications for food pasteurization (Gao et al. 2011; Geveke 
et al. 2017; Liu et al. 2018; Uemura et al. 2009, 2010a, b, 2012; Xu et al. 2020; 
Wang et al. 2003), blanching (Jiang et al. 2020; Zhang et al. 2019), thawing (Llave 
et al. 2015; Uyar et al. 2015), meat processing (McKenna et al. 2005; Rincon et al. 
2015), and drying (Alfaifi et al. 2014; Ozturk et al. 2016).

Several studies related to the use of RF electric fields reported either lethal effects 
on different microorganisms or even nonthermal effects of the treatment. Thus, a 
long debate over whether a nonthermal effect can be associated with the electro-
magnetic field has existed for over seven decades. Among the first studies reporting 
results that suggested nonthermal effects of the electromagnetic field are Nyrop 
(1946), Sale and Hamilton (c), Webb and Booth (1969) and Webb and Dodds (1968).

For instance, Nyrop (1946) applied a 0.23 kV/cm electric field at 20 MHz for a 
total of 7  s and reported the destruction of 99.5% of Escherichia coli in liquid 
medium at temperatures even lower than 40 °C. The author mentioned no difference 
in the results whether the treatment took place between 12 °C and 40 °C, or between 
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40 °C and 60 °C. If the strength of the electric field was increased to 0.288 kV/cm, 
the time was reduced to 4 s for the same killing effect. Because the information on 
the experimental setup and procedures did not contain enough details, the experi-
ments could not be repeated or reproduced.

A few years later, aware of the work of Nyrop, Ingram and Page (1953) studied 
the effect of RF electric field on suspensions of baker’s yeast, E. coli, the mosaic 
virus of tobacco and bacteriophages. The temperature of the samples was main-
tained below 30 °C with adequate and sufficient cooling. The samples were exposed 
to a high-frequency electric field of a) 10 MHz modulated with half-sine waves of 
50 Hz, and b) 20 MHz modulated with 10 to 120 kHz, with rectangular pulses var-
ied from 1/3 to 1/15 of the complete cycle. The electric field strength was up to 
2 kV/cm, applied in periods of up to 12 min. However, no significant lethal effect 
was observed under these conditions. Similar conclusions are presented in other 
studies such as Carroll and Lopez (1969) and Kou et al. (2018).

Carroll and Lopez (1969) aimed to determine if 60-MHz RF energy has a selec-
tive effect on microorganisms other than that attributable to heat. They suspended 
S. cerevisiae, E. coli and Bacillus subtilis in an aqueous buffer medium of various 
pH values (7.0, 5.0 and 3.0 for S. cerevisiae, and 7.0 and 5.0 for E. coli and B. sub-
tilis) and other complex food liquids such as tomato juice, orange juice, and milk, 
alcoholic buffer with 2.0%, 5.0%, and 12% alcohol, beer and wine. No lethal effect 
of the RF energy and no visible synergistic killing effect of RF energy and heat on 
microorganisms existed after 46  min of treatment, except a synergistic effect of 
ethanol and heat at 48.8 °C for S. cerevisiae.

Recently, in a study by Kou et al. (2018), E. coli and Staphylococcus aureus in 
apple juice and mashed potato were exposed to an RF electric field of 27.12 MHz 
and less than 0.3 kV/cm simulated by Huang et al. (2016) and, in parallel, to a con-
ventional heating block system to compare the inactivation of their populations. The 
results were similar in terms of uniform temperature distribution, inactivation rates 
and survival patterns for RF and conventional heating. The statistical analysis indi-
cated no significant difference (p > 0.05) in inactivating bacteria between the two 
systems. Therefore, the conclusion was that no nonthermal effect of RF energy at 
27.12 MHz existed (Kou et al. 2018).

Several studies disseminated in the last two decades have taken up the idea of 
establishing whether there are nonthermal effects of RF treatment (Brunkhorst et al. 
2000; Geveke and Brunkhorst 2003, 2004, 2008; Geveke et al. 2002, 2007; Geveke 
2020; Masood et al. 2017; Uemura and Isobe 2002). Some of the results confirmed 
the nonthermal effects of RF treatment for field strengths higher than 5 kV/cm and 
frequency lower than 70 kHz, as discussed below.

Also, several reviews (Fleming 1944; Kotnik and Miklavčič 2006; Miyakoshi 
2013; Weaver and Chizmadzhev 1996; Weaver 2000; Wust et al. 2020; Zimmermann 
1986b) and a few book chapters (Geveke 2005, 2011; Geveke et al. 2006; Trujillo 
and Geveke 2014) related to nonthermal RF electric field treatments were published.
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3.2  Mechanism of Inactivation

Processing of liquid foods in RF electric field is similar in many respects to pulsed 
electric field (PEF) processing. Both methods have been extensively investigated in 
the last three decades. Also, the inactivation of microorganisms is thought to occur 
by electroporation in both RF and PEF methods (Chang et al. 1991).

When a cell is exposed to an electric field, a voltage is formed across the cell 
membrane. Cell membranes are composed of different molecules with positive and 
negative electrical charges, thus having specific electrical properties such as electri-
cal resistance and capacitance. The opposite charges on either side of the membrane 
attract to each other. The attraction takes place with greater force as the electric field 
is more robust and the membrane becomes thinner. At a sufficiently high voltage, 
pores are formed in the membrane and the cell ruptures (Coster and Zimmermann 
1975a, b; Zimmermann et al. 1973, 1974, 1975; Zimmermann 1986b).

Kotnik et al. (1998) used a general method to analyze time courses of transmem-
brane voltage induced by time-varying electric fields. They applied the technique to 
different shapes of the electric field used for electroporation and electrofusion such as 
rectangular, trapezoidal, exponential and sine-modulated pulses with different dura-
tions, each for both the normal physiological and the low-conductivity medium. An 
important conclusion of the study was the need to measure the conductivity of the 
medium due to its influence on the dynamics of induced transmembrane voltage, 
imposing the range of pulse duration. Thus, the process of transmembrane voltage 
inducement is slowed down as the conductivity of the extracellular medium is reduced 
for all the pulse shaped investigated. Therefore, the authors stated that it is generally 
tough to predict the peak value of the induced transmembrane voltage because the 
shape of the response strongly depends on the conductivity of the medium, and it is 
influenced by other parameters as well. The results analysis shows that an increase of 
the frequency from 100 kHz to 1 MHz leads to a significant reduction of the voltage.

While most electroporation applications aim to transport extracellular ions or 
molecules into cells, the primary purpose of PEF and RF food applications are 
related to the dielectric breakdown of the cells of microorganisms (Weaver 2000). 
The breakdown can be reversible or irreversible, usually requiring voltage much 
higher than 1 V.

Electroporation involves more than electro-permeabilization of cells membrane 
because, during the application of the electromagnetic field, there is a rapid evolu-
tion of pore population, which causes the fast membrane discharge than rupture 
(Weaver and Chizmadzhev 1996; Weaver 2003).

A better understanding of the electroporation phenomenon can be obtained with 
advanced investigation. Geveke et  al. (2006) got scanning electron microscope 
(SEM) images of E. coli K12 that were untreated, thermally treated, and RF non-
thermally treated. The untreated cells (control) were usually individual, rod-shaped 
with smooth surfaces. The thermally and RF nonthermally treated cells were mostly 
agglomerated in small groups of three to ten cells with different irregularities of the 
surface of almost every cell. The shapes of thermally treated cells were distorted by 
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large, irregular depressions and evaginations of their membranes. The profiles of RF 
nonthermally treated cells were less distorted than previous ones and had at least a 
few small vesicles attached to the visible surfaces. The SEM images showed remark-
able differences indicating that thermal and RF nonthermal inactivation mecha-
nisms are different (Geveke et al. 2006).

According to Ukuku et al. (2008), the bacterial cells having ruptures in the mem-
brane structure can lose through leakage intracellular substances such as ATP and 
UV-absorbing substances. Increasing the RF treatment temperature of apple juice 
containing E. coli K-12 from 23 °C to 27 °C, and 45 °C led to an increased extracel-
lular ATP concentration indicating the damage of the cytoplasmic membrane (Ukuku 
et al. 2008). A few years later, Ukuku et al. (2012) detected the injuries produced to 
the cell membrane with Transmission Electron Microscopy (TEM), then determined 
the leakage of intracellular materials with an ATP luminometer (20 D) and charac-
terised changes in bacterial cell surfaces with electrostatic and hydrophobic interac-
tion chromatography. The hydrophobicity of the bacterial cell surface decreased 
significantly, and relative negative ions were lost due to RF treatment compared to 
heat treatment alone at 55 °C and 75 °C (Ukuku et al. 2012). The results of these 
studies suggest that the mechanism of inactivation of RF treatment consists in the 
disruption of the cell membrane with the hydrophobicity decrease and negative ions 
loss, which led to injury and leakage of the intracellular biological active com-
pounds, and if the membrane structure of the bacteria is damaged beyond self-repair, 
loss of biological activities and death (Geveke et al. 2006; Ukuku et al. 2008, 2012).

Saulis (2010) discussed in a review the electroporation of cell membranes in 
food processing and considered that the whole process could be divided into four 
main stages: (1) increasing the transmembrane potential because of charging the 
cell membrane by the applied external electric field; (2) creation of tiny metastable 
hydrophilic pores after the transmembrane potential has been built up; (3) evolution 
of pore population, meaning changes in the number and sizes of pores during an 
electric treatment; (4) post-treatment stage consisting of the processes that take 
place after the electric treatment, such as leakage of intracellular compounds, the 
entrance of extracellular substances, pore resealing, etc. The duration of the first 
three stages is from nanoseconds to milliseconds, while the fourth is from millisec-
onds to hours, or even days (Saulis 2010).

Although the majority of the scientific community assumes, during the last 
decades, that the inactivation mechanism in the electromagnetic field applications is 
irreversible electroporation of the cell membrane, because a few studies consider 
the statement as being still controversial (Schoenbach et al. 2000), further investiga-
tions are needed (Geveke 2011; Trujillo and Geveke 2014).

3.3  RF Electric Field Equipment

When a high voltage is applied to two electrodes that are close to each other and 
have a liquid placed between them, a high electric field is produced. The process is 
similar to the pulsed electric field (PEF) process, except that the power supply is 
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continuous and not pulsed. In the case of RF electric fields, an alternating current 
(AC) generator supplies the power.

Several types of equipment and AC power generators for nonthermal RF electric 
field processing have been reported in the literature. Detailed descriptions, dia-
grams, and photographs are presented in numerous articles (Brunkhorst et al. 2000; 
Carroll and Lopez 1969; Geveke and Brunkhorst 2003, 2004, 2008; Geveke et al. 
2002, 2007; Geveke 2020; Ingram and Page 1953; Kou et al. 2018; Masood et al. 
2017; Sale and Hamilton 1967; Uemura and Isobe 2002) and book chapters (Geveke 
2005, 2011; Geveke et  al. 2006; Trujillo and Geveke 2014), so that only a few 
experimental setups with certain features are highlighted below.

To isolate thermal and nonthermal effects of RF energy on microorganisms in 
liquid foods, Brunkhorst et al. (2000) developed a modified RF dielectric heater as 
a component of a continuous process. The concept combines instantaneous input of 
RF energy to the food liquid with fast removal of heat resulting from RF energy 
conversion. It accurately and precisely controlled the temperature. The authors inte-
grated two concentric pipes into the RF heater. The inner pipe was stainless steel 
with a 2.5 outer diameter, and it was grounded in the RF circuit. The outer tube was 
polypropylene (PP) with a 3.8 cm internal diameter. The tested liquid food flowed 
through the annular region between the two concentric pipes and absorbed the RF 
energy. The inner tube carried cooling water to remove the thermal energy from the 
processed fluid, controlling its temperature this way. This assembly was flanked on 
either side by concave aluminium capacitor plates 7.0 cm wide and 76.2 cm long, 
which transmitted the RF energy through the polypropylene tube wall to the pro-
cessed fluid. The first tests were performed using water from a storage tank with a 
small pump via polyvinyl chloride (PCV) piping. Subsequently, the experimental 
setup was improved by replacing the outer tube of PP with Teflon that is transparent 
to RF and with a recycling pump to achieve turbulent flow and cumulative treatment 
time necessary for the inactivation of microorganisms (Brunkhorst et  al. 2000; 
Geveke et al. 2002).

The RF power supply system consisted of four 1 kW RF amplifiers and four step-
 up transformers connected in series to produce a voltage of 4.0 kV peak over a fre-
quency range of 20 to 100 kHz. It also contained a generator that drove the amplifiers 
(Geveke and Brunkhorst 2003).

In addition to the basic RF power supply system, the experimental setup gener-
ally included a stainless-steel feed tank, a peristaltic pump for product feeding, a 
treatment chamber, controllers and monitoring equipment. A stainless-steel heat 
exchanger and a temperature controller were inserted before the treatment chamber 
to control the inlet temperature of the fluid. Also, for rapidly cooling the treated 
liquid to less than 25 °C, another stainless-steel heat exchanger as a cooling coil 
submerged in a water bath was used immediately after the treatment chamber 
(Geveke and Brunkhorst 2003).

A continuous RF electric field experimental setup was designed and used by 
Geveke et al. (2006, 2007, 2009), which contained three co-linear treatment cham-
bers connected in series and four heat exchangers. The first heat exchanger con-
trolled the inlet temperature of the fluid entering the first treatment chamber, the last 
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one was used for the final cooling of the processed fluid, and the other two were 
used for cooling between the treatment chambers. Uemura and Isobe (2002) used 
four parallel plate treatment chambers connected in series. The flow rates of pro-
cessed liquid varied from 150 mL/min (Uemura and Isobe 2002) to 1.400 mL/min 
(Geveke and Brunkhorst 2008).

Apart from the experimental setups mentioned above, Masood et al. (2017) pro-
posed a novel design called Steinmetz for the RF electric field treatment chamber to 
inactivate the microorganisms. Steinmetz chamber is a geometrical configuration 
obtained by intersecting two perpendicular cylinders of equal radius, the horizontal 
one as the flow channel and the vertical one representing the two electrodes, the 
ground electrode situated below and the high voltage electrode situated above 
Masood et  al. (2017). After the construction based on simulated optimal dimen-
sions, the Steinmetz chamber was validated by treating E. coli in water for microbial 
inactivation.

3.4  Processing Parameters

The RF electric field processing technology is influenced by several variables, e.g., 
factors depending on the medium, microorganism, equipment, operating parameters 
such as RF electric field strength, frequency, time, temperature, inoculum, etc. 
Different research groups have tested such variables for the RF treatment; however, 
the medium, microorganisms and equipment were quite different, that comparison 
may not always be practical. Therefore, the main processing parameters influencing 
the nonthermal RF processing are the electric field strength, frequency, treatment 
time and treatment temperature.

3.4.1  Electric Field Strength

The RF electric field strength has an essential role in the inactivation of microorgan-
isms. In most studies, the electric field used was up to 25–30 kV/cm, leading to the 
conclusion that increasing the electric field increased the inactivation (Geveke and 
Brunkhorst 2003, 2004, 2008; Geveke et al. 2009). However, there is an upper limit 
to the electric field strength harmful to the treatment chamber and the liquid foods. 
This limit is situated at electric field strength higher than 30–40 kV/cm, for which 
arcing across the electrodes occurs (Geveke 2011; Masood et al. 2017).

After applying a series of direct current pulses to suspensions of vegetative bac-
teria and yeast cells, Sale and Hamilton (1967) observed that a minimum electric 
field strength of 5 kV/cm is necessary to accomplish inactivation.

Geveke et al. (2002) applied an approximately 0.5 kV/cm electric field strength 
to different liquids, i.e., deionized water and apple cider inoculated with L. inocua, 
beer with naturally occurring microorganisms, and liquid whole egg and tomato 
juice inoculated with E. coli K-12 and thermal effects were observed. Because the 
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electric field strength was relatively low, no nonthermal effects of RF energy were 
detected, and no synergistic effects of RF energy with heat was obtained.

Increasing the electric field strength from 20 kV/cm to 30 kV/cm has been shown 
to increase the inactivation of S. cerevisiae in water (Geveke and Brunkhorst 2003). 
Also, intensifying the field strength up to 16 kV/cm increased the inactivation of 
E. coli K-12  in apple juice; however, for a further increase up to 26 kV/cm, the 
inactivation remained constant (Geveke and Brunkhorst 2004).

Similar results were obtained when E. coli in saline water was treated with RF 
electric field. Thus, increasing the electric field strength above 7 kV/cm, the number 
of E. coli decreased from 1.3 × 106 to one log order per 1 kV/cm and with 14 kV/cm 
below 10 CFU/mL (Uemura and Isobe 2002).

Investigating the inactivation of Lactobacillus plantarum ATCC 49445, a gram- 
positive bacterium, in apple cider, Geveke et al. (2009) applied field strength 0.15 to 
15 kV/cm and obtained a steadily increase of the inactivation from 7.5 kV/cm to 
15 kV/cm. The minimum field required to irreversibly rupture the cell membrane, 
Ec, calculated in this study, was 7.1 kV/cm. It is situated between the reported values 
for E. coli in apple cider, which are 13.5 and 4.0 kV/cm at 55 °C and 60 °C, respec-
tively (Geveke and Brunkhorst 2008).

3.4.2  Frequency

The frequency used in those studies reporting that there is no nonthermal effect of 
RF electrical field was of the order of MHz, e.g., 20 MHz and 0.23 kV/cm field 
strength (Nyrop 1946), 10 and 20 MHz at up to 2 kV/cm field strength (Ingram and 
Page 1953), 60 MHz (Carroll and Lopez 1969), and 27.12 MHz at less than 0.3 kV/
cm field strength (Kou et al. 2018).

Brunkhorst et al. (2000) used a frequency of 18 MHz both for water and fluid 
tests in their attempts to develop new experimental setups with which the thermal 
and nonthermal effects produced by the RF electric field can be separated. The 
equipment was used to study the inactivation of E. coli K-12, L. inocua and yeast in 
apple cider, beer, deionised water, liquid whole egg, and tomato juice with RF elec-
tric field treatment at 18 MHz and 0.5 kV/cm. Even though the treatment was capa-
ble of pasteurizing the liquids, no nonthermal effects of RF energy were reported 
(Geveke et al. 2002).

In subsequent studies, frequencies of the order of kHz were used, e.g., 20 kHz 
(Geveke and Brunkhorst 2003, 2004; Geveke et al. 2009; Geveke 2020; Masood 
et al. 2017; Ukuku et al. 2008, 2012; Ukuku and Geveke 2010), 21.3 kHz (Geveke 
and Brunkhorst 2008). Also, RF electric field strengths between 15 and 30 kV/cm 
were used, higher than a minimum of 5 kV/cm; that is the value hypothesised as the 
one above that nonthermal inactivation might be achieved (Geveke et al. 2002; Sale 
and Hamilton 1967).

According to (Geveke and Brunkhorst 2003), the frequency of a nonthermal RF 
electric field treatment did not influence the inactivation of microorganisms in the 
range of 20 to 60 kHz. In a series of experiments performed at 20, 40, and 60 kHz, 
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a 20-kV/cm electric field at a temperature of 50 °C was applied to S. cerevisiae. The 
reductions achieved ranged from 1.8 to 2.0 log CFU/mL and were not significantly 
different across the limited range of frequencies (P > 0.05).

However, the exposure of E. coli K-12  in apple juice to an RF electric field 
strength of 20 kV/cm at a temperature of 50 °C, over a frequency range of 15 to 
70 kHz led to significantly greater inactivation at frequencies less or equal to 20 kHz 
(P < 0.01) compared to frequencies of 30 to 70 kHz (Geveke and Brunkhorst 2004).

Also, Geveke et al. (2007) stated that increasing the treatment time and tempera-
ture and decreasing the frequency enhanced inactivation. E. coli in orange juice was 
exposed to an RF electric field strength of 15 and 20 kV/cm, at frequencies of 21.1, 
29.5, and 40.1  kHz. The inactivation of E. coli decreased as the frequency was 
increased from 21.1 kHz to 41.1 kHz. The authors considered the results interesting 
because the RF treatment could be more efficient at even lower frequencies. Also, 
the equipment costs would be significantly lower if the industrially usual frequency 
of 60 Hz could be used. There is a disadvantage of 60 Hz because electricity can 
penetrate the human body deeper at lower frequencies, but enough safety features 
can be designed to prevent injury.

3.4.3  Temperature

The temperature of the processed fluid increases during the RF electric field treat-
ment as a function of the RF field strength and the duration of the treatment. It is 
said that the effects of temperature and RF electric field strengths on the inactivation 
of microorganisms are synergistic (Geveke and Brunkhorst 2004; Geveke 
et al. 2009).

Based on several data presented and discussed in the works of Geveke and 
Brunkhorst (2003, 2004, 2008) and Geveke et al. (2009), Table 4.5 has been built to 
show how increasing the temperature for a specific electric field strength increased 
the inactivation, and how a specific thermal treatment in identical conditions except 
for the absence of RF electric field determines a very small or even no inactivation 
of microorganisms.

Geveke and Brunkhorst (2003) performed a series of experiments at 20 kHz, a 
30-kV/cm RF electric field strength, and different outlet temperatures (Table 4.5). 
The inactivation of S. cerevisiae increased with the increase of the outlet tempera-
ture from 40 °C to 55 °C. When the inlet temperature was increased at 45 °C, the 
same value as the outlet temperature and the electric field was eliminated, a reduc-
tion of only 0.3 ± 0.2 log CFU/mL was obtained. That also proved the nonthermal 
inactivation.

Similar effects were obtained when E. coli in apple juice or apple cider was 
exposed to RF electric field at varying temperatures and specific field strengths, e.g., 
24 kV/cm (Geveke and Brunkhorst 2004) and 20 kV/cm (Geveke and Brunkhorst 
2008). This synergism of temperature and RF electric field was also shown in the 
work of Geveke et al. (2009) during the RF electric field processing of apple cider 
inoculated with L. plantarum (Table 4.5).
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3.4.4  Time

The inactivation effect on the cells of microorganisms increases with the increase of 
the treatment time. Treatment time can be easily increased by using treatment cham-
bers in series, with heat exchangers for cooling between them, as described above.

Geveke and Brunkhorst (2003) observed that a single treatment with a 30-kV/cm 
RF electric field at 20 kHz and 35 °C reduced the population of S. cerevisiae in 
water by 0.8 ± 0.1 log CFU/mL. In contrast, three treatments led to a reduction of 
3.8 ± 0.4 log units. Similar behaviour was obtained for RF electric field treatment of 
E coli in apple juice and apple cider. The treatment with 24-kV/cm RF electric field 
at 20 kHz and 50 °C reduced the population of E. coli in apple juice by 1.8 ± 0.3 log 
CFU/mL for 170 μs duration and by 3.0 ± 0.5 log CFU/ml for 510 μs (Geveke and 
Brunkhorst 2004). The RF electric field processing of E. coli in apple cider was 
applied at 20-kV/cm field strength, two outlet temperatures, 55 and 60 °C, and vary-
ing treatment times, 140, 280 and 420 μs obtained by using either one, two or three 
treatment chambers in series (Geveke and Brunkhorst 2008). The inactivation of 
E. coli at 55 °C was 1.0 log CFU/mL for 140 μs, 1.5 log CFU/mL for 280 μs, and 
2.4 log CFU/mL for 420 μs treatment time, whereas at 60 °C the values were 1.3, 
3.6 and 5.0 log CFU/mL for the exact treatment times. One could observe that the 
increase of the inactivation of E. coli as the treatment time increases. The authors 
revealed that data followed first-order kinetics with a multiple regression correlation 
coefficient (r2) of 0.972 and 0.986 for 55 and 60 °C, respectively. Also, they calcu-
lated D values for the studied outlet temperatures and obtained 194 μs for 55 °C and 
74 μs for 60 °C.

The holding time after reaching the outlet temperature contributes to increasing 
the inactivation. For instance, in the RF electric field processing of L. plantarum in 
apple cider at 15 kV/cm field strength, 20 kHz frequency, and 170 μs treatment time, 
holding cider at 55 °C for 5 to 50 s resulted in 2.5- and 3.1-log reductions, respec-
tively (Geveke et al. 2009).

3.5  Applications of Nonthermal RF Electric Field

There are not so many studies investigating nonthermal RF electric field processing. 
As discussed before, the first attempts to show nonthermal effects of the electro-
magnetic fields were not very trustworthy because the experiments could not be 
repeated (Nyrop 1946; Ingram and Page 1953). However, one of the first reliable 
studies suggesting the nonthermal effect of the RF electric field is that of Sale and 
Hamilton (1967). The study investigated a high electric field effect on several spe-
cies of vegetative bacteria and yeasts in saline solution (0.1% NaCl). An electric 
field of 10 to 25 kV/h passed in pulses of 2–20 μs, in steps of 2 μs, between two 
electrodes immersed in the liquid. Sale and Hamilton (1967) observed that the elec-
tric field controlled the degree of microorganisms killing whether the temperature of 
suspension at the start of the treatment was 20 °C or 40 °C, and the electrolysis that 
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occurs near each electrode did not influence the lethal effect. Based on their results, 
Geveke et  al. (2002) hypothesized that a minimum of 5-kV/cm field strength is 
necessary to achieve nonthermal inactivation.

After Brunkhorst et al. (2000) developed a modified RF dielectric heater to iso-
late thermal and nonthermal effects of RF energy on microorganisms in liquid 
foods, reliable studies followed. Table  4.6 summarises the main findings of the 
works related to nonthermal RF electric field treatments used to inactivate microor-
ganisms in liquid foods.

3.6  Concluding Remarks

RF processing uses relatively simple equipment to generate high electric fields at 
reasonable strengths and frequency and a very short time of food exposure. The 
essential processing parameters are field strength, frequency, temperature, and treat-
ment time. The electric field strength should be higher than 5–10 kV/cm to inacti-
vate microorganisms and lower than 30–40  kV/cm to avoid arcing between the 
electrodes. The frequency used in nonthermal RF processing ranged between 10 to 
70 kHz; however, significantly higher inactivation was obtained at frequencies less 
or equal to 20 kHz. The RF electric field strength and the duration of the treatment 
increase the temperature of the processed fluid. To preserve the freshness of the 
product and inactivate the microorganisms, the processing temperature ranged 
between 35 and 60  °C. These values are relatively mild, lower than the average 
values encountered in thermal pasteurization. The effects of temperature and RF 
field strength on microbial inactivation are synergistic. The RF electric fields are 
applied to food for a very short time, less than 500 μs.

Several research groups demonstrated the inactivation of different microorgan-
isms in model systems and liquid food products. Thus, nonthermal RF electric field 
processing has been effective at inactivating yeasts, e.g., S. cerevisiae and C. utilis 
and bacteria, e.g., E. coli, L. inocua, and L. plantarum. Nonthermal RF electric field 
processing is similar in many respects to PEF. However, PEF technology has vari-
ous industrial applications, while RF does not. That means further researches are 
necessary.

I. Ucak et al.
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4  Oscillating Magnetic Fields

Livia Patrașcu, Iuliana Aprodu, and Maria Turtoi

4.1  Introduction

It is well known that a magnetic field is a vector field surrounding magnetized mate-
rials being created by electric currents. Starting from the well-known fact that bio-
logical substances are mostly diamagnetic, and can subsequently be permeated by 
magnetic fields, to either static (SMF), pulsed (PMF) or oscillatory magnetic fields 
(OMF), applications in agricultural and food sciences were found. Researches were 
done in the areas of microorganisms’ inactivation with the help of OMF, food pres-
ervation by MF assisted freezing, or plant growth stimulation. Also, MF of various 
intensities led to untargeted cell mutations, both in microorganisms and somatic 
cells (Valiron et al. 2005). The same phenomenon was used to increase some com-
pounds production by microorganisms (Al-Hawash et al. 2018). If subjected to a 
short description, one could differentiate that SMF is a magnetic field applied with 
a constant intensity in time, while OMF is characterized by a sinusoidal constant or 
decreasing wave amplitude with constant frequency.

4.2  Magnetic Field Assisted Inactivation of Microorganisms

The most studied possibilities of using OMF in agricultural and food sciences is 
based on the theory according to which a single pulse of the magnetic field at fre-
quencies between 5 to 500 kHz and intensities above 5 to 50 T can decrease the 
microorganism population from food products by at least two log cycles (Hofmann 
1985). However, fewer intensities were also stated to be effective (Table  4.7). 
According to Hofmann (1985) theory, complete sterility could be attained after sub-
jecting it to additional pulses. More recent studies found inhibitory effects also at 
much lower intensities. When comparing the efficiency of different magnetic fields, 
researchers reported that OMF was more efficient in reducing the growth rate of 
both bacteria and fungi compared with SMF or PMF (Abdelhameed 2014; Masood 
et al. 2020).

The temperature rising in the treated food products with OMF is avoided because 
microorganisms’ destruction is accomplished within a brief time. The impulse dura-
tion ranges between 10 μs and several milliseconds, with the total exposure time 
varying from 25 to 100 μs (Barbosa-Canovas et al. 2000; Butz and Tauscher 2002). 
For instance, after 100 such pulses, the core temperature of the food rises by only 
2 °C (Hofmann 1985). Frequencies above 500 kHz were found to be less effective 
for microorganisms tending also to overheat the treated product.

I. Ucak et al.
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The primary requirement for OMF applications for microorganisms’ inactivation 
is a low electrical conductivity of the treated material (electrical resistivity higher 
than 10 to 25 Ωcm), such as to avoid the shielding phenomenon of the interior 
regions by induced eddy currents from the coil-generated magnetic field (Hofmann 
1985; Barbosa-Canovas et al. 2000).

The initial theory on the OMF mechanism of action on microorganisms was 
based on the OMF coupling energy into DNA resulting in the covalent bonds break-
down and growth inhibition (Hofmann 1985). Takao et al. (1995) revealed the geno-
toxic effect of a homogeneous static magnetic field of 0.6  T on Drosophila 
melanogaster somatic cells. The mechanism of action of low static magnetic fields 
on somatic cells was similar to that of a UV light of 0.14 mJ m−2  s−1. However, 
Zhang et al. (2011) concluded that there isn’t a lasting effect on biological systems 
within achievable magnetic fields.

Pothakamury et al. (1993) theory stipulate that weak OMF may loosen the bonds 
between ions and proteins. It has been observed that OMF give responses, espe-
cially at the cyclotron resonance frequencies of ions (a phenomenon related to the 
movement of ions in a magnetic field) that are of the maximum importance for 
biological systems such as the case of Ca2+ (Pazur et  al. 2007), in particular for 
calcium-binding proteins. Barbosa-Canovas et al. (2000) stated that cyclotron reso-
nance is attained when the frequency at which the ions revolve in a magnetic field 
equals that of the magnetic field itself. For Ca2+ at 50 μT, the resonance frequency 
was reported to be 38.7 Hz, while for most ions of biological importance, the ion 
cyclotron resonance frequency was calculated in the range of 2–100 Hz (Grigelmo- 
Miguel et al. 2011). Also, Abdelhameed (2014) stated that the inhibition of micro-
organisms when subjected to the magnetic field might be attributed to energy 
transfer to cell ions such as Ca2+ increasing its velocity across the cell membrane, 
resulting in metabolic changes of the cells.

The sterilization efficiency of magnetic field treatment depends on the intensity 
and species of the bacteria (Haile et al. 2008). Studies revealed an inconsistency in 
the sterilization effect of OMF, as shown in Table 4.7. Different microorganisms 
presented different survival rates when treated under magnetic fields. Moreover, the 
same bacteria strain could have a lower survival rate when subjected to a lower 
number of pulses. In comparison, at a higher number of pulses of similar intensity, 
the same strain could present a higher survival rate (Qian et al. 2020, data presented 
in Table 4.7). The phenomenon was explained by a so-called “window effect“, “fre-
quency window“, or “vale value“. It is described as one of the fundamental charac-
teristics of electromagnetic field, indicating that “targets inside bio-system only 
respond to the electromagnetic waves with some discrete frequency or intensity 
range” (Haile et al. 2008; Qian et al. 2020).

The use of OMF in microorganism inactivation is still in its laboratory research 
phase. In addition to inconsistent results reported, there are also many factors to be 
considered, such as magnetic field intensity, number of pulses, frequency, and prod-
uct characteristics like resistivity, electrical conductivity, and thickness (Zhang et al. 
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2011). Researches on magnetic fields effect on microorganisms found that it could 
inhibit and stimulate bacterial growth. Ahmad et al. (2013) reported that total afla-
toxin increased when Aspergillus flavus was exposed to the magnetic field. Another 
concern is the safety of the technology for humans. While magnetic fields up to 
0.5 T are considered safe for humans in European Union, Yadollahpour et al. (2014) 
concluded that the mechanism by which magnetic fields influence biological cells is 
still purely understood. In comparison, the vertical component of Earth’s geomag-
netic field is ~67 μT at the magnetic pole and 0  T at the equator (Kobayashi 
et al. 2004).

4.3  Magnetic Field Assisted Freezing

More successful use of the magnetic field in food processing is represented by mag-
netic fields assisted freezing (MFAF). This technology is currently used for com-
mercial freezers, like Cells Alive System (CAS) offered by ABI Corporation, Ltd., 
equipment that can generate weak OMFs in a rapid freezer, or “Proton freezers“by 
Ryoho Freeze Systems Co., Ltd., that use static magnetic fields and electromagnetic 
waves (Otero et al. 2017). Magnetic fields and electromagnetic waves freezing are 
used in the food industry and biology to increase tissue survival. The apparatus 
consists of a magnetic field generator attached to a conventional quick-freezing unit.

Magnetic field assisted freezing technology is based on the fact that it can affect 
water properties, leading to changes in freezing kinetics. As an essential component 
of the food matrix, understanding the effect of magnetic field on water molecules is 
decisive in studying the MFAF mechanism. First, it is necessary to start with the 
science of food freezing. In short, the size of ice crystals formed during the freezing 
process is the topmost factor to determine the sensory quality of frozen foods, and 
it depends on the rate of heat extraction from the product, together with the nucle-
ation rate. A low nucleation rate means fewer ice crystals but large-sized damaging 
products texture and leading to high drip loss when thawing. In contrast, a high 
nucleation rate means many tiny ice crystals causing minor damage to the quality of 
frozen foodstuff.

Because water molecule has no intrinsic magnetic dipole moment, its arrange-
ment in the food matrix is scattered. The leading theory states that OMF determines 
reorientation of the electronic and nuclear spin of water molecules leading to a 
higher number of tiny ice crystals than conventional freezing (Rodríguez et  al. 
2017b). In response to an applied MF, the orbital motion of electrons can be altered, 
developing an opposite moment (Tang et al. 2019). That may increase the difficulty 
for the water molecules to bind together, avoiding ice crystals formation, which may 
lead to lower nucleation temperature. It was observed that pulsed magnetic field 
(PMF) treatment decreased the initial nucleation temperature, shortening thus 
water-tempering time (Zhang et al. 2021). This lower nucleation temperature was 
attributed to MF’s ability to vibrate water molecules, inhibiting ice crystals 
nucleation.
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Various physical changes were observed to be induced by MFs to water mole-
cules, like hydrogen bonding, refractive index, supercooling, conductivity and 
vaporization rate (Zhang et al. 2021 and cited literature therein). MF is thought to 
determine displacement and polarization of molecules and atoms and modification 
of hydrogen bonding, thus leading to changes in water structure. Cai et al. (2009) 
found that magnetic field leads to decreased water surface tension while increasing 
its viscosity. Okuda et al. (2020a, b) stated that OMFs inhibit latent heat by sup-
pressing the hydrogen bonding between water molecules during air-blast freezing. 
Another advantage of MFAF is the significant shortening of the cooling time needed 
to acquire freezing temperature (Okuda et al. 2020b).

Another theory claims that MFs influence the freezing process through Lorentz 
force. As it is known that Lorentz forces can produce small currents in liquids, pro-
ducing the same effect as water electrolysis (Colic and Morse 1999), it is considered 
that MF can act on the charged solid particles and biologically precipitated magne-
tite in food tissue, increasing the cooling efficiency and the extent of supercooling 
(Cai et al. 2009).

MF was shown to significantly influence the zeta potential and particle size dis-
tribution in solutions (Higashitani et al. 1993). Chang and Weng (2006) stated that 
contrary to electric fields, which break water hydrogen-bond network, magnetic 
fields enhance the hydrogen-bonding ability, improving the stability of liquid water. 
However, the precise mechanisms that cause the effects observed in water exposed 
to MFs are not yet completely understood (Otero et al. 2017).

Considering that the magnetic sensibility of water is low, it would take strong 
magnetic fields (>10 T) for macroscopic observations. However, field intensities 
used in MFAF are much lower than for microorganism inactivation, ranging from 
0.1 mT up to 100 mT (Table 4.8), while the MF frequency ranges between 50 Hz 
and 10 MHz. Magnetic flux densities from 1 to 10 T were effective in increasing the 
number of hydrogen bonds from water (Cai et al. 2009).

Although the efficiency of OMF in preserving frozen food quality is pretty rec-
ognized, research results are still varying, as can be seen from Table 4.8. The diffi-
culty in understanding the MF action on the freezing process and the different 
results reported can be attributed to the different design of freezers and sample 
location inside, leading to other MF vectors (Rodríguez et al. 2017b).

The thawing process might significantly influence the quality characteristics of 
food products frozen under OMFs. During the thawing process, hydrogen bonds of 
ice crystals are broken due to an occurring endothermic reaction. Thus, if heat 
exchange efficiency is low, there is an increased probability of repeated re- 
crystallisation and re-thawing, leading to severe tissue damage (Okuda et al. 2020a).
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Table 4.8 Summary of several reported effects of oscillating magnetic fields assisted freezing

Experiment 
conditions Product Reported effect Reference

OMF
<2 mT
6–59 Hz

Crab sticks No effect on the drip loss, water-holding capacity, 
toughness, and whiteness was observed

Otero et al. 
(2017)

OMF – CAS
1.66 mT
6 Hz

Egg white MFAF significantly reduced the foamability of 
egg whites. No differences in DSC profiles were 
observed.

Fernández-
Martín et al. 
(2017)

OMF
50–100 mT
1 Hz

Chicken 
breasts

Microstructure, drip loss, pH, colour and texture 
of chicken breasts maintained the original 
qualities without any quality deteriorations.

Mok et al. 
(2017)

OMF - CAS
0.1–1 mT

Mackerel Very slight tissue damage due to ice crystal 
formation. OMF inhibited histological damage in 
mackerel samples after freezing and thawing.

Okuda et al. 
(2020a)

OMF:
0.02–1.74 
mT, PMF:
0.00–16 mT
50 Hz

Pork meat The initial nucleation temperature decreased 
significantly, with a higher supercooling degree in 
comparison to control for PMF. PMF is 
considered a more promising method to be used 
in the food freezing industry than AMF.

Tang et al. 
(2019)

OMF-CAS
0.04–0.5 
3mT

Pork loin OMF conditions had no significant effect on the 
freezing characteristics of pork loin compared 
with conventional freezing

Rodríguez et al. 
(2017a)

CAS cells alive system, PMF permanent magnetic field

5  Electrohydrodynamic Processing

Iuliana Aprodu, Livia Patrașcu, and Maria Turtoi

5.1  Introduction

The electrohydrodynamic processing includes simple and cost-effective voltage- 
driven technologies, such as electrospinning and electrospraying, which are used 
for the fabrication of nano- to micrometers sized fibers and particles, respectively. 
In addition, electrohydrodynamic drying consists of the induction of electric wind 
(corona wind) generated by gaseous ions under the influence of a high-voltage elec-
tric field applied to an electrode with a small radius of curvature (Singh et al. 2012).

Electrospinning and electrospraying are perceived as ‘sister’ technologies 
(Bhushani and Anandharamakrishnan 2014). The mechanism behind these two 
electrohydrodynamic processing techniques relies on the electro-hydrodynamic 
force that acts uniformly on a liquid sample and breaks it up into fine jets after pass-
ing through a spinneret. The main difference between electrospinning and electro-
spraying techniques is the concentration of the polymer solution subjected to 
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processing. In the case of electrospinning, the polymer concentration is chosen such 
as to allow the formation of a charged jet with whipping instability, which is finally 
distributed over a grounded collector. In contrast, in the case of electrospraying, a 
lower concentration of polymer solution is used, such as to allow the formation of 
fine highly charged droplets prior to the deposition on the collector because the vari-
cose instability driven jet destabilization (Bhushani and Anandharamakrishnan 2014).

Electrospun and electrosprayed products have particular structural advantages 
and functional features. The most important structural benefits of these products are 
nano- to micrometer size, which can be controlled by manipulating the processing, 
solution and ambient related parameters, tailored morphology with high porosity 
which can go higher than 90%, high surface to volume ratio and intertwined fibrous 
structure (Elias et al. 2011; Bhushani and Anandharamakrishnan 2014). The func-
tional features responsible for the wide applications of the electrospun and electro-
sprayed products are: allow efficient encapsulation, enhanced stability and further 
controlled release of different compounds such as bioactives, are obtained through 
nonthermal processing, and are prone to food related applications when processing 
food grade (bio)polymers (Bhushani and Anandharamakrishnan 2014). Therefore, 
the fibers and particles obtained through electrohydrodynamic processing have sev-
eral important applications in various fields, such as encapsulation and packaging in 
the food industry, tissue engineering in biomedical applications, or water and air 
nanofiltration for environment protection etc. (Echegoyen et al. 2017; Haider et al. 
2019). The scale-up of the laboratory electrohydrodynamic processing technique 
for food application was achieved recently (Echegoyen et al. 2017).

5.2  Electrospinning

Although the first patents of Morton (1902) and Cooley (1902), dealing with the 
method and apparatus for electrically dispersing fluids, date back to more than a 
century, significant progress in the field of nanotechnology involving the electros-
pinning technology was registered only in the 1990s (Haider et al. 2019).

Electrospinning is suitable for preparing fibrous materials with diameters in the 
10–500 nm range and small inter-fibrous pore size, having a high surface area to 
volume ratio, which allows desired properties in terms of permeability and porosity 
(Haider et al. 2019).

Prior to electrospinning, a sol-gel is prepared out of one or more polymers and 
suitable solvents. A large variety of stable and biodegradable materials ranging from 
natural polymers to complex composites can be processed through electrospinning 
for preparing nanomaterials.

Electrospinning has several advantages over other techniques used to obtain 
nanofibers, such as the laboratory scale drawing, template synthesis, phase separa-
tion and self-assembly. These advantages are related to the process itself, which is 
simple, flexible and cost-effective, and allows controlling the diameter fibers (Leidy 
and Ximena 2019). The main challenge in the case of electrospinning refers to the 
difficulties in handling the instability of the jet.
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Fig. 4.5 Schematic representation of the electrospinning set-up. (Adapted from Xue et al. 2019)

Typically, the fabrication method of the electrospun materials requires the use of 
a simple set-up involving a high-voltage power supply of either direct current (DC) 
or alternating current (AC), a syringe pump fitted with a capillary tube (syringe) 
with a needle or capillary tip (spinneret) and a conductive collector (Fig.  4.5) 
(Faridi-Esfanjani and Jafari 2016; Xue et al. 2019). Considering that all these fea-
tures are accessible, the system scale-up is relatively simple (Nagam Hanumantharao 
and Rao 2019).

5.2.1  Principle of Electrospinning

Upon pushing at a constant rate, the liquid with the syringe pump through the spin-
neret, pendant droplets are produced due to the surface tension. When applying a 
potential difference between the spinneret and the collector, the electric charges will 
migrate in the liquid, producing excess changes on the surface of the liquid, that 
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resemble the polarity of the spinneret. The density of the surface charges is corre-
lated with the applied voltage. Up to a certain electric field, the droplet shape is 
favored by the surface tension, which tends to compensate the free energy of the 
surface. At a critical voltage, the electrostatic repulsion reaches a strength enough to 
overcome the surface tension. Therefore, because of the surface charges of the same 
sign induced through electrification, the droplets further deform into a cone-shaped 
jet, termed the Taylor cone (Fig. 4.5). This new shape allows increased surface area, 
and consequently, the attenuation of the electrostatic repulsion and the minimiza-
tion of the surface free energy. The critical voltage needed for getting the Taylor 
cone is a function of the viscosity of the liquid subjected to electrospinning. Higher 
voltage is required when processing viscous liquids, such as compensating the vis-
coelastic force of the material.

The charged jet ejected from the Taylor cone has a particular trajectory that starts 
with a straight line moving toward the collector. The length of the straight segment 
decreases with the voltage. To prevent the disintegration of the jet into tiny droplets, 
the viscoelastic properties of the samples should overcome the Rayleigh instability 
(Duft et al. 2003; Xue et al. 2019). At the end of the straight line, which delineates 
the near-field region, the velocity of the jet is 1–15 m/s. The acceleration of the jet 
is gradually attenuated because of the viscoelastic force and the surface tension of 
the jet. After passing the straight line, the jet begins to stretch, and when the accel-
eration drops to zero, the movement gets disturbed by any small perturbation (He 
et al. 2005). This behavior is noticed while moving from the near-field to the far- 
field region, when the trajectory continues with whipping motions, caused by elec-
trical bending instability. In fact, the electrically charged jet can be affected by the 
following types of instabilities, which depend on the electrospinning parameters 
and the physicochemical properties of the liquid: (i) the surface tension driven 
Rayleigh instability, which is axisymmetric and may result in splitting the jet into 
small droplets; the Rayleigh instability can be controlled through a strong electric 
field; (ii) the axisymmetric instability associated to stronger electric fields; (iii) the 
non-axisymmetric whipping or bending instability, when the movement of the jet in 
a radial direction is governed by the lateral electrostatic force (Reneker and Yarin 
2008). Achieving rapid whipping instability, with the trajectory of the jet consisting 
of loops and conical shaped coils around the original direction, is crucial for obtain-
ing ultrathin electrospun nanofibers (Xue et al. 2019). With the gradual jet bending, 
elongation and subsequent diameter stretching, the second bending instability stage 
is reached. The reduction of the charges density on the jet that appeared through 
elongation might result in capillary instability, which finally leads to beaded fibers 
because of the jet disruption into tiny droplets. Taking into account that whipping 
and bending instability, accompanied by jet elongation by up to 10,000 times over 
max. 0.05 s, is essential for obtaining fibers with diameters in the sub-micrometer to 
nanometer scale, the evaporation of the solvent used to prepare the liquid subjected 
to electrospinning should be strictly controlled, as can modulate the viscoelastic 
parameters of the jet. Solvent evaporation or cooling of the melt are the phenomena 
that allow quick solidification and final deposition of solid fibers on the grounded 
collector (Xue et  al. 2019). Thinner fibers are obtained when the evaporation is 
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slow. Although the surface of the fibers is still residually charged, any kind of insta-
bility disappears once the solidification process is completed.

The morphology of the fibers deposited in the ground collector depends on the 
final bending instability stage before deposition. In the loop like region of the jet 
trajectory, corresponding to the first bending instability, the fibers are collected as a 
“nonwoven mat”, whereas in the small coiled region, corresponding to the second 
and the third bending instabilities, fibers with straight or waxy morphology are 
obtained. The thickness of the collected electrospun fibers is restricted to 0.5–1 mm 
by the residual charges of the solidified layers, which incline to prevent the build-
ing- up events with additional similarly charged jet.

5.2.2  Factors Affecting the Electrospinning Process

The quality of the final electrospun fibers can be modulated by controlling both the 
parameters of the electrospinning process and the characteristics of the working 
solution.

Among the processing parameters used to control the diameter of the fibers, the 
applied electric field, the flow rate of the solution subjected to electrospinning, the 
distance between the tip of the needle (spinneret) and the collector, and the diameter 
of the needle are the most important (Xue et al. 2019; Haider et al. 2019; Castro 
Coelho et al. 2021).

To generate the electric field required for carrying out the electrospinning, both 
DC and AC can be applied to the spinneret. Still, different behaviors of the jet have 
been reported for the two cases (Xue et al. 2019). The density of the charges on the 
surface of the jet, the intensity of the repulsive electrostatic forces acting between 
charges of the same type on the surface of the jet and the overall interaction between 
the external electric field and the jet are influenced by the applied electric field. The 
distribution of the charges on the surface of the jet will depend on the polarity of the 
applied voltage. In particular, the electrospinning capacity of the electrolytes relies 
on the polarity of the applied voltages (Terada et al. 2012; Xue et al. 2019).

The morphology of the nanofibers depends on the velocity of the solution sub-
jected to electrospinning when passing through the needle. The flow rate of the 
liquid will directly influence the diameter of the fibers. Thus, low flow rates of the 
liquid are required to obtained narrow fibers. The diameter of the fibers will increase 
with the flow rate of the liquid up to a critical value, which depends on the polymer 
system, over which beads will be formed instead of nanofibers (Haider et al. 2019). 
Moreover, Megelski et  al. (2002) indicated that the pore size of the polystyrene 
fibers increased with the flow rate.

The thickness of the fibers is also influenced by the type of instability character-
izing the jet before deposition on the grounded collector. Efficient elongation and 
solidification of the jet are usually achieved at relatively long working distances 
between the tip of the spinneret and the collector. As detailed before, the instability 
of the jet is a factor of this distance. Within a certain range, the increase of the work-
ing distance will result in thinner fibers. In fact, managing the morphology and 
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diameter of the fibers is possible only by simultaneously controlling all processing 
parameters When increasing the flow rate of the solution, one should also increase 
the working distance and the critical voltage, such as to get total elongation of the 
jet prior to deposition of the fiber (Xue et al. 2019).

As Leidy and Ximena (2019) reviewed, most electrospinning studies involving 
various biopolymers (gelatin, zein, amaranth proteins, pullulan, dextran, cyclodex-
trins, hydroxypropyl-γ-cyclodextrin, ovalbumin, whey and soy proteins) used flow 
rates ranging from 0.01 mL/h to 1 mL/h (most frequently 0.5 mL/h), a voltage of 
10–35 kV (most often 15 kV), and distance between the tip of the needle and the 
collector of 7.5–20 cm (most frequently 10 cm).

The success of the process is as well influenced by factors related to the materials 
for electrospinning. The common materials used for generating nanofibers through 
electrospinning are solutions or melts of organic polymers. The solution electros-
pinning is the most studied electrospinning method and was employed for process-
ing over 100 types of organic polymers to produce different end-use products, such 
as biocompatible and biodegradable nanofibers suitable for obtaining scaffolds for 
biomedical applications (poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA), and 
poly(lactic-co-glycolic acid) (PLGA)) or nanofibers with applications in environ-
mental protection (polystyrene (PS) and poly(vinyl chloride) (PVC)) (Xue et  al. 
2019). Other natural polymers (dextran, chitin, chitosan, alginate, collagen, gelatin 
etc.) have been successfully used to generate nanofibers with various applications in 
the food industry (Leidy and Ximena 2019; Xue et  al. 2019). In addition, small 
molecules capable to self-assemble and generate entanglements are suitable for 
obtaining nanofibers. Finally, different research groups reported on the possibility 
of integrating nanometers sized components into the polymer solutions prior to 
electrospinning. The solution parameters that affect the electrospinning process are 
related to the polymer and the solvent. The molecular weight and concentration of 
the polymer in the solution exert a high influence on the viscosity of the solution, 
which is an important parameter for the success of the electrospinning process. 
Choosing the appropriate solvent for preparing a homogeneous polymer solution is 
essential (Luo et al. 2012). Anyway, the solidification rate of the jet, which is directly 
related to the evaporation rate of the solvent, should be carefully factored in when 
deciding on the solvent for preparing the polymer solution. The use of solvents with 
very high volatility results in fast solidification of the jet generated through the spin-
neret, whereas solvents with very low volatility lead to wet fibers deposited on the 
collector. The electrical properties of the solutions are influenced by the molecular 
weight of a polymer, while the intensity of the electrostatic repulsion among the 
charges located on the surface of the jet is controlled by the dielectric constant of the 
solvent (Xue et al. 2019). Higher voltage should be applied to stabilize the jet when 
processing solutions with increasing dielectric constant (Luo et al. 2012). The spin-
nability of the polymer solutions depends on the concentration and electrical con-
ductivity. Since the polymer concentration affects the surface tension and viscosity 
of the working solution, which further impact the diameter and morphology of the 
nanofibers, the concentration of the polymer solution should be high enough to 
overcome the Rayleigh instability, such as to avoid splitting the jet into small 
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droplets, and should not be too high to prevent difficulties in being ejected from the 
spinneret and in further handling the viscoelastic force which impedes jet formation 
(Xue et al. 2019). The importance of the electrical conductivity of the polymer solu-
tion in producing thin nanofibers relies on the involvement in jet elongation and 
bending. It has been demonstrated that polymer solutions having high conductivity 
raise difficulties in generating the Taylor cone or activating bending instability of 
the jet. One way to control the electrical conductivity is to add different ionic com-
pounds to the polymer solution subjected to electrospinning.

Finally, the solution electrospinning is influenced by environmental conditions. 
In particular, the relative humidity, the ambient temperature and the air flow impact 
the solvent evaporation rate and further on the solidification of the jet (Xue et al. 
2019; Castro Coelho et al. 2021).

5.3  Electrospraying

Electrospraying is a process of liquid atomization by electrical forces, also known 
as electrohydrodynamic atomization (Bhushani and Anandharamakrishnan 2014). 
Electrospraying provides several advantages over the conventional processes, such 
as limiting the polydispersity of the particles and improving the encapsulation effi-
ciency. Moreover, this technique allows easier scale up of the atomization process, 
simply and effectively, generating high quality products (Castro Coelho et al. 2021).

As in the case of electrospinning, a typical unit for electrospraying includes four 
major components: a high-voltage power supply operated more often in DC mode 
and only rarely in AC, a syringe pump, a stainless-steel needle or capillary (spin-
neret), and a grounded collector, which can be a rotating drum or a flat plate 
(Fig. 4.6).

5.3.1  Principle of Electrospraying

Electrosprayed nano- or microparticles are obtained at mild temperature upon sub-
jecting a polymer solution to flow under high voltage in a one-step process. The 
main difference between electrospinning and electrospraying relies on the concen-
tration of the polymer solution, which is lower in electrospraying. The concentra-
tion of the electrospraying solution has to be low enough to avoid getting the 
elongation of stable Taylor cone and further whipping instability. Instead, varicose 
instability of the polymer jet is desired, as it ensures the self-dispersion of the highly 
charged droplets. When the polymer solution is pushed out of the needle, the surface 
will become charged because of the existence of the external electric field, and the 
density and distribution of the charges will depend on the electrical conductivity 
and dielectric constant. Because of the electrostatic attraction, the charged jet will 
get stretched toward the collector. When the charges density reaches 50–80% of the 
Rayleigh limit, the fission of the charged droplets out of the Taylor cone will occur 
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Fig. 4.6 Schematic representation of the electrospraying set-up (a) and mechanism (b). (Adapted 
from Haider et al. 2019)

due to the Coulomb repulsions (Haider et  al. 2019). As a result of rapid solvent 
evaporation and solidification of the droplets, solid particles are deposited on the 
collector (Bhushani and Anandharamakrishnan 2014; Alehosseini et  al. 2019). 
Droplets stretching and atomization are influenced by the electrostatic force due to 
the electric field between the spinneret and the collector, the repulsive Coulomb 
forces acting between droplets carrying the same type of charge on the surface, the 
viscoelastic behavior of the polymer solution and the surface tension (Haider 
et al. 2019).

5.3.2  Factors Affecting the Electrospraying Process

As in the case of electrospinning, the electrospraying process and properties of the 
final products are influenced by factors related to the solution subjected to atomiza-
tion, processing and environment parameters. Regarding the polymer solutions, the 
solvent used as well as the molecular weight and polymer concentration exert a high 
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influence on the pH, viscosity, conductivity and surface tension. As Haider et al. 
(2019) reviewed, a critical range of viscosity of 1.5–5500 mPa·s and surface tension 
usually lower than 50 mN/m are required to get a stable Taylor cone. As discussed 
in the case of electrospinning, the processing parameters used to control the size of 
the final product include the applied voltage, the distance between the tip of the 
needle and the collector, and the flow rate (Bhushani and Anandharamakrishnan 
2014). Finally, environmental parameters like temperature, relative humidity and air 
flow are highly important because of the impact on the solvent evaporation rate.

5.4  Applications of Electrospinning and Electrospraying 
in the Food Industry

Electrospun nanofibers and the micro- to nanoscale size particles obtained through 
electrospraying have multiple applications in various fields, such as environment 
protection, medical, pharmaceutical, textile and electrical industries. When target-
ing edible applications of electrospinning and electrospraying, only non-toxic food 
grade compounds approved by authorities, such as the Food and Drug Administration 
(FDA) or the European Food Safety Authority (EFSA), should be used for preparing 
nano- to micrometer sized fibers and particles. The polymers must be degraded dur-
ing human digestion and the concentration used should ensure no toxicity. Several 
biopolymers, including proteins like whey proteins, soy proteins, casein, gelatin, 
zein, and protein concentrate from Spirulina and polysaccharides like pullulan, algi-
nates, dextrans, and cellulose (Table 4.9), have been tested as materials for electro-
spinning and electrospraying, and blending with synthetic polymers and crosslinking 
method were considered for improving the morphology of the final products. In 
particular, taking into account that the linear structure to random coil conformation 
of biopolymers in dissolution is essential for obtaining fibers (Nieuwland et  al. 
2013), one important issue when subjecting protein solutions to electrospinning to 
obtain nanofibers consists in the appropriate unfolding of the molecules to ensure 
droplet stretching and jet formation (Mendes et al. 2017). Different strategies have 
been tested to improve the electrospinnability of globular proteins: applying ther-
mal treatments, using denaturing agents, choosing particular solvents or blending 
wheat proteins or casein with other polymers (Zhang et al. 2006; Ratanavaraporn 
et al. 2010; Mascheroni et al. 2013; Leidy and Ximena 2019). On the other hand, 
chain entanglements occurring in electrospinning solution in case of some proteins 
or polysaccharides ensure avoiding the breakup of the jet during electrospinning 
(Leidy and Ximena 2019).

Because of the safety issues related to the use of toxic solvents and crosslinking 
treatment which are not approved by the FDA, food applications of electrospinning 
and electrospraying are still limited mainly to packaging, encapsulation of different 
types of compounds or enzymes and development of halochromic nanosensors and 
for real-time monitoring of fish quality (Table 4.9) (Echegoyen et al. 2017; Leidy 
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and Ximena 2019; Aghaei et al. 2020). A less explored food-based application of 
the electrospinning consists in producing nanofibrous membranes for the pressure- 
driven liquids filtration (Bhushani and Anandharamakrishnan 2014). On the other 
hand, the most important applications of electrospraying in the food industry refer 
to the encapsulation of different biologically active compounds which are otherwise 
prone to degradation and obtaining edible films with actives properties (Torres- 
Giner et al. 2010; Alehosseini et al. 2019; Rostami et al. 2019; Soleimanifar et al. 
2020). Finally, combining electrospinning and electrospraying was proposed by 
Schmatz et al. (2019) for developing an innovative active food packaging material. 
They developed nanocomposite materials by incorporating nanoparticles that stabi-
lize sensitive bioactive compounds such as phycocyanin into the nanospun fibers.

Successful applications of electrospun fibers for producing innovative and biode-
gradable food packaging materials have been recently reviewed by Castro Coelho 
et al. (2021). The shelf-life and stability of different food products can be improved 
by incorporating different bioactives in the electrospun materials used as active 
packages, which allow further controlled release of the biomolecules exhibiting 
antioxidant and antimicrobial properties. In addition to the food simulants, these 
applications targeted various types of food products, such as bananas, bread and 
cheese (Yao et al. 2016; Altan et al. 2018; Göksen et al. 2020).

Promising results on the use of electrospinning to improve the thermal stability 
of different enzymes used in the food industry were reported by Baştürk et al. (2013) 
and Işik et al. (2019). A blend of poly(vinyl alcohol) (PVA) and poly(acrylic acid) 
(PAA) was used to fabricate thermally crosslinked nanofibers suitable for covalent 
immobilization of α-amylase (Table  4.9) upon activation of the amine reactive 
imidazolyl- carbamate group through 1,1′-carbonyldiimidazole (Baştürk et  al. 
2013). On the other hand, the interaction between PVA and ionic metals (Zn2+) was 
exploited for obtaining electrospun nanofibers, suitable for immobilization of lipase 
upon cross-linking with glutaraldehyde (Işik et  al. 2019). The immobilized 
α-amylase and lipase exhibited enhanced storage and thermal stability and could be 
reused over 14 times (Baştürk et al. 2013; Işik et al. 2019).

5.5  Final Remarks

The electrohydrodynamic processes are emerging technologies suitable for obtain-
ing fibers and particles in the nano- to micrometer size range. The most promising 
applications of electrospinning and electrospraying in the field of the food industry 
consist mainly in producing food-grade delivery vehicles for different bioactive 
compounds and active nanofiber materials for packaging or coatings for different 
food systems.
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Table 4.9 Examples of main food applications of electrospinning and electrospraying

Application (Bio)polymer solution Process parameters Reference

Encapsulation of bioactive compounds
Encapsulation of 
docosahexaenoic acid (DHA) 
using zein by electrospraying. 
The resulting beads exhibited 
good stability

Zein and ω-3/zein 
solutions (20%) 
prepared in 85 wt% 
aqueous ethanol.
The zein:DHA ranged 
from 1: 1 to 3: 1

Flow rate: 
0.20 mL/h
Applied voltage: 
12 kV internal 
diameter of the 
needle: 0.9 mm
Tip-to-collector 
distance: 15 cm

Torres-Giner 
et al. (2010)

Encapsulation of volatile aroma 
compound in nanofibrous 
electrospun membranes made of 
pullulan and β-cyclodextrin 
(β-CD)

The polymer solution 
consisted of 20% 
pullulan and 
eventually 5% β-CD.
The volatiles, rich in 
perillaldehyde, were 
incorporated after 
precipitation with 
β-CD

Flow rate: 
0.5 mL/h,
Applied voltage: 
15 kV
Tip-to-collector 
distance: 12 cm

Mascheroni 
et al. (2013)

Highly efficient encapsulation of 
polyphenols (epigallocatechin 
gallate) into gelatin micro- and 
submicroparticles through 
electrospraying

Gelatin solutions (5, 8, 
10 and 20%, w/v) 
prepared by dissolving 
in acetic acid 20% 
(v/v)

Flow rate: 
0.15–0.5 mL/h
Applied voltage: 
15–28 kV
Tip-to-collector 
distance: 10 cm

Gómez-
Mascaraque 
et al. (2015)

Electrospraying encapsulation of 
the green tea catechins in two 
different protein matrices: Zein 
and gelatin. Because of the 
catechins instability in aqueous 
solutions, zein allowed better 
encapsulation efficiency. The 
process requires further 
optimization before applying to 
food products that require 
backing.

Gelatin (8%, w/v) and 
zein (12%, w/v) 
solutions prepared in 
acetic acid (20%, v/v) 
and aqueous ethanol 
(85%, v/v), 
respectively. After 
proteins solubilization, 
the green tea extract 
was incorporated at a 
concentration of 
20 g/100 g dw.

Flow rate: 0.2 and 
0.15 mL/h for 
gelatin and zein 
solutions, 
respectively
Applied voltage: 15 
and 13 kV for 
gelatin and zein 
solutions, 
respectively
Inner diameter of 
the needle: 0.9 mm
Tip-to-collector 
distance: 10 cm

Gómez-
Mascaraque 
et al. (2017)

Encapsulation of polyphenols 
from Rosmarinus officinalis in 
polyvinyl alcohol nanofibers to 
ensure the controlled release of 
the bioactive

Poly(vinyl alcohol) 
solution (12%) 
prepared in water or 
ethanol 70%, 
supplemented with 5% 
citric acid in respect to 
the polymer

Flow rate: 2.2 mL/h
Applied voltage: 
30 kV
Tip-to-collector 
distance: 20 cm
Inner diameter of 
the needle: 0.8 mm

Estevez-Areco 
et al. (2018)

(continued)
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Application (Bio)polymer solution Process parameters Reference

Encapsulation of bioactive 
compounds from saffron extract 
(picrocrocin, safranal, and 
crocin) by electrospinning

Zein solution (20%) 
prepared in aqueous 
ethanol 80%

Flow rate: 
0.15–0.20 mL/h
Applied voltage: 
15 kV, Tip-to-
collector distance: 
10 cm

Alehosseini 
et al. (2019)

Encapsulation of bioactive 
compounds from saffron extract 
(picrocrocin, safranal, and 
crocin) by electrospraying

Zein solution (10%) 
prepared in 80% 
aqueous ethanol

Flow rate: 
0.15–0.20 mL/h
Applied voltage: 
15 kV
Tip-to-collector 
distance: 10 cm

Alehosseini 
et al. (2019)

Nanoencapsulation of the 
phenolics from olive leaf. 
Different whey proteins-based 
particles were loaded with 
varying amounts of oleuropein, 
caffeic acid or hydroxytyrosol

Whey protein 
concentrate solutions 
(15, 20, and 30% w/v) 
were prepared in 
distilled water. The pH 
was adjusted to pH 
and tween 20 was used 
as surfactant

Flow rate: 0.5 mL/h 
applied voltage: 
18 kV internal 
diameter of the 
needle: 0.9 mm
Tip-to-collector 
distance: 14 cm

Soleimanifar 
et al. (2020)

Food coating or packaging applications
Preparing starch films and 
coatings by electrospraying 
modified maize starch

Gelatinization of the 
5% (w/v) starch 
dispersion in 
de-ionized water was 
carried out at 120 °C 
for 30 min. The 
ultrasonic treatment 
was then applied to the 
ethanolic mixture to 
efficiently disrupt and 
stabilize the modified 
starch solution

Flow rate: 
5 × 10−11 m3/s
Applied voltage: 
7 kV
Tip-to-collector 
distance: 20 mm
Inner diameter: 
0.25 mm

Pareta and 
Edirisinghe 
(2006)

Preparing hydrophobic edible 
films by electrospraying 
water-in-oil emulsions

Water-in-oil emulsions 
were prepared by high 
shear mixing while 
gradually adding the 
water (0.5–40%, w/w) 
to the sunflower oil 
with 5% (w/w) 
surfactant (Span80, 
lecithin or 
polyglycerol 
polyricinoleate)

Flow rate: 15 mL/h
Applied voltage: 
9–14 kV

Khan et al. 
(2013)

(continued)
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Application (Bio)polymer solution Process parameters Reference

Enhancement of O2 barrier 
properties of the multilayer food 
packaging films based on 
polyhydroxybutyrate containing 
12% valerate, with an interlayer 
of electrospun zein nanofibers

Zein solution 
(33 wt.%) prepared in 
ethanol 85% v/v

Flow rate: 0.3 mL/h
Applied voltage: 
12–14 kV
Tip-to-collector 
distance: 10 cm
Inner diameter: 
0.9 mm

Fabra et al. 
(2013)

Electrospun fibre mats based on 
loaded zein functionalized with 
gallic acid as food contact active 
packaging material

Zein solution (25%, 
w/w) prepared in 80% 
aqueous ethanol were 
supplemented with 
5%, 10% and 20% 
(w/w) of gallic acid

Feed rate: 0.8 ml/h
Applied voltage: 
16 kV tip-to-
collector distance: 
13 cm

Neo et al. 
(2013)

Improvement of oxygen and 
water barrier properties of food 
packaging films based on 
polyhydroxyalkanoates with 3% 
valerate by the use of adhesive 
electrospun interlayers. Whey 
protein isolate (WPI), zein, 
pullulan and blends of 
zeine:WPI or zeine:Pullulan 
(50:50) were used to prepare 
electrospun interlayers

Aqueous solutions of 
30 wt.% of WPI (with 
10 wt.% of glycerol 
and 5 wt.% of tween 
80) or 15 wt.% of 
pullulan (the 
electrospinning 
results: Nano- or 
microparticles)
Zein solution 
(33 wt.%) prepared in 
ethanol 85% v/v

Flow rate: 
0.15 mL/h for WPI 
and 0.3 mL/h for 
zein and pullulan
Applied voltage: 
12–14 kV

Fabra et al. 
(2014)

Coating the poly(3-
hydroxybutyrate-co-3-
hydroxyvalerate) films for 
getting effective bactericide 
systems used for food packaging 
and food contact surfaces

PHBV18/ZnO solution 
(10%) consisting of 
PHBV18 (18 mol% 
valerate content) 
mixed with ZnO 
nanoparticles

Flow rate: 5 mL/h
Applied voltage: 
10–12 kV
Tip-to-collector 
distance: 17 cm.
Inner diameter of 
the needle: 0.9 mm

Castro-
Mayorga et al. 
(2017)

Development of ultrafine fibers 
for active packaging, based on 
protein concentrate from 
spirulina sp. LEB 18/
poly(ethylene oxide)
(PEO), having antioxidant 
activity due to the entrapped 
phycocyanin

Polymeric solutions 
consisted of 5–10% 
(w/w) protein 
concentrate from 
spirulina sp. LEB 18 
and 0.5% (w/w) PEO, 
dissolved in acetic 
acid: Water (3:1, w/w). 
The mixture was 
further supplemented 
with phycocyanin (2%, 
w/w)

Diameter of the 
whole for releasing 
the polymer 
solution: 0.6 mm
Distance between 
grounded and wire 
electrodes: 180 mm

Moreira et al. 
(2019)

Table 4.9 (continued)

(continued)

4 Electro – Technologies



150

Application (Bio)polymer solution Process parameters Reference

Development of electrospun 
nanofiber functionalized with 
cinnamon essential oil (CEO) 
nanophytosomes, used in active 
packaging of shrimp for shelf 
life extension

Polymeric solutions 
consisted of 7% PVA, 
eventually cross-linked 
with boric acid. The 
CEO was added to the 
PVA solution to a final 
concentration of ~5% 
(w/w)

Applied 
voltage:17–19 kV
Flow rate: 1.5 mL/h
Tip-to-collector 
distance: 18 cm
Blunt-ended 
stainless-steel 
needle no. 18

Nazari et al. 
(2019)

Combining electrospinning and 
electrospraying for producing 
novel nanocomposite with high 
antioxidant activity and good 
thermal and mechanical 
properties, suitable for active 
food packaging

Electrospinning: 12% 
PCL solution in 
chloroform or 13% 
PLA solution in 
chloroform and 
acetone, with 1.4% 
NaCl (w/v).
Electrospraying: 11% 
PVA solution with 2% 
phycocyanin (w/v) 
prepared in distilled 
water

For the PCL/PLA 
electrospun 
nanofibers:
Flow rate: 
2/1 mL/h,
Voltage: 25/20 kV
Capillary diameter: 
0.80/0.45 mm
Capillary to 
collector distance: 
12/15 cm
For electrospraying:
Flow rate: 
0.05 mL/h,
Applied voltage: 
20 kV
Capillary diameter: 
0.45 mm
Capillary to 
collector distance: 
18 cm

Schmatz et al. 
(2019)

Development of edible 
electrospun films loaded with 
phytochemicals (essential oils 
rich in 1,8 cineole) from spices 
(Laurus nobilis and Rosmarinus 
officinalis) with antimicrobial 
properties

Zein solutions (25%, 
w/v) prepared in a 
mixture of glacial 
acetic acid and ethanol 
(30:70). The 
biopolymer solution 
was loaded with 
essential oils at 1, 5 
and 10% (w/w) in 
respect to the zein 
powder

Flow rate: 
0.04 mL/h
Applied voltage: 
18 kV
Tip-to-collector 
distance: 11 cm

Göksen et al. 
(2020)

Other food related applications
Covalent immobilization of 
α-amylase on thermally 
crosslinked PVA/PAA nanofibers

Mixture of 5% PVA 
and 10% PAA aqueous 
solutions with 10:1 
weight ratio

Flow rate rate: 
1 mL/h
Applied voltage: 
25 kV
Tip-to-collector 
distance: 15 cm

Baştürk et al. 
(2013)
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Application (Bio)polymer solution Process parameters Reference

Modulation of the 
physicochemical properties of 
the WPI-guar gum mixtures

Solution subjected to 
electrospinning 
consisted of WPI 
(0–12% wt) and guar 
gum (0.7–0.9% wt)

Flow rate: 0.6 ml/
min
Applied voltage: 
20 kV
Tip-to-collector 
distance: 8 cm

Aman 
Mohammadi 
et al. (2019)

Producing gelatin nanofiber 
sheets with good solubility in 
cold water

Gelatin solution of 
10–25% (w/v) 
concentration prepared 
in a 3:1 (v/v) solvent 
mixture of acetic acid: 
Water

Flow rate: 0.5 ml/h
Applied voltage: 
25 kV
Tip-to-collector 
distance: 15 cm
Inner diameter of 
the needle: 
0.84 mm

Ghorani et al. 
(2020)

Halochromic nanosensor based 
on zein nanofibers incorporated 
with alizarin for real time 
checking the quality parameters 
of rainbow trout fillets

Zein solutions (10, 15 
and 20% w/v) 
prepared in ethanol 
70% v/v, incorporated 
with 4% alizarin and 
1% glycerol

Flow rate: About 
1 ml/h, Applied 
voltages: 20, 25 and 
30 kV
Tip-to-collector 
distance: About 
15 cm
Inner diameter: 
0.51 mm

Aghaei et al. 
(2020)

Table 4.9 (continued)

6  Electron Beam Processing

Ilknur Ucak and Maliha Afreen

6.1  Introduction to Electron Beam Processing

Electron beam processing is a chemical process that produced irradiation. The elec-
tron beam is the movement of electrons with energy. When an electron beam hits an 
object, a chemical process occurs in which ionization and excitation of electrons 
arise due to the contact between the object and the ray. The process is known as 
“radiation chemical response”.

Electron beam processing is a nonthermal intrusion that applying to food in the 
appropriate quantity at which no modifications occur in the physical features of 
foods. Electron beam processing is also recognized as “cold pasteurization” or 
“electronic pasteurization”. The results of electron beam processing interference in 
food safety are reflected by water chlorination, milk pasteurization, and the protec-
tion of the public’s health by boosting immunity against chronic diseases. The effec-
tiveness of energy consumption through electron beam processing is very high 
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because it is directly inserted through electron irradiation. On the other side, the 
thermochemical reaction required heating energy to trigger molecules by indirect 
insertion of energy. Absorbed radiation of 10  kGy is equivalent to a 2.4 caloric 
energy for 1 gram of water. Radiation energy ranges from 10 kGy to 200 kGy, is 
used for less heat resistance materials, including plastics and papers. No facilitator 
is needed in this process. The energy is rightly inserted into the object, and the 
chemical process is prompted. The electron beam has excellent performing effi-
ciency because of its direct insertion. The level of reported electron beam energy 
(corpuscular beam) is much higher than that of other electromagnetic emissions, 
including electric wave, visible light, ultraviolet light, X-ray, and Gamma ray 
(γ-ray). Currently, radiation chemistry mainly involves electron beam energy.

Electron beam technology produced from commercial voltage, so it is known as 
a on-off technology. Although the complete antimicrobial properties of gamma radi-
ation and electron beam are analogous, electron beam allows application of high 
frequency (e-beam, 103–105 Gy/second; gamma, 0.01–1 Gy/second) within a shorter 
treating time. The electron beam has a less penetrating ability as compared to gamma 
radiation. Those electrons with high energy can efficiently penetrate around 8–10 cm 
in usual foodstuffs to inactivate foodborne pathogens (Jaczynski and Park 2003). 
Thus, the dimensions, size and particular compactness of foods should be sensibly 
measured before treating with an electron beam. The electron beam dose is the 
amount of radiation immersed by the food when exposed to the electron beam. The 
dose is usually considered in Grays (G) or more suitable kilo Grays (kGy), where 1 
Gray = 0.001 kGy = 1 Joule (J) of energy immersed in each kilogram of treated food.

The apparatus that produces electron beams is usually known as the “linear 
accelerator”. There are diverse types of accelerators liable on the potential treating 
line speeds, the energy, the electrical effectiveness, etc. (Brown 2015). According to 
commercial electron beam accelerators, there are three categories: DC accelerators 
(direct current), CW accelerators (continuous wave), and pulsed accelerators. 
Meanwhile, the high piercing potential of electrons is always required; the 10 MeV, 
LINAC-style accelerators are resulting in enlarged uses in food irradiation. A 
LINAC-style accelerator with speed up structure, the sub-components, and the elec-
tron beam alert above the conveyor belt that takes the product below the electron 
beam. In the US, food irradiation is controlled by the “Food and Drug Administration” 
and the USDA-FSIS (United States Department of Agriculture-Food Safety 
Inspection).

6.2  Applications of Electron Beam Processing

Food materials can be decontaminated when photons and electrons are discharged 
from the accelerator and inserted in foodstuffs to initiate a sequence of ionization 
processes with attached atoms of the molecules, which come to be agitated by the hit 
of an emitted electron from the adjacent orbitals. These electrons convert solid and 
liquid atoms into ions, but water ionization is the main feature in decontamination. 
Decontamination of foodstuffs from biological objects occurs in two ways one is 
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“direct DNA damage”, and the other is “indirect DNA damage”. The formation of 
free radicals converted the DNA molecules of biological objects that are a symptom 
of “indirect DNA damage”. Though, direct interruption of DNA bands in molecules 
is known as “direct DNA damage”. Microbial cells can be destroyed by the perma-
nent breakdown of DNA strands (Lung et al. 2015). The potential of electrons of 
living cell destruction can be influenced by the trembling energy of electrons, and the 
quantity of irradiation detects this rate of energy. Less energy stops DNA duplication 
and increment in the amount of irradiation can disturb RNA structure and conforma-
tion, while higher energy ions damage the cell membrane and speed up the demoli-
tion rate of microorganisms (Schmidt et  al. 2018). Concerning the effects of 
irradiation on mycotoxins, ionization of water molecules produced hydrogen radi-
cals that react with the hydrocarbon chain of the mycotoxin’s molecules and form 
new free radicals that have the ability of other methods of destruction. It should be 
noted that food configuration, water portion, microbial species and toxins are the 
main aspects associated with the efficiency of electron beam ionization and the 
appropriately selected quantity for treatment. Many factors that affect food irradia-
tion are categorized into groups according to the following standards:

 1. Irradiation dose: The quantity of irradiation is generally directly proportional to 
the rate of microbial destruction.

 2. Food composition: Those factors which control food maintenance are density, 
pH, and temperature and gas configuration. When these factors are not suitable 
for microbial development, their confrontation with the electron beam is 
decreased and destroyed by less irradiation.

 3. Microbial species: Microorganisms show diverse acceptance levels concerning 
particular quantities of irradiation. In normal circumstances, gram-positive bac-
teria show higher resistance than gram-negative bacteria, even though prokary-
otic microorganisms are also more resistant to electron beam radiation than 
eukaryotic microorganisms (Moosekian et al. 2012).

6.2.1  Microbial Inactivation by Electron Beam Processing

Electron beam processing deactivates microorganisms. Microbial deactivation rises 
steadily with the growing quantity of electron beam that is usually used for food 
handling. The DNA of microorganisms is the acute goal of ionizing radiation. 
Though the cellular modifications produced by radiation, and these modifications 
differ in different microbes. Generally, as the main point of radiation is the genetic 
material, the connection of radiation sensitivity is contrariwise to the size and com-
plication of an organism and its DNA (Urbain 1996). The antimicrobial characteris-
tics of the electron beam can be categorized into direct and indirect special effects. 
Thus, from the appropriate point of view, it is essential to remember that the direct 
and indirect special effects produce the complete deactivation of microbes. The 
direct effects conclude from the non-specific collision of radiating photons with the 
atoms in the molecules of the microbes. The electron beam produces a breakdown 
of important biomolecules, including DNA, RNA, enzymes and membrane proteins 
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of microbes. Each DNA strand of the microbial DNA contains four bases guanine, 
cytosine, thymine, and adenine. The bases from two distinct strands bond with each 
other, generating distinctive base pairs “guanine with cytosine” and “thymine with 
adenine” (G-C and T-A). The electron beam can disrupt these G-C and T-A bonds, 
consequently breaking the double helix strand. The breakdown of the DNA reduces 
microbial cells that are unable to divide, which is frequently known as cellular prop-
agative death. This is the key mechanism of deactivation of microbes by direct 
effects of the electron beam. The indirect effect of electron beam for deactivation of 
microbes relies on availability or activity of water in a foodstuff because indirect 
effects are produced with free radicals produced during ionization of water through 
radiations (Miller 2005). Radiating photons inserted in foodstuff and come upon 
water molecules, this interaction providing many radiolysis products even some 
types of unpaired electrons known as free radicals (Miller 2005). The free radicals 
are much responsive and pursue the development of constant products by joining 
with each other or with oxygen; thus, generating oxidizing mediators. These oxidiz-
ing mediators and free radicals are not particular only for microbial cells. If they 
come upon a microbial cell, then oxidizing mediator’s and free radicals damaged 
the cell membrane. If the destruction is enough, then cell leakage leads to cell death 
and, in the end, complete cell burst.

6.2.2  Electron Beam Processing for Agriculture and Food Products

Attentive combination of research methodologies is inevitable for an effective over-
view of seed processing procedures before sowing involving several components 
and several functions, including Nanosystems originating, preferably, from recy-
clable assets, involving agricultural remnants (Revina 1998, 2009; Ruban et  al. 
2012). When Biologically active Nanochips (BAN chips) are used to treat seeds of 
agricultural plants, permit implementation of preferred ultra-small quantities of 
active ingredients for the objective of simultaneous attainment of decontamination 
of plants, for the nourishment with microelements or nutrients, enrichment of seed 
germination, and crop produce rise under conflicting situations. The BAN chip 
commonly contains substances of permeable material and nanoparticles of biologi-
cally active and phytosanitary materials and nutrients. Treatment of BAN chips with 
Electron beam (EB) processing (Pikaev et  al. 1993; Revina 2003; Revina and 
Magomedbekov 2010; Pavlov et al. 2014; Pavlov 2015) can propose many solutions 
proficient for enhancing the efficacy of BAN chips.

6.3  Advantages of Electron Beam Processing

Electron-beam irradiation (EBI) is a beneficial technique that directs the proficiency 
of usage in a two-direction method with a minute time to eradicate the microbial 
burden in foodstuffs (Jeyakumari et al. 2019; Schoeller et al. 2002). Moreover, due 
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to less harmful special effects on the nutritional and chemical configuration of 
foods, specifically cereal-based foodstuffs, electron beam irradiation can be an 
encouraging technique in their sanitization (Carocho et al. 2012). Electron beam 
irradiation is a beneficial obstacle technique, joint with other conservative or evolv-
ing food handling processes, more efficient food protection can be attained (Yang 
et al. 2020). The usage of combining electron beam irradiation and probiotic Listeria 
rhamnosus on pathogen Klebsiella pneumonia showed as an efficient method for 
the reticence of infectious microorganisms (Balayan et al. 2019).

6.4  Disadvantages of Electron Beam Processing

Less penetrability of the electron beam is the main disadvantage of consuming elec-
tron beam ionization. The sanitization effect of Electron beam irradiation may be 
affected by the size, thickness, single or double direction, and packaging of the 
food. Scientists evaluated the influence of electron beam irradiation on antimicro-
bial mediator covered with low-density polyethylene or polyamide films and ori-
ented polypropylene. Radiation quantity of 3 kGy was perceived to produce slight 
or insignificant modifications in the film functions but did not change the inhibitory 
outcome on E. coli and L. inocua (Han et al. 2007). Additionally, some customers 
still have a negative opinion about “radioactivity” and “radiation”. Therefore, con-
sumer training via reports, database, and seminars is necessary.

7  Ionizing Radiation

Ilknur Ucak and Maliha Afreen

7.1  Introduction of Ionizing Radiation

Treatment of any material with radiation is a chemical process that produced irra-
diation. Mainly gamma rays (γ-rays) are used in these reactions. The γ-ray is an 
electromagnetic beam as with light and it is an energy stream. Irradiation processing 
includes implementing ionizing or non-ionizing emissions on foodstuffs (raw or 
processed) for the long-term storage and conservation of food. Ionizing emissions 
can be produced from high-energy electrons, including gamma rays produced from 
(Cesium-137 or Cobalt-60) or X-rays (produced from a machine). Non-ionizing 
emission is an electromagnetic emission that does not have sufficient energy to 
convert atoms or molecules into ions, characterized mainly through visible light, 
microwaves, infrared and ultraviolet rays (UV-A, B, and C).
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Applying radiations on food is well recognized, nonthermal method of food 
preservation (cold- pasteurization) at surrounding temperature. Treatment of food 
products with radiations can produce slight changes in the nutrients, color, taste, and 
other quality parameters of food. These changes mainly depend on the nature of the 
object, the quantity of radiation, and which source of radiation is used, either X-ray, 
γ-ray and UV (Bhat and Sridhar 2008; Bhat et al. 2007b; Mexis et al. 2009). Previous 
studies prove that treatment of foodstuffs with ionizing radiation, including gamma 
rays, is efficient in controlling confinement barricades for international trading, as a 
source of disinfestation, decontamination, and for enhancement of nutritional char-
acteristics and shelf life of food (Hong et al. 2008; Lacroix and Ouattara 2000; Teets 
et  al. 2008). Some studies also show the application of non-ionizing radiation, 
including ultraviolet, for food decontamination (Selma et al. 2008; Walkling-Ribeiro 
et al. 2008). Some people have negative concepts, but it is just a movement of energy 
in the form of light, γ-ray, X-ray, electric wave and corpuscular beam. The radiation 
can be allocated into two categories: the corpuscular beam, including electron beam 
and α-ray, while X-ray and γ-ray fall into the second category.

Irradiation involves Gamma irradiation, X-ray irradiation which are basic types 
of food irradiation process used broadly with the capability to “kick” electrons out 
of their orbital shells on atoms, resulting in “ionization of the atoms” due to which 
it is known as “ionizing radiation “(Pillai and Shayanfar 2017; Simas et al. 2010). 
The food irradiation process is a portion of the similar electromagnetic spectrum 
which comprises incandescent lights, radio waves, TV broadcasts, UV radiation, 
microwaves, and cosmic radiation (Chmielewski et  al. 2006). Ionizing and non- 
ionizing radiation frequencies collectively made electromagnetic spectrum. Food 
irradiation depends on both X-rays (from X-ray tubes) and gamma irradiation (from 
radioactive isotopes such as cobalt-60 or cesium-137). According to their energy 
sources, there are significant variations between the three irradiation methods of 
production, their particular protective necessities, and the control setting for each of 
these techniques. Gamma irradiation is mainly produced in nuclear reactors from 
cesium-137 or cobalt-60. Gamma irradiation is principally photons and they do not 
have any physique. Gamma ray (γ-ray) released by the breakdown of radioactive 
isotope cobalt-60, which has a high penetrating ability, so they can completely pen-
etrate in objects of variable bulk compactness.

7.2  Applications of Ionizing Radiation

It has been proved that when less heat or irradiation is applied to food collectively 
with the other food preservation methods, it will give purified food and effectively 
keep the food fresh for a long time. First time in the 1950s, heat and irradiation were 
collectively used for decontamination and preservation of food (Farkas 1990). It 
was stated that less quantity irradiation (4.1 kJ m2) of ultraviolet-C with the usage 
of 45 °C heat for 3 hours in the air, before storage of fruit at 20 °C increased advan-
tage as compared to applying these actions independently, and could be beneficial 

I. Ucak et al.



157

to improve the shelf life of strawberries, even though the phenolic and anthocyanins 
gathering ratio will be reduced as compared to untreated fruits (Pan et al. 2004). 
One scientist observed that vegetables and fruits have phytochemical abstracts 
which have resilient anti-proliferative and antioxidant actions (Liu 2004). Irradiation 
can affect the ability of a particular plant to yield phytochemicals/ antioxidants in 
different quantities at different stages. It has been stated that under definite advanta-
geous situations, the amount of plant phytochemicals may be increased. These situ-
ations involve contact to radiation sources, cutting, contact to higher temperatures 
and storing at low temperatures (Zobel 1997). The quantity of radiation supplied to 
a product plays an important role in the determining antioxidants level. For exam-
ple, it was observed that antioxidant action of the methanol abstract of mushroom 
(Agaricus blazei) (Huang and Mau 2006) though prior, it was found that hot water 
and ethanolic abstracts of the similar mushroom (A. blazei) contained greater anti-
oxidant actions (101–104% at 5–10 mg/ml) (Tsai et  al. 2007). In the same way, 
Pérez et al. (2007) evaluated the influence of gamma-irradiation (30 kGy) on the dry 
rosemary leaves by extraction with ethanol, methanol and water. Consequently, they 
observed that the gamma radiation enhanced antioxidant action in water and ethanol 
abstracts with a consistent escalation in the whole phenolic part of the rosemary 
leaf. At the same time, the implementation of irradiation had no considerable effect 
on the methanol abstracts.

Radiation processing has been presented to might enhance or reduce the antioxi-
dant part of fresh plant products, which relies on the supply rate, contact time, and 
the usage of a fresh food product. The improved antioxidant actions of a plant after 
irradiation are chiefly accredited to improved enzyme activity (peroxidase activity 
and phenylalanine ammonia-lyase activity) or enhanced extraction ability from the 
tissues (Bhat et al. 2007a; González-Aguilar et al. 2007a, b; Tomas- Barberan and 
Espin 2001). Some scientists worked on soybeans and observed that the implemen-
tation of gamma irradiation enriched their potential of antioxidant, which was 
accredited to enhanced amount of genistein (an isoflavone) and a minimum degree 
on the antioxidant actions of daidzein degradative foodstuffs. They perceived that at 
a greater quantity of 5 kGy, antioxidant activity moved toward the typical 39.16% 
Trolox. This increment was associated with the higher degrees of free isoflavones in 
products treated with radiation quantity less than 1  kGy (Variyar et  al. 2004). 
Commonly, the reduction in antioxidants levels is accredited to free radicals or the 
production of degradative products by implementing radiation (Sajilata and Singhal 
2006; Wong and Kitts 2001). Scientists stated that gamma irradiation treatment of 
strawberries ranges from 1–10 kGy causes the breakdown of phenolic acids like 
p-coumaric, gallic, cinnamic and hydroxybenzoic acids (Breitfellner et al. 2002). 
The hydroxylation of these phenolic acids has been accredited to free hydroxyl 
(OH) radicals during the treatment. Irradiation quantity ranged from 0.25–1.00 kGy 
held out on cashew nuts has been presented to reduce the anti- oxidative activity, due 
to the breakdown of vitamin E (tocopherols) existed in the cashew nuts after the 
radiation treatment, which was decreased additionally during storage time (Sajilata 
and Singhal 2006).
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7.2.1  Microbial Decontamination by Food Irradiation

Irradiation is the only interference existing that will constantly decrease foodborne 
pathogens and contaminants to untraceable points when the quantity of irradiation 
is correctly and consistently applied based on food producers. Irradiation, within 
appropriate amounts, has been presented to abolish at least 99.9% of communal 
foodborne pathogens, such as E. coli O157:H7, Salmonella, L. monocytogenes and 
Campylobacter jejuni, which are associated with poultry and meat (GAO 2000). It 
was summarized that the quantity of irradiation between 25 and 60 kGy would not 
produce any possible health hazards while keeping tolerable criteria of nutritional 
value and sensory features of food. Thus, this irradiation technology improves food 
protection and decreases crop-associated economic damages (Bhat et  al. 2012). 
Mostly used types of radiation handlings can be approximately divided into three 
levels based on quantity: (a) low-rate treatment (<1 kGy) for insect-killing in cere-
als, spices and dried fruits, postponement in fruit ripeness such as in bananas and 
inhibition of propagation such as in onions, potatoes, ginger and garlic; (b) central- 
rate treatment (1–10 kGy) to eradicate microbial pathogens and prolong the shelf 
life of foodstuffs such as fruits/vegetables, spices, coffee beans, seafood, and poul-
try; (c) high-rate treatment (10–60 kGy) applied for irradiation of food equipped for 
low immune patients and astronauts (Fan et al. 2012).

7.2.2  Phytosanitation

Ionizing radiation processing is used worldwide for handling agricultural products to 
eradicate insects and pests. Some strong international principles control the use of 
various techniques (e.g., hot water treatment, methyl bromide, ionizing radiation) for 
handling agricultural products. There is an increasing mandate for the usage of ioniz-
ing radiation to treat plants from insects, even at the less quantity minimally at 3–4 log 
deactivation of significant bacterial pathogens can happen (Shayanfar et  al. 2016). 
Irradiation processing in higher amounts is used worldwide to ensure food safety by 
eradicating pathogens. Ionizing radiation is allowed for protecting animal diets, 
including packaged feeds, bagged complete diets, bulk feeds, feed elements, and ani-
mal treats in the US. Though, the quantity cannot go above 50 kGy. For whole poultry 
diets and feed ingredients, the amount of radiation cannot be less than 2 kGy and can-
not go above 25 kGy. The upper quantity radiating boundary is founded on the hypoth-
esis that the irradiation treatment is actually used to govern the Salmonella species.

7.3  Advantages of Ionizing Radiation

• Ionizing radiation techniques are applied to minimize the risks of food-related 
diseases caused by microorganisms such as Salmonella. Radiation is used to 
sterilize food from pathogens.
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• Ionizing radiation is also used to increase the storage time of food by killing 
those pathogens, which can cause food deterioration.

• According to the United State Department of Agriculture and Word Health 
Organization, irradiation is nontoxic and completely harmless for food practising.

• Irradiation has a more negligible effect on the nutritious food value than conven-
tional preservation methods like freezing and boiling.

• Those Foods that have been processed through radiation have proper labelling. 
This Radura label helps customers to decide whether they want to buy irradiated 
food or not.

7.4  Disadvantages of Ionizing Radiation

• There is no guarantee of complete eradication of viruses and toxins from food. 
To avoid this problem, an appropriate dosage of radiation should be used.

• Irradiated food products can be risky for mammal’s health in some exceptional 
circumstances. These health problems can be premature death, chromosomal 
abnormalities and cancer.

• Ionizing radiation is a costly procedure because of its facilitation and due to the 
requirement of a wholly sterilized environment
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Chapter 5
Pressure-Based Technologies: High 
Pressure Processing; Supercritical 
and Subcritical Fluid Processing

Zoya Okun and Avi Shpigelman

1  Introduction

High pressure-based technologies are a cluster of unit operations that involve ele-
vated pressure to obtain a desired effect and can be extremely useful in the field of 
agri-food processing. Similar to heat, pressure is an extensive thermodynamic 
parameter, reactions such as phase transition and molecular reorientation depend on 
both temperature and pressure and cannot be treated separately (Martínez- 
Monteagudo and Balasubramaniam 2016). While temperature is commonly the 
main thermodynamic parameter used to ensure safety or to manipulate the structure 
and techno-functionalities of biological systems, the application of pressure often 
brings important technological advantages. Pressure is the ratio of a force divided 
by the area on which that force acts. While pressure is increasing during several 
processes commonly occurring in the food industry, it is not the main parameter 
responsible for the effect (like microbial inactivation or texture formation), as will 
be presented for the technologies that will be briefly introduced in this chapter. The 
relatively new use of high pressure may assist in the manufacture of improved or 
entirely new products with special properties and functionalities. The application of 
pressure for the production of bioactive compounds is widely explored and results 
in efficient and green extraction procedures for ingredients that are hard to economi-
cally obtain conventionally.

In addition to high hydrostatic pressure processing (HPP), which is the most 
widely adopted non-thermal processing technology for food so far (mostly aimed at 
shelf life extension) (Bolumar et al. 2021), other non-thermal technologies exist, 
some of them also combine pressure application for induction of microbial and 
enzymatic inactivation (Yu et  al. 2020). Another extremely promising industrial 
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direction for the application and advantages of high pressure is the extraction of 
valuable compounds from plant materials or sidestreams and their formulation 
(Knez et al. 2014). Such high pressure technologies, utilizing sub and supercritical 
fluids, have the potential of the creation of new products with unique properties or 
assist in the creation of new environmentally friendly and sustainable processes 
(Knez et al. 2014).

Mechanistically, pressure changes the distance between molecules, thus having 
a major impact on distance-dependent interactions, such as van der Waals, hydrogen 
bonds, electrostatic and hydrophobic interactions. On the other hand, covalent 
bonds are hardly affected (Martínez-Monteagudo and Balasubramaniam 2016). An 
additional governing principle is the principle of Le Chatelier, stating, that for a 
system in equilibrium, due to the application of pressure, the equilibrium will shift 
to a direction that tends to decrease the volume, thus any phenomenon that will be 
accompanied by a volume decrease will be enhanced (Martínez-Monteagudo and 
Balasubramaniam 2016; Tauscher 1995). Furthermore to its effect on reactions in 
equilibrium, pressure also affects the reaction rate constant, k. The reaction rate, k, 
depends on the activation volume ΔV≠, while the pressure effect on the equilibrium 
constant K depends on the reaction volume ΔV0 as described in Eqs. (5.1 and 5.2) 
(Martinez-Monteagudo and Saldaña 2014; Ramirez et al. 2009).
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Where R is the gas constant, T is the absolute temperature, and P is the applied pres-
sure. ΔV≠ is composed of changes in molar volume due to molecular reorganiza-
tion, alteration of bond angles and length, and those changes due to interactions of 
the reactants with the solvent (Martinez-Monteagudo and Saldaña 2014).

2  High Hydrostatic Pressure

To obtain microbial inactivation at pasteurization level high hydrostatic pressure 
(HHP) or high pressure processing (HPP) is well studied and already industrially 
applied with several hundred industrial units (Bolumar et al. 2021) manufactured in 
U.S.A, Spain, U.K, Japan, and China (Huang et al. 2017). In this technology, pack-
aged (in most cases) foods are pressurized via water, commonly used as a pressure 
transmitting medium, at pressure levels of up to 600 MPa and temperatures that 
usually will not pass 35 °C. Those conditions can, when compared to thermal treat-
ment of a similar inactivation capability, better preserve some of the sensorial and 
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nutritional aspects of processed products (Yu et al. 2020). Over the past decade, the 
technology has been evolving with manufacturers releasing HP vessels with larger 
capacity (i.e., 35 up to 525 L) and are gradually automating the processing lines, 
which enables improvements in productivity, energy consumptions, reduced pro-
cessing costs and times, which are directly related to the processing vessel volume 
(Bolumar et al. 2021). The most recent commercial system by Hiperbaric (Burgos, 
Spain) the “Hiperbaric bulk” having a volume of 1050 L allows a continuous treat-
ment of liquid foods by filling a recyclable plastic ‘bladder’ that occupies 90% of 
the inside vessel.

The idea and concept for the beneficial effect of pressure to ensure microbial 
stability are not new and were introduced in 1899 with the work of Hite on milk 
(Hite 1899). One of the most important principles of HHP is the isostatic rule: a 
force transported to the surface of a fluid is equally transmitted through the contact 
surface. In food processing, it means that when a packed product is submerged in a 
pressurized fluid, the pressure effects are distributed within the food quasi- 
instantaneously and uniformly, regardless of the food’s geometry and size (Martínez- 
Monteagudo and Balasubramaniam 2016). Furthermore, the pressurized material, 
while is reduced in volume due to the application of pressure, retains the original 
shape. By subjecting the food to pressures between 400–600 MPa for a short hold-
ing time (mostly 3–5 min for food preservation), pathogens and spoilage bacteria 
can be inactivated, while effects on low-molecular-weight compounds (e.g. sugar, 
vitamins, pigments, flavor compounds) are mostly avoided (Cheftel 1995; Farkas 
and Hoover 2000). Bacterial spores are resistant in the industrially relevant pressure 
levels at ambient temperature (Balasubramaniam, Martínez-Monteagudo,, and 
Gupta 2015), while foodborne viruses presented a pH and virus type dependent 
inactivation (Govaris and Pexara 2021), therefore requiring significant additional 
research. At high pressure, various mechanisms were suggested to explain the 
microbial inactivation: denaturation of membrane proteins, damage to cell mem-
brane due to phase transition and changes in its fluidity, enzyme inactivation, and 
the disintegration of ribosomes that can lead to cell death. Importantly, in real food 
products, one should also consider the impact of the presence of solutes in solutions 
that can infer baroprotection to some extent (Georget et al. 2015). Moderate pres-
sures below 180 MPa can result in sublethal cellular damage and decrease the rate 
of microbial growth (Bolumar et  al. 2021). Furthermore, such pressure levels 
(<200 MPa) were suggested to expand the application of pressure beyond a process-
ing step to replace thermal pasteurization towards a novel method of storage, replac-
ing refrigeration (termed hyperbaric storage). It is reported that the application of 
pressure at such moderate (compared to the pressure during HPP) levels has the 
potential to replace refrigeration by controlling microbial growth at ambient tem-
peratures. The potential advantage of such technology for energy conservation 
stems from the fact that for hyperbaric storage energy is only required during the 
compression and decompression phases, and not during the whole storage period as 
in refrigeration (Fernandes et al. 2019; Santos et al. 2015). In literature, pressure 
was also suggested to be combined with elevated temperatures to ensure spore inac-
tivation and/or better enzyme inhibition. The combination of pressure with heat, 
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often termed as high-pressure thermal sterilization (HPTS) or as pressure-assisted 
thermal sterilization (PATS), was suggested to be able to lead to benefits in terms of 
food safety and food quality when compared to conventional retorting. The sug-
gested benefits stem from shorter dwell times in comparison to the needed for 
achieving a similar sterilization effect in standard retorting, as well as due to a 
reduction in post-processing levels of unwanted potentially carcinogenic food pro-
cessing contaminants (FPCs), such as furan (Al-Ghamdi et al. 2020; Sevenich et al. 
2014), acrylamide, 3-MCPD-esters, HMF (Sevenich et al. 2020). One of the bene-
fits of HPTS over regular retorting is the utilization of the adiabatic heat originating 
from the compression work that results in a temperature increase ranging from 3 to 
9 °C per 100 MPa and helps to heat the product to the required temperatures (i.e., 
from 70  °C to 90  °C achieved by regular heating followed by an increase to 
90 °C–130 °C due to the adiabatic heating) (Sevenich et al. 2014). The gained tem-
perature will also drop during decompression (Bolumar et al. 2016). Several studies 
suggested that further to the US FDA certification for the technology that only con-
siders the thermal contribution to the lethality, pressure and temperature may act 
synergistically on spores inactivation (Sevenich et al. 2020).

HPP is suitable for a large variety of foods, as long as the liquid content is suf-
ficient to transmit the pressure, and the amount of air voids is low. Noncovalent 
molecular interactions such as ionic, hydrophobic, and hydrogen bonding are 
affected by pressure, and previous works suggested that the solvation of charged 
groups is accompanied by volume reduction, while the formation of coulombic 
interactions is accompanied by positive changes in volume (Balny et  al. 1997). 
Dissociation of ionic interactions is mostly favored by pressure, as well as the expo-
sure of hydrophobic residues during protein unfolding (Gross and Jaenicke 1994). 
Equilibrium thermodynamics concerning the structure and stability of biological 
macromolecules depend mainly on such noncovalent interactions (Gross and 
Jaenicke 1994), and therefore proteins and other macromolecules whose structure is 
often stabilized by different inter- and intra-molecular interactions are usually 
affected by HPP even at the short times required to achieve pasteurization level 
microbial inactivation.

The pressure effect on proteins is governed by Le Chatelier’s principle, shifting 
the equilibrium towards the state that occupies a smaller volume (Balny et al. 1997). 
The resulting effects such as unfolding, disassociation, denaturation, and aggrega-
tion are often described and reviewed in the literature (Bolumar et al. 2016). For 
comprehensive reviews on the impact of pressure on proteins, the readers are 
referred to several reviews on the topic (Balny et al. 1997; Heremans 1982; Knorr 
et al. 2006). Recent works suggest that hydrostatic pressurization can be a valuable 
tool to tailor protein properties, especially of importance for plant-based proteins, as 
it can impact solubility, aggregation, digestability, and other properties (Queirós 
et al. 2018).

As preservation without application of high temperatures reduces the occurrence 
of Maillard and caramelization reactions, less or no new aromatic compounds are 
likely to be formed during such preservation process, conserving the color and fla-
vor close to the original product (Huang et al. 2020). Starch swelling can be induced 
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by HPP, similarly to thermal gelation, and pressure can also cause lipid crystalliza-
tion (Huang et al. 2020).

In addition to the main beneficial application for food preservation, additional 
functionalities attributed to high hydrostatic pressure were suggested such as the 
utilization for protein gelation with reduced thermal load (Alvarez et  al. 2008; 
Katzav et al. 2020), an environmentally friendly method to enhance mass transfer 
for bioactive compounds recovery (Barba et al. 2015), improvement (compared a 
preservation similar condition) of the bioaccessibility of small bioactives (Barba 
et al. 2015; Eran Nagar et al. 2021) although contradicting reports were also pub-
lished, changes in the allergenicity, and higher saltiness perception by HPP allowing 
lower salt usage (Barba et al. 2015).

Pressure-induced pH shift is an additional important parameter that is often over-
looked with respect to the impact of pressure. Application of pressure results in the 
displacement of the equilibrium associated with food pH, typically towards more 
acid values (Mathys et al. 2008; Samaranayake and Sastry 2013). The pH shifts can 
affect the microbial inactivation by HPP (Mújica-Paz et al. 2011) and also the reac-
tion rates (Shkolnikov et al. 2020). It is important to note that due to the relatively 
short processing times, combined with the complexity of food matrices, reaching 
equilibrium is difficult, therefore the rate at which a reaction occurs, that can 
decrease, increase, or not to be affected by pressure, is often more important than 
the equilibrium (Martinez-Monteagudo and Saldaña 2014).

2.1  Supercritical Fluid Extraction

Compressing a gas or liquid past its critical point will cause it to enter a phase 
known as the supercritical phase, and the extraction medium in this phase is called 
a “supercritical fluid” (Shi et al. 2012). With a combination of temperature and pres-
sure, certain chemicals become excellent solvents for particular solutes, allowing 
improved extraction (Rozzi and Singh 2002), therefore pressure can also assist in 
liquid-solid extractions. The supercritical solvent extraction process refers to the 
actions of liquids at or near supercritical conditions for separation or extraction 
processes. Over the past few years, several applications of this technology have 
been proposed, covering industries such as food, pharmaceuticals, chemical, and oil 
processing.

The specific temperature (Tc) and pressure (Pc) for such a critical point are 
unique for pure substances. Critical pressure is defined as the highest pressure at 
which a liquid can be converted to gas by increasing its temperature, while the criti-
cal temperature is the highest temperature at which a gas can be converted to a liq-
uid by increasing the pressure (Hedrick et  al. 1992). At conditions above their 
critical temperature and pressure, a supercritical fluid (SCF) is a gas-like fluid that 
takes the shape of its container, fills it, and has a liquid-like density (0.1–1 g/ml) 
providing the high solvent power, while the gas like viscosity and diffusivity, 
enhance the mass transfer properties during extraction (Demirbaş 2001; Shi et al. 
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Fig. 5.1 Schematic pressure-temperature phase diagram for carbon dioxide

2012). A schematic supercritical pressure-temperature phase diagram for carbon 
dioxide a representative of SCFs is presented in Fig. 5.1. Parameters such as density, 
viscosity, diffusivity, heat capacity, and thermal conductivity are affected by chang-
ing pressure and temperature beyond the critical points, altering the extraction pro-
cess (Shi et al. 2012).

Due to the fact that SCF’s have both gas and liquid-like properties, they have the 
advantage of having solvation characteristics of liquid while the mass transfer prop-
erties of gas, allowing high diffusivity. SFCs have no surface tension and can be 
compressed, attenuating their density and their solubilization properties. The vari-
able fluid density can provide an additional parameter for extraction control. 
Typically, SCFs are maintained at a temperature close to their critical value and at a 
pressure high enough for their density to become more than their critical density.

The following compounds were previously suggested as SCF’s: CO2, ethane, 
propane, hexane, ethylene, nitrous oxide, methanol, ethanol. Since CO2 is nonflam-
mable, harmless, noncorrosive, inexpensive, nontoxic, highly available, odorless, 
and tasteless it is probably the most studied SCF. In addition, the critical pressure 
and temperature (7.38 MPa, 31.1 °C) are relatively mild contributing to its desir-
ability for extraction. Many supercritical- CO2 applications utilize pressures and 
temperatures ranging from 20 to 50 MPa, and between 40 °C and 80 °C respec-
tively, to extract natural products or bioactive compounds.

Pressure reduction to atmospheric pressure allows elimination of the CO2 yield-
ing a solvent-free extract, and as the extracted product is no longer soluble in the 
gas, it precipitates, removing the need for an additional separation step. In some 
cases, limited quantities of added polar or nonpolar co-solvents are used to increase 
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the extractability of polar components or components with relatively higher molec-
ular weight (Shi et al. 2012). The addition of a small quantity of co-solutes, usually 
3–20%, like ethanol may also result in improved selectivity. Current literature 
requires a better understanding of the phase behavior and solubility of multi- 
bioactive component combinations in supercritical- CO2. Solvent power is related to 
the density of the supercritical fluid. At constant pressure, usually density decreases 
with increasing temperature. Higher density was previously correlated with 
increased solvating power (Shi et al. 2007). Elevation in temperature usually leads 
to increased solubility of targeted compounds in supercritical CO2.

It has been established that supercritical fluid- CO2 is suitable for the extraction 
of essential oils, functional fatty acids, antioxidants, and other bioactive compounds. 
High-pressure carbon dioxide (HPCD) was also proposed as an alternative for cold 
pasteurization techniques for a wide range of food products without the application 
of high temperatures (Ferrentino and Spilimbergo 2011; Silva et al. 2020). HPCD 
involves contact of food with sub-or supercritical (pressurized at ≥ 0.1 MPa (1 bar)) 
CO2 in a continuous, semi-continuous, or batch process, at a relatively low tempera-
ture (lower than thermal pasteurization) (Yu et al. 2020). Its milder conditions (in 
terms of pressure level) give HPCD some advantages over HHP. Several steps in a 
complex mechanism were suggested to explain how pressurized CO2 can induce 
bacterial inactivation including: modification of cell membrane by the solubilized 
CO2, intracellular pH decrease, enzyme inactivation due to the pH change, direct 
inhibitory effect on metabolism, and removal of vital components from cells. For a 
detailed review on the impact of such technology on microbial inactivation, the 
readers are referred to a previously published article (Garcia-Gonzalez et al. 2007). 
In addition, HPCD was shown to inactivate enzymes such as Polyphenol Oxidase 
(PPO) and Pectin Methylesterase (PME) in pressure, temperature, and CO2/enzyme 
concentration-dependent ratios. Different mechanisms were suggested to explain 
the enzymatic inactivation, including pH reduction, conformational changes of the 
secondary and tertiary structure, and direct inhibitory effects of CO2 on enzyme 
activity, yet the underlying mechanism is not clear (Benito-Román et al. 2020). N2 
was also suggested for a similar application, yet it showed no or little effect for 
microbial reduction. An increase in CO2 pressure generally accelerates microbial 
inactivation, allowing to decrease exposure time, yet a maximal pressure where no 
further improvement occurs. Also, an increase in temperature enhances microbial 
inactivation (when all other conditions are equal). The supercritical CO2 conditions 
were found to be more effective in inactivating microbial cells than subcritical con-
ditions (liquid state under pressure and temperature levels above the boiling point at 
atmospheric pressure), likely stemming from the physico-chemical properties of 
supercritical CO2 like the liquid-like density in combination with gas like mass 
transport properties as described above. In addition cell rupture due to rapid release 
of pressure, and fast cooling due to Joule-Thomson effect occurring when pressur-
ized CO2 expands during the decompression may also play a role in the 
inactivation.
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2.2  Subcritical Extraction

While the utilization of water for extraction is preferred in terms of practically all 
aspects, as it a ubiquitous, non-toxic and with minimal costs, the high polarity of 
water at ambient conditions limits its capacity to solubilize and extract compounds 
with moderate and low polarity. In order to extract moderately polar, and low polar-
ity compounds, water can be used at elevated pressures that keep it in a liquid state 
at high temperatures (Shi et  al. 2012). The pressurized low polarity extraction, 
mostly relevant for water, is known as subcritical water extraction (SWE) and is 
based on applying sufficiently high pressures to keep water, at temperatures between 
100 °C and 374 °C, in a liquid state. This allows the utilization of water as a safe and 
efficient extraction solvent for compounds from different sources such as plant and 
algae matrices (Zakaria and Kamal 2016). The pressure levels between 1 and 
22.1  MPa are below the critical pressure (Zhang et  al. 2020). Such conditions 
increase extraction efficiency by improving mass transfer and altering the polarity 
of water (Shi et al. 2012). Water at room temperature and atmospheric pressure is a 
highly polar solvent with a high dielectric constant (ɛ) due to hydrogen bonding. 
Increasing the temperature diminishes those electrostatic interactions between the 
water molecules and also between water molecules and the surrounding ions and 
solute molecules. Thus, intermolecular interactions involving hydrogen bonding 
become less pronounced, making water a poorer solvent for salts, favoring London 
dispersion forces (Plaza and Turner 2015). Specifically, two aspects were suggested 
to explain the extraction efficiency of subcritical water, improvement in solubility 
and mass transfer effects, and increased damage to surface balance (Ong et  al. 
2006). As the polarity decreases when temperature increases, keeping the water at a 
liquid state can allow the extraction of lower polarity compounds. The dielectric 
constant (or relative permittivity) is easily manipulated to a range of values from 
~80 to ~20 by temperature under those moderate pressures allowing to dissolve low 
and medium polarity compounds (Zhang et al. 2020). As an example, subcritical 
water at 250 °C and a P > 40 bar has a dielectric constant of 37 compared to 80 at 
regular ambient conditions. Such a dielectric constant is similar to the one of etha-
nol, which is known to be used for the extraction of low polarity compounds. Such 
decrease in the dielectric constant is only possible when the temperature increase is 
sufficient to induce a substantial hydrogen bond break down, while the liquid state 
needed for the extraction is maintained by pressurization. Hydrogen bonds in water 
are self associating, with the strength of one hydrogen bond being affected by addi-
tional hydrogen bonds around it. Therefore a small change to one hydrogen bond 
affects the entire water volume, affecting the dielectric constant. The increased ther-
mal agitation with increasing temperature decreases the strength of each hydrogen 
bond leading to the amplification in the reduction in the dielectric constant (Carr 
et al. 2011).

In addition, in such conditions, the viscosity and surface tension will decrease 
steadily (Zhang et al. 2020). Unlike the crucial effect of temperature in modifying 
the dielectric constant and therefore the capacity to efficiently extract compounds 
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with low polarity, the pressure level has no major effect on the recovery by SWE as 
long as the pressure is sufficiently high to keep the liquid state of water. Other fac-
tors that must be controlled during process optimization is particle size (usually 
smaller particles improve yield), solid to liquid ratio and flow rate, extraction time 
(considering also the impact of the high temperature on degradation), the addition 
of modifiers, type of extractor (continuous or batch) (Zhang et al. 2020). The effect 
on the solubility of non-polar compounds is not always directly proportional to the 
dielectric constant values, and/or complex molecular interactions can take place 
when a co-solute is added to the water system (Carr et al. 2011), therefore specific 
verification for extraction depending on the matrix and target molecule is required. 
It is also important to take into account that additional processes will likely be 
needed to remove moisture after extraction. A possible downside of the technology, 
stemming from the high temperatures, could be enhanced rates of unwanted reac-
tions such as oxidation and hydrolysis, therefore in such a process, still, there is an 
advantage for minimization of processing time and temperature for thermally liable 
compounds. In addition, it should be noted that with the increasing solubility of less 
polar compounds with increasing temeperature, the co-extraction of polar com-
pounds may decrease. An additional possible advantage for the extraction process is 
that the energy provided by the subcritical water can disturb interactions between 
the target solute and the matrix or the target solute and other solutes, therefore, 
reducing the activation energy required for the desorption process (Zhang et  al. 
2020). Successful extraction by SWE was reported for a range of polysaccharides 
aiming at immunological, antioxidant, and anti-tumor activity. The efficacy of SWE 
extraction for flavonoids, as well as the optimal processing conditions, were found 
to be dependent on flavonoid structure (Ko et al. 2014). The structure-dependent 
solubility improvement by SWE requires further work, despite some generalities on 
the effect of structure on solubility were already reported (Carr et al. 2011).

3  Future Considerations

The agri-food industry is one of the most principal industries directly and strongly 
related to consumer health and well-being. Pressure is an important thermodynamic 
parameter that can help in extending the range and diversity of processed foods and 
extracted ingredients while minimizing negative thermal effects and the need for 
solvents, negatively affecting the environment. The utilization of pressure-based 
technologies, due to the advantages in terms of the preservation of original com-
pounds and reducing the need for solvents can play a major role in the growing 
trends of sustainable and health-promoting food production and agri-produce pro-
cessing. Pressure can assist in both preserving higher content of beneficial compo-
nents and in reducing the need for compounds like preservatives and additives often 
considered having a negative health effect, thus promoting a cleaner product label. 
When considering the application of pressure in processing one should clearly con-
sider the costs, often stemming from the investment in equipment and personnel, but 
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also should take into account less-discussed impacts such as the effect of pressure 
on reaction kinetics.
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Chapter 6
Mechanical Technologies: Ultrasound 
and Cavitation in Food Processing

Kaouther Kerboua, Djihane Mazouz, Imen Hasaounia, 
and Oualid Hamdaoui 

1  Introduction

Food processing can be simply defined as the effective conversion of agricultural 
products into more appealing, shelf-stable, compact and value-added consumer 
ready to use products (Feng et al. 2011).

Conserving the natural flavor and taste of foods and reducing or eliminating the 
use of chemical additives and preservatives increased the interest in the use of non- 
thermal technologies in food processing. Ultrasound assisted techniques have 
emerged as one of the promising non thermal solutions in agri-food sector involving 
less time, less water and less energy than conventional techniques. These techniques 
in the field of food industry are well known for significantly influencing the process-
ing rate of different used processes (Bhargava et al. 2021; Dastkhoon et al. 2018). 
Sono-food processing has been a subject of research and development for many 
years (Gogate and Pandit 2011; Demirdöven and Baysal 2009; Mason et al. 1996), 
and is still in the surge of technologists’ attention owing to the variety of possible 
applications ranging from cutting, dehydration, extraction, freezing, crystallization, 
filtration to preservation and more.

The ultrasound assisted techniques in food processing rely principally on the 
mechanical effects induced by the propagation of ultrasonic waves in fluids, but also 
all the physical and chemical effects induced by acoustic cavitation bubble. In the 
present chapter, the fundamentals of acoustic cavitation and its physical and chemi-
cal effects will be presented, with the objective of linking the microscopic events 
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occurring when irradiating a fluid with ultrasound, to the macroscopic applications 
(Bratsikhin et al. 2019) of ultrasound and acoustic cavitation in food industry.

The chapter will also cover selected applications of ultrasound in food- processing, 
with reference to experimental and theoretical works retrieved in the literature and 
dealing with those application at laboratory and industrial scales.

Finally, some perspectives are given to sono-processing and ultrasound assisted 
technologies in agri-food sector, while highlighting the main challenges facing 
this field.

2  Fundamentals of Acoustic Cavitation Bubble

2.1  Bubble Inception, Growth and Dynamics of Oscillation

An acoustic wave is a propagation of pressure oscillation with sound velocity in a 
medium such as liquid, gas, or solid. The acoustic pressure amplitude Pa is defined 
as the amplitude for pressure oscillation. The wavelength λ of an acoustic wave is 
defined as the length for one pressure oscillation. The acoustic period T is defined 
as time for one pressure oscillation. The frequency f of an acoustic wave is defined 
as the number of pressure oscillations per unit time and is then the reverse of the 
period. The sound velocity (or sound speed) c is defined as the distance for a pres-
sure disturbance propagating per unit time. The sound velocity in liquid water at 
room temperature  is about 1500 m/s, i.e., almost 4.5-fold higher than in dry air, 
where it is estimated at 340 m/s. The sound velocity in liquid water increases with 
the increase of the  emperature and has a maximum value of about 1555  m/s at 
around 74 °C.

Owing to the high oscillating frequency of liquid molecules in an ultrasonic field 
and the high viscosity of the liquid medium compared with a gas, liquid molecules 
absorb a large amount of energy from the propagation of ultrasonic wave. The high 
energy absorption of liquid molecules and high acoustic pressure in the presence of 
gaseous germs make it possible for ultrasonic field to overcome intermolecular 
interactions in a solvent, and produce numerous cavities, which is referred to as 
acoustic cavitation.

In practice, weaknesses in liquid medium can typically occur in two forms. (i) 
Homogeneous nucleation, induced by the thermal motions within the liquid, which 
form temporary microscopic voids that constitute nuclei. (ii) Heterogeneous nucle-
ation that explains the major weaknesses occurring in liquid medium, and manifest-
ing at the boundary between the liquid and a solid phase or between the liquid and 
small particles suspended in the liquid (Jena 1965).
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2.1.1  Homogeneous Nucleation Theory

We present here a brief and simplified version of homogeneous nucleation theory. 
Acoustic cavitation, concisely defined as the formation, growth and collapse of 
microbubbles within an aqueous solution, results from pressure fluctuations that 
occur in the liquid medium irradiated by an acoustic field in the range of ultrasound, 
with appropriate value of frequency and amplitude. The formed cavities drain and 
accumulate ultrasonic energy, and explosively release their energy by the collapse 
of cavities (Luo et  al. 2015). The event of a collapsing bubble is a microscopic 
implosion accompanied of a significant increase of temperature and pressure of up 
to thousand Kelvin and hundred Bar (Yasui et  al. 2007; Kerboua and Hamdaoui 
2017), a release of heat energy and high local turbulence. The elevated temperatures 
in the vicinity of collapsing bubble, known as “hot spots”, can activate chemical 
mechanisms particularly characterized by the formation of free radicals (Leong 
et  al. 2011; Kerboua and Hamdaoui 2019a), while the local turbulence and the 
abrupt release of concentrated localized energy induces several physical effects of 
mechanical nature such as mass transfer and surface erosion (Fu et al. 2020).

The ultrasonic wave propagates through ultrasonic generator, transducer, horn 
and radiation rod to liquid, causing medium molecules vibration. The average dis-
tance between molecules decreases in the acoustic compression phase, while 
increases in the rarefaction phase. In pure liquid, cavitation will occur when the 
liquid additional negative pressure reaches a critical value, whose magnitude is 
called cavitation threshold (Ye and Zhu 2017). In fact, cavities are formed when 
adequately large negative pressure is applied to the liquid so that the average dis-
tance between the molecules exceeds the critical molecular distance required to 
hold the liquid intact. However, in order to attain this critical distance, a huge energy 
is needed, to illustrate, the creation of a microscopic cavity-void with a radius of 
barely 0.4  nm in water, the minimum required negative pressure is estimated at 
1400 atm.

However, what makes it easier in the case of acoustic cavitation is the presence 
of gaseous impurities, which dramatically reduces the tensile strength and conse-
quently the required negative pressure. This has been proved by experiments on 
tensile strength (Brennen 2013).

2.1.2  Heterogeneous Nucleation Theory

Acoustic cavitation is observed with a pressure amplitude of about 1 atm, implying 
that pre-existing nuclei or sites for nucleation assist the growth of acoustic cavita-
tion bubbles. Acoustic cavitation event is then explained by a sound wave imposing 
a sinusoidally varying pressure upon existing cavities in solution, namely gaseous 
impurities. In the rarefaction phase of the ultrasonic wave, instantaneous local pres-
sures in liquid become negative when the acoustic pressure amplitude is larger than 
the ambient pressure. Negative pressure is the result of the “force” to expand a liq-
uid element and is possible only in liquids or solids, and impossible in gases. 
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Consequently, gases dissolved in the liquid appear as gas bubbles because gases can 
no longer be dissolved in the liquid under negative pressures (Yasui 2018). During 
the negative pressure cycle, the liquid is pulled apart at sites containing such a gas-
eous impurity, which are known as “weak spots” in the fluid. The number of bubbles 
that are produced during this rarefaction cycle is proportional to the density of such 
weak spots present in the fluid (Leong et al. 2011).

2.1.3  Cavitation Types and Expected Effects

During its lifetime, acoustic cavitation bubble can be either vaporous or gaseous. 
Vapor of liquid is introduced to the bulk of the bubble through the non-equilibrium 
of evaporation and condensation process (Fujikawa and Akamatsu 1980; Yasui 
1998; Kerboua and Hamdaoui 2018a), while gases are introduced through a diffu-
sion process, much slower than the evaporation process. Physical effects are more 
pronounced when acoustic cavitation bubbles are of vaporous nature (Yasui 2018). 
The reason is that acoustic cavitation bubbles under low frequency ultrasound tend 
to grow to larger size than under mid to high frequencies (Carrillo-Lopez et  al. 
2017). During this growth process, vapors of the liquid accumulate in the volume of 
the bubble and give it a vaporous nature. These bubbles, of bigger size, are charac-
terized by a harsh collapse accompanied of strong cavitation microstreaming, shock 
waves and microjets. This observation is summarized in Table 6.1.

2.1.4  Growth and Oscillation of Acoustic Cavitation Bubble

There are two mechanisms in growth of a bubble in acoustic cavitation. The first 
mechanism is coalescence of bubbles. The coalescence of bubbles is driven by the 
two processes. One is the attractive radiation force between bubbles called second-
ary Bjerknes force. The other is the radiation force called the primary Bjerknes 
force which drives active bubbles to the pressure antinode of a standing wave field 
(Sunartio et al. 2007).

The second mechanism for bubble growth is known as rectified diffusion and is 
defined as the gas diffusion into a bubble due to the area and shell effects. The 
bubble growth rate due to rectified diffusion strongly depends on acoustic 

Table 6.1 Broad classification of acoustic frequencies and their major effects

Acoustic conditions Frequency range Major effect
Nature of the 
bubble

Low frequency, high power 20–100 kHz Physical effects Vaporous bubble
Intermediate frequency, medium 
power

100 kHz–1 MHz Sonochemistry Gaseous bubble

High frequency, low power 1–10 MHz Diagnostic 
applications

–
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conditions. This rate decreases as ultrasonic frequency increases for the same acous-
tic pressure amplitude (Crum 1980; Lee et al. 2005).

At the initial development of acoustic cavitation, rectified diffusion may be the 
main mechanism of bubble growth, whilst when acoustic cavitation is fully started, 
coalescence of bubbles may be the main mechanism of the bubble growth as the rate 
of coalescence is proportional to the square of the number density of bubbles which 
should be small at the initial stage of acoustic cavitation (Pankaj and Ashokkumar 2011).

Within the bubble population, if the bubbles are small and occur below the cavi-
tation threshold, they will simply dissolve away, they are known as dissolving bub-
bles (Yasui 2002; Kerboua et al. 2021a).

Bubbles formed through cavitation will begin to expand and collapse under the 
influence of the acoustic field, if the expansion-collapse cycle is sinusoidal, mim-
icking that of the acoustic wave, the bubbles are qualified as linearly oscillating 
bubbles (Louisnard and González-García 2011).

Alternatively, for certain bubble sizes and acoustic pressures, the bubble expan-
sion phase is extended and is followed by a violent collapse back to a smaller bubble 
size. Bubbles occurring such oscillation dynamics are known as inertial cavitation 
(Johansen et al. 2017).

If inertial acoustic cavitation bubbles persist for many hundreds of acoustic 
cycles, they are referred to as stable, or repetitive transient cavitation (Kerboua and 
Hamdaoui 2018b). Furthermore, if stable or repetitive transient cavitation are active 
in sonochemistry, they are qualified as high energy stable cavitation (Yasui 2011; 
Kerboua et al. 2021b). An example of the dynamics of oscillation of a repetitive 
transient acoustic cavitation bubble is given in Fig. 6.1.

Alternatively, if the acoustic amplitude is higher, the inertial acoustic cavitation 
bubble will grow and collapse spectacularly within a very few acoustic cycles and 
the collapsed bubble then disintegrates into a mass of smaller daughter bubbles, 
which are often small and themselves collapse in chain so that complete annihila-
tion of the original bubble occurs. These bubbles are known as unstable or transient 
cavitation (Yasui 2011; Kerboua and Hamdaoui 2020). An example of the dynamics 
of a transient bubble oscillation is illustrated in Fig. 6.2.

Finally, it is worthy to mention that higher yield of gases diffuses into the bubble 
during the expansion phase than leaks out during collapse. This causes larger bub-
bles to grow by rectified diffusion over a very large number of acoustic cycles. 
Large bubbles also tend to form coalesced bubbles. By both mechanisms, the formed 
big bubbles will attain a size where they will simply float away to the liquid surface. 
These bubbles are known as degassing bubbles (Leighton 1995).

2.2  Physical Effects of Acoustic Cavitation Bubble

This overview focuses on the physical effects induced by the passage of ultrasound 
through a liquid medium and the formed transient acoustic cavitation bubble. The 
physical effects may vary from the mechanical turbulence created due to the 
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Fig. 6.1 Simulated stable or repetitive transient bubble radius over four acoustic cycles for acous-
tic bubbles of 1.5 μm of ambient radius under an exciting wave of 300 kHz and 1.5 atm. The bub-
bles are supposed to oscillate in water under oxygen atmosphere

passage of ultrasound through water, namely vibration and acoustic streaming, to 
the physical consequences of acoustic cavitation, namely streamers, cavitation 
microstreaming, microjets and shock waves (Yusof et al. 2016). All these effects are 
reported in Fig. 6.3.

2.2.1  Acoustic Streaming

When a liquid medium is irradiated with ultrasound, the immediate consequence is 
acoustic streaming. This large-scale streaming refers to the regular oscillatory 
motion of the fluid volume elements with a time independent flow velocity due to 
the second-order nonlinear propagation of the acoustic wave occurring when the 
acoustic wave propagates through the liquid medium. Acoustic streaming can be 
viewed as physical forces of the sound waves that provide a driving force capable of 
displacing ions and small molecules (Marshall and Wu 2015). Acoustic streaming 
can have extremely complex pattern, with linear and nonlinear interactions between 
the cavitation bubbles and with the microstreaming associated with the microbub-
bles occurring at the small scale. Wu (2018) exposed in a recent review of acoustic 
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Fig. 6.2 Simulated unstable or transient bubble radius over four acoustic cycles for acoustic bub-
bles of 4 μm of ambient radius under an exciting wave of 300 kHz and 1.5 atm. The bubbles are 
supposed to oscillate in water under oxygen atmosphere

Transient cavitation

Physical effects

Acoustic 
streaming 
vibration

Microstreamers
Cavitation 

microstreaming
Microjets Shock waves

Fig. 6.3 Physical effects accompanying the oscillation and collapse of transient acoustic cavita-
tion bubble

streaming and its applications the detailed theoretical background behind the acous-
tic streaming.

There are mainly two types of acoustic streaming, namely, Eckart streaming and 
Rayleigh streaming (Luo et al. 2018). One is accelerating direct current fluid flow in 
the direction of the acoustic traveling wave propagation. This is caused by the atten-
uation of the acoustic traveling wave mainly resulting of the viscosity of the fluid. 
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Due to attenuation, an unbalance of radiation forces is created since the radiation 
pressure pushing a fluid parcel becomes stronger than that pulling it. This causes the 
accelerating fluid flow called Eckart streaming (Bjørnø 2017). The second type of 
acoustic streaming is a vortex-like streaming caused by viscous stress at the bound-
ary layer near a wall or an object, regardless of the situation of a traveling or stand-
ing wave. This type is known as Rayleigh streaming (Yasui 2017).

Large scale acoustic streaming plays a significant role in enhancing heat and 
mass transfer processes in the liquid but also around solid surfaces. Indeed, the 
acoustic streaming patterns around solid objects are believed to be the strongest 
within a few millimeters of the solid surface. This boundary layer effect around a 
solid surface is important and quite interesting in several applications, because it is 
usually such boundary layers that offer the greatest resistance to both heat and mass 
transfer. The surface effects of large-scale acoustic streaming are also important in 
emulsification, where interfacial turbulence is associated with droplet formation 
and nebulization. The acoustic streaming effects cause a fountain structure to form 
at the air/water interface from which microdroplets are ejected (Luo 2020).

2.2.2  Microstreamers

Acoustic standing waves can result from the reflection of sound from a solid surface 
or an air–liquid interface back into the solution at the same time that a wave is gen-
erated at the transducer. At the pressure antinode of such a standing wave pattern, 
the pressure fluctuates from a maximum to a  minimum amplitude with time. 
Conversely, at the pressure node, the acoustic pressure is invariant and close to zero.

A phenomenon referred to as Bjerknes forces causes smaller bubbles to accu-
mulate at the antinode, while larger bubbles accumulate at the node. In moving 
to the antinodes, the cavitation bubbles travel in ribbon-like structures referred to 
as “streamers” coalescing as they collide (Bai et al. 2014). A filamentary struc-
ture, referred to as an acoustic “Lichtenberg” figure is then created (Parlitz 
et al. 1999).

To illustrate, at 20 kHz, the bubbles forming the streamers are typically less 
than 10 μm in size, about a millimeter apart and traveling at less than 1 μm/s. 
This bubble translation is known to dislodge particles from fouled surfaces, in 
cases where the surface itself acts as the pressure antinode. Movement of bubbles 
toward a solid surface acting as a pressure antinode within an acoustic standing 
wave pattern results in increased turbulence within this same zone (Kentish and 
Ashokkumar 2010).

2.2.3  Cavitation Microstreaming

Acoustic cavitation microstreaming refers to the microscopic streaming most often 
created by a microbubble. Acoustic microstreaming do not rely at all on the pres-
ence of microbubbles, it can also occur around a solid particle. However, it is much 
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more significant around a bubble because the speed of microstreaming is propor-
tional to the square of vibration speed of an object. The speed of microstreaming 
around a pulsating acoustic cavitation bubble is 102 to 106 times larger than that 
around a solid particle. Thus, the term “microstreaming” is usually used for liquid 
streaming around a pulsating bubble and is preferentially called “cavitation 
microstreaming”. This is consistent with the early observations of Kolb and Nyborg 
(1956), who allowed cavitation bubbles to form under the influence of various fre-
quencies in the audible range up to 11.4 kHz. They observed that streaming is most 
pronounced when the bubble is oscillating in its volumetric mode or when the bub-
ble is on a solid boundary.

Cavitation microstreaming was noted to have detrimental biological effects. For 
instance, ultrasonic destruction of Paramecium cells was observed to be caused spe-
cifically by microstreaming flows. Marmottant and Hilgenfeldt (2003) also reported 
that microstreaming from a microbubble was also observed to disrupt an artificial 
vesicle, which is a model biological cell.

2.2.4  Microjets

Microjetting is a microscopic flow of liquid emitted by the bubble and occurring 
during asymmetric bubble collapse. Near an extended solid surface, the collapse of 
an acoustic cavitation bubble is non-spherical and drives high-speed jet of liquid to 
the surface known as microjet. This microjet is directed toward the solid surface and 
this can lead to pitting and erosion. The surface action can also dislodge particles 
attached to the surface and break down large aggregates into smaller particles (Yuan 
and Prosperetti 1997; Peters et al. 2015). The mechanism of microjets is attributed 
to the difference in pressures applied on the bubble wall from the solid and liquid 
sides, respectively. Just before the bubble collapses near a solid surface, the liquid 
pressure on the bubble surface near a solid boundary becomes much lower than that 
on the other side of the bubble surface. As a result, a jet penetrates into the bubble 
and finally hits the solid surface.

However, jet penetration also occurs when two neighboring bubbles collapse 
simultaneously. Another situation of jet penetration into a bubble can be encoun-
tered when the bubble collapses in a traveling ultrasonic wave (Yasui 2018).

Kornfeld and Suvorov (1944) were the first researchers to propose the microjet 
theory, they indicated that when a bubble collapses near a solid wall, the bubble 
deforms into flat-shape or ingot-shape and finally collapses producing a micro-
scopic jet flow impingement on that wall. Crum (1995) and Gregorčič et al. (2007) 
subsequently observed the microjet impact produced by bubble collapse on a wall, 
using high-speed photography. Plesset and Chapman (1970) reported that the micro-
jet velocity is about 130 m/s when the bubble collapses attached to the wall and is 
about 170 m/s when the bubble collapses near the wall. This result is coherent with 
the findings of Brujan (2004) who observed that microjet velocity produced by the 
collapse of a bubble having a maximum radius of 150 μm ranges from 80 to 130 m/s. 
Sato et al. (2016) used the impact effect of bubble collapse to deal with the surface 
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of a hard aluminum alloy plate and found that the fatigue of the material increased 
more than 10 times (Yasui 2018), microjets are then believed to be the key phenom-
enon responsible of material erosion under the effect of ultrasound and acoustic 
cavitation.

2.2.5  Shock Wave

The collapse of a bubble during transient or repetitive transient cavitation induces 
extremely high pressures that result in outward propagating shock waves. This sud-
denly released pressure into the liquid medium generates shock waves that are help-
ful to enhance mass transfer and shear induced processes. This cataclysmic event, 
i.e., shock waves, can also cause severe turbulence within the immediate surround-
ings and produce high velocity interparticle collisions, the impact of which is suf-
ficient to melt most metals (Jena 1965), break polymer chains or destroy the cell 
walls of plant and animals. The shock wave approach considers bubbles to remain 
spherical during collapse, and the collapse causes a shock wave with an order of 
magnitude of several megapascals at a final stage.

The energy released from a single transient collapse is extremely small, but mil-
lions of bubbles collapse every second and the cumulative effect is large. Fortes 
Patella and Reboud (Fortes Patella and Reboud 2004) investigated numerically the 
interaction between the shock wave emitted by a collapsing acoustic cavitation bub-
ble and the material, they concluded that cavitation damage is directly related to the 
shock wave and material characteristics. Brujan (Brujan 2004) reported that at a 
distance of 68 μm from the bubble wall, the shock wave pressure is 1.3 ± 0.3 GPa 
(Ye and Zhu 2017).

2.3  Chemical Effects of Acoustic Cavitation Bubble

The violent collapse events that occur during transient and repetitive transient cavi-
tation can also generate enormous temperatures at a localized level, exceeding 
5000 K (Kerboua and Hamdaoui 2018c). These high temperatures and the violent 
pressure changes occurring simultaneously can cause a number of chemical changes 
to occur within both the gaseous phase inside the cavitation bubble and in the imme-
diate fluid surrounding it (Pankaj and Ashokkumar 2011).

Primary radicals are formed as a direct result of the high temperatures inside a 
collapsing bubble. In the heated interior of the bubble, water vapor and gas mole-
cules, if reactive, are dissociated and oxidants such as OH radicals, H2O2, O atoms, 
and O3 are formed. Table 6.2 illustrates the possible reactions occurring in the bulk 
volume of the bubble under oxygen atmosphere.

The oxidants diffuse out of the bulk volume of the bubble, represented in Fig. 6.4, 
into the surrounding liquid, and chemically react with solutes if present. Such 
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Table 6.2 Possible reactions occurring inside an O2/H2O collapsing bubble

No. Reactions Afi bfi

Eafi/Rg

(K) Ari bri

Eari/Rg

(K)
ΔHi

(kJ/mol)

1 H + O2 ⇌ O + ●OH 1.92 × 108 0 8270 7.18 × 105 0.36 −342 6917
2 O + H2 ⇌ H● + ●OH 5.08 × 10−2 2.67 3166 2.64 × 10−2 2.65 2245 823
3 ●OH + H2 ⇌ H● + H2O 2.18 × 102 1.51 1726 1.02 × 103 1.51 9370 −6435
4 ●OH + ●OH ⇌ H2O + O 2.1 × 102 1.4 200 2.21 × 103 1.4 8368 −7259
5 H2 + M ⇌ H● + H● + M

Coef. H2: 2.5, H2O: 16.0
4.58 × 1013 −1.4 52,500 2.45 × 108 −1.78 480 44,447

6 O + O + M ⇌ O2 + M
Coef. H2: 2.5, H2O: 16.0

6.17 × 103 −0.5 0 1.58 × 1011 −0.5 59,472 −5054

7 O + H● + M ⇌ 
●OH + M
Coef. H2O: 5.0

4.72 × 105 −1.0 0 4.66 × 1011 −0.65 51,200 −43,623

8 H● + ●OH + M ⇌ 
H2O + M
Coef. H2: 2.5, H2O: 16.0

2.25 × 1010 −2.0 0 1.96 × 1016 −1.62 59,700 −50,882

9 H● + O2 + M ⇌ 
HO2

● + M
Coef. H2: 2.5, H2O: 16.0

2.00 × 103 0 −500 2.46 × 109 0 24,300 −2048

10 H● + HO2
● ⇌ O2 + H2 6.63 × 107 0 1070 2.19 × 107 0.28 28,390 −23,967

11 H● + HO2
● ⇌ 

●OH + ●OH
1.69 × 108 0 440 1.08 × 105 0.61 18,230 −16,226

12 O + HO2
● ⇌ O2 + ●OH 1.81 × 107 0 −200 3.1 × 106 0.26 26,083 −23,185

13 ●OH + HO2
● ⇌ 

O2 + H2O
1.45 × 1010 −1.0 0 2.18 × 1010 −0.72 34,813 −30,444

14 HO2
● + HO2

● ⇌ 
O2 + H2O2

3.0 × 106 0 700 4.53 × 108 −0.39 19,700 −17,535

15 H2O2 + M ⇌ 
●OH + ●OH + M
Coef. H2: 2.5, H2O: 16.0

1.2 × 1011 0 22,900 9.0 × 10−1 0.90 −3050 21,789

16 H2O2 + H● ⇌ 
H2O + ●OH

3.2 × 108 0 4510 1.14 × 103 1.36 38,180 −29,093

17 H2O2 + H● ⇌ 
H2 + HO2

●
4.82 × 107 0 4000 1.41 × 105 0.66 12,320 −6432

18 H2O2 + O ⇌ 
●OH + HO2

●
9.55 2 2000 4.62 × 10−3 2.75 9277 −5608

19 H2O2 + ●OH ⇌ 
H2O + HO2

●
1.00 × 107 0 900 2.8 × 107 0 16,500 −12,867

20 O3 + M ⇌ O2 + O + M
Coef. O2: 1.64
Coef. O2: 1.63, H2O: 15

2.48 × 108 0 11,430 4.1 0 −1057 10,927

21 O3 + O ⇌ O2 + O2 5.2 × 106 0 2090 0 0 0 −39,614
22 O3 + ●OH ⇌ O2 + HO2

● 7.8 × 105 0 960 0 0 0 −16,492
23 O3 + HO2

● ⇌ 
O2 + O2 + ●OH

1 × 105 0 1410 0 0 0 −12,192

24 O3 + H● ⇌ HO2
● + O 9 × 106 0.5 2010 0 0 0 −13,565

25 O3 + H● ⇌ O2 + ●OH 1.6 × 107 0 0 0 0 0 −962
M is the third body. Subscript “f” denotes the forward reaction and “r” denotes the reverse reaction. 
A is in (m3/mol s) for two body reaction and in (m6/mol2 s) for a three body reaction (Yasui 1997)
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Fig. 6.4 Sonochemical activity in the bulk volume of an acoustic cavitation bubble

chemical reactions are called sonochemical reactions, and chemistry associated 
with acoustic cavitation is called sonochemistry.

There are three sites for chemical reactions for a cavitation bubble. (i) The inte-
rior of the bubble, where volatile solutes which evaporate into this region are dis-
sociated by high temperature. (ii) The gas-liquid interface region, where the 
temperature dramatically increases due to the thermal conduction from the heated 
interior of a bubble where radicals with a relatively short lifetime such as OH and O 
react with solutes or radicals themselves and surfactants adsorbed at the bubble 
surface can dissociate at the interface region due to both heat and radical attack. (iii) 
The liquid region outside the interface region which is at the ambient temperature 
and where chemical species with a relatively long lifetime such as H2O2 diffusing 
out of the interface region chemically react with solutes (Jena 1965).

Sonochemistry is rigorously concerned by multibubble system, which is a com-
plex system owing to bubble-bubble interactions, changes in local acoustic field due 
to attenuation and scattering by moving bubbles. Moreover, bubbles frequently 
coalesce each other, fragment into daughter bubbles, grow by rectified diffusion, 
shrink by gas diffusion, and spatially move in a complex pattern due to radiation 
forces. In addition, new bubbles are permanently created and the bubble pulsation 
as well as the acoustic wave propagation are strongly nonlinear. For all these rea-
sons, most of researchers consider first a simpler system, which is the single acous-
tic cavitation bubble.

When a single bubble is considered, the number of generated free radicals 
abruptly increases when the temperature inside the collapsing bubble is at its maxi-
mum. This temperature can be increased by increasing the sonication power, 
increasing the static pressure, or decreasing the liquid temperature. The nature of 
the saturating gas plays a role as well, the heavier inert gases have a lower thermal 
conductivity and hence are less efficient at transferring heat away from the bubble 
to the surrounding fluid, they then increase the temperature at the bulk volume of the 
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bubble. The amount of generated heat depends also on the size of the cavitation 
bubble, the bigger the transient cavitation, the higher the amount of heat.

In a multibubble field, the total yield of generated free radicals is governed not 
only by the bubble temperature, but also by the number of active bubbles. In fact, it 
has been shown that the number of bubbles generated is the predominant factor in 
controlling the radical yield. Thus, for a given liquid volume and acoustic power, a 
greater number of radicals are generated at higher frequencies (Kerboua and 
Hamdaoui 2019b) and this can dominate over the radical production per bubble. For 
this reason, sonochemical effects are generally the most dominant at intermediate 
frequencies generally ranging from 200 to 500  kHz (Kerboua et  al. 2021c; 
Bermúdez-aguirre et al. 2011).

The sonochemical effect accompanying the oscillation of an acoustic cavitation 
bubble, when submitted to appropriate acoustic conditions, knows several applica-
tions in wastewater treatment, food and beverages industry, and biological processes 
(Leong et al. 2011; Yusof et al. 2016).

3  Sono-processing in Agri-food Applications

The effects induced by ultrasound and acoustic cavitation bubbles, particularly 
those of physical nature, know several applications in agri-food sector. Table 6.3 
reports most of the applications involving ultrasound and/or acoustic cavitation 
bubble in food processing. Some of these applications are discussed in detail in the 
next section.

3.1  Sono-extraction

Extraction is a major step in the development of natural functional food. The con-
ventional extraction technique is solvent extraction that has been associated with a 
large amount of organic solvent and heating. The development of extraction tech-
nologies has placed the ultrasound-assisted process as an emerging solution for 
improved recovery of food compounds with higher quality, lower extraction times, 
lower temperatures, less solvent volumes and lower energy consumption (Fu 
et al. 2020).

Sono-extraction is mainly explained by cell disruption caused by the implosion 
of acoustic cavitation bubble. The increase of the number of disrupted cells partici-
pate in weakening the limitation of cell structure on mass transfer from the solid 
matrix to the liquid phase (Yang et al. 2017).

Microstreaming accompanying the collapse of acoustic cavitation bubble causes 
violent turbulence that disrupts the surfaces of solid foodstuffs and facilitates the 
mixing of food materials and components in the medium. This also decreases diffu-
sion boundary layers (Bhaskaracharya et al. 2009), which consequently accelerates 
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Table 6.3 Ultrasound assisted processes applied to food industry and their basic ultrasound 
mechanism (Bhargava et al. 2021; Fu et al. 2020; Singla and Sit 2021; Chemat et al. 2011).

Application Definition
Ultrasound 
mechanism

Cutting Size reduction of large to medium sized parts of food 
material.

Cavitation 
phenomenon

Cooking Transferring heat to food component to bring about 
some physical/chemical transformations.

Uniform heat 
transfer

Picking and 
marinating

Soaking foods in a seasoned liquid before cooking. Increased mass 
transfer

Filtration Separation of solids from a suspension in a liquid by 
means of a porous medium which retains the solids 
and allows the liquid to pass through.

Vibration

Extraction Recover valuable soluble components from raw 
materials by primarily dissolving them in a liquid 
solvent, so that the components can be separated and 
recovered later from the liquid.

Increased 
diffusion

Drying The removal of solvent from a solid, semi-solid or a 
liquid.

Uniform heat 
transfer

Dehydration Removal of water from the water-containing 
compound until there is not enough moisture to 
support microbial activity.

Uniform heat 
transfer

Rehydration Imbibition of water into the dried material, swelling, 
and leaching of soluble materials.

Increased 
absorption

Freezing Lowering the temperature to inhibit microorganism 
growth.

Uniform heat 
transfer

Thawing Taking a frozen product from frozen to a temperature 
(usually above 0 °C) where there is no residual ice.

Uniform heat 
transfer

Crystallization The process of forming crystals from solution. Uniform heat 
transfer

Foaming Forming small bubbles in or on liquids. Dispersion of 
gas bubbles

Defoaming Removing bubbles and air from the surface of liquids. Cavitation 
phenomenon

Aeration/deaeration Adding/removing very tiny pockets of air to 
something.

Agitation

Degassing Removing dissolved gas from a liquid. Compression- 
rarefaction

Fermentation Converting carbohydrates to alcohol or organic acids 
using microorganisms like yeasts or bacteria, under 
anaerobic conditions.

Cavitation 
phenomenon

Homogenization Reducing a substance to extremely small particles and 
distributing it uniformly throughout a fluid.

Cavitation 
phenomenon

Emulsification Breaking up the dispersed phase into small droplets. Cavitation 
phenomenon

(continued)
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Table 6.3 (continued)

Application Definition
Ultrasound 
mechanism

Pasteurization- 
microbial 
inactivation

Destroying pathogenic microorganisms in certain 
foods and beverages.

Uniform heat 
transfer

Sterilization Complete destruction or elimination of all viable 
organisms in/on object.

Uniform heat 
transfer

Preservation-enzyme 
inactivation

Inhibiting the activity of enzymes present in the food 
that can lead to undesirable changes in flavor, texture, 
or color.

Uniform heat 
transfer

Encapsulation Incorporation of food ingredients, enzymes, cells or 
other materials in small capsules. Fats, starches, 
dextrins, alginates, protein and lipid materials can be 
employed as encapsulating materials.

Cavitation 
phenomenon

Packaging Enclosing food to protect it from tampering or 
contamination from physical, chemical, and biological 
sources.

Cavitation 
phenomenon

Gelation Converting liquid food into solid using viscoelastic 
substances.

Cavitation 
phenomenon
Uniform heat 
transfer

Demolding Separation of the set food from the mold substrate. Vibration
Oxidation Chemical reactions in the presence of oxygen affecting 

the food components.
Cavitation 
phenomenon

mass and heat transfers (Tao and Sun 2015). The oscillation of the acoustic cavita-
tion bubble, ending by its implosion can induce shear forces, fragmentation, sono-
poration erosion, capillary effect, turbulence and mixing, which also contribute to 
mass-transfer enhancement (Rodrigues and Fernandes 2017).

Ultrasound also contributes to the reduction of the size of solid materials, which 
increases the contact surface area between the solid phase and the solvent. Many 
microscopic channels in tissue can appear as well due to alternative compression 
and rarefaction of the ultrasonic wave, inducing the so called “sponge effect”. This 
effect facilitates the penetration of the solvent into the solid matrix (Fernandes et al. 
2008; Fernandes et al. 2009; Nowacka et al. 2014).

Literature counts a significant number of works that investigated the efficiency of 
sono-extraction in food processing. For instance, Vilkhu et al. (2008) studied the 
sono-extraction of bioactives such as polyphenols, anthocyanins and aroma 
compounds.

Panchev et al. (1988) examined the extraction of pectin from apple pomace in 
concentrated nitric acid using 22 kHz intermittent ultrasonication during 10–60 min 
at 1–1.2 W/cm2 followed by coagulation with 95% ethanol and separation by filtra-
tion. Panchev et al. (1988) revealed that ultrasound-assisted extraction reduced the 
extraction time by more than 33% for similar yields and improved the pectin yield 
by 22% for similar time.
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Tang (2007) performed ultrasound assisted extraction of solids from buckwheat 
flour at 15 kHz and 500 W for 30 min. They demonstrated that the technique allowed 
the extraction of lipids and proteins in 87.5% shorter time compared to conventional 
method. This observation was explained by increased mass transfer.

Albu et al. (2004) carried out the extraction of an antioxidant, namely carnosic 
acid, from dried and fresh leaves of rosemary, they demonstrated improved yields 
and higher extraction rates using ultrasound and solvent at 50 °C.

Other researchers examined the possibility of coupling ultrasound with other 
conventional and innovative techniques in order to achieve synergetic effects. For 
instance, Lianfu and Zelong (2008) optimized the extraction of lycopene from fresh 
tomatoes at 86.4  °C to theoretical values of 97% using coupled ultrasound and 
microwave. At this temperature, cavitation would be unlikely to occur, which 
explains the ultrasound effect by acoustic streaming. Another example is that of 
Cravotto et al. (2008) who extracted vegetable oils from soybean germ and sea weed 
using a solvent with a combination of ultrasound and microwave. The innovative 
extraction technique allowed the reduction of the extraction time by 8-fold com-
pared to separated techniques.

Some other studies combined Soxhlet extraction (Alara et al. 2018; Luque de 
Castro and Priego-Capote 2010; López-Bascón-Bascon and Luque de Castro 2019) 
with ultrasound to quicken the extraction of fat and oil (Chemat et al. 2017). This 
strategy has been adopted for instance by Djenni et  al. (2013) who developed a 
novel design of sono-Soxhlet extraction of oils from crushed dried olives using an 
ultrasonic horn in situ to provide rapid and complete recovery of analytes from the 
matrix. The authors proved through physicochemical characterization and gravi-
metric analysis that extraction time was substantially reduced compared to conven-
tional Soxhlet extraction, without affecting the composition and quality of target 
extracts. Luque de Castro and coworkers (2004) used similar procedure as Djenni 
et al. (2013) and proved that ultrasound boosts mass transfer, the specimen is then 
collected completely, effortlessly and precisely.

3.2  Sono-emulsification

An emulsion consist of two naturally immiscible liquids and is thermodynamically 
unstable due to the interfacial tension between the continuous and dispersed phases 
(Ashokkumar et al. 2010). Ultrasound has been introduced in the last decades as 
efficient emulsification technique, particularly in food industry.

Two mechanisms occurring in parallel explain the ultrasound-assisted emulsifi-
cation, namely the development of instabilities at the oil/water interface and the 
turbulence induced by acoustic cavitation bubble (Bhaskaracharya et al. 2009).

low frequency and high intensity ultrasound is usually used in the food sector for 
the preparation of mayonnaise, emulsions fruit juices, ketchup, and homogenized 
milk (Hongyu et al. 2000). Several research groups studied the ultrasound assisted 
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emulsification of protein. For instance, Li et al. (2020) used ultrasound at 20 kHz 
and 450  W to improve the emulsification of chicken myofibrillar protein. Their 
experiments showed that better oil/water emulsion gel elasticity was obtained after 
6 min of sonication.

3.3  Sono-homogenization

Sono-homogenization is particularly applied in the dairy industry. Indeed, milk is 
an oil in water emulsion. During storage, in order to avoid the creaming of the natu-
ral full cream milk, the size milk fat particles should be reduced below 0.8 µm (Silva 
and Chandrapala 2021; Villamiel and De Jong 2000). Ultrasound is considered as an 
alternative method for reducing the size of fat globules and can be applied effec-
tively to homogenize milk (Bosiljkov et al. 2011). For instance, Vercet et al. (2002) 
demonstrated that the firmness and texture of a yogurt made from milk exposed to 
sonication are considerably improved.

Karlović (2015) exposed milk to high pressure ultrasound of up to 600 MPa and 
treatment time up to 9 min. They reported an improvement in the homogenization 
of milk fat globules, which were significantly reduced in size by the high pressure 
(Carrillo-Lopez et al. 2017).

Bermúdez-Aguirre et al. (2008) exposed whole milk to thermosonication treat-
ment of 24 kHz and 400 W over a duration of 30 min and studied the changes to the 
microstructure of fat globules. The sonication of whole milk at 63 °C resulted in fat 
globules of less than 1 μm with more binding sites on the fat globule membrane 
enhancing the amalgamation of casein and serum proteins, which produces an ideal 
ingredient for cheese making. The authors attributed the observed effect to cavita-
tion since heat treatment alone did not show similar changes to the fat globules 
(Ashokkumar et al. 2010).

Ertugay et al. (2004) proved that the size range of fat globules in ultrasonically 
homogenized milk samples at 20 kHz was much smaller than that obtained with 
conventional homogenizer (2–5 μm). The mean size and size distribution of the fat 
globules were dependent on the ultrasonic power and duration of sonication. The 
authors explained the observed effect by the physical effects generated during 
acoustic cavitation.

In addition to the decrease of the diameter of fat globules (Nguyen and Anema 
2010), several authors demonstrated that high pressure ultrasound induces altera-
tions in the secondary structure of proteins in milk, aggregation of protein particles, 
and denaturation (Chandrapala et  al. 2011) depolarizes the particles of gamma- 
carrageenan and reduces their size, allowing for better homogenization of nanopar-
ticles in a dispersion mixed with beta-lactoglobulin. Consequently, ultrasound 
participate significantly in the enrichment of acidified milk drinks (Hosseini et al. 
2013). Power ultrasound is also proved to cause alterations in the composition and 
structure of the membrane of fat globules, which improves the efficiency of homog-
enization in casein gel (Chandrapala et al. 2013).
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3.4  Sono-foaming/defoaming

The formation of foams, which passes through three main steps (i) transportation 
(ii) penetration and (iii) reorganization of the molecules at the gas-liquid interface, 
is influenced by multiple factors such as particle size, structural flexibility of surfac-
tant molecules and surface hydrophobicity (Wilde and Clark 1993). Application of 
ultrasound technologies in foaming of food processes has emerged significantly in 
dairy industry. For instance, Jambrak et al. (2008) sonicated whey protein isolate, 
whey protein concentrate and whey protein hydrolysate solutions using low- 
intensity ultrasound through sonication bath at 500 kHz and high-intensity ultra-
sound through sonication probe at 20 kHz and sonication bath at 40 kHz. Significant 
increase in foaming capacities and foam stabilities were observed at 20 and 40 kHz. 
This observation was explained by the homogenization effect of ultrasound which 
disperses the protein and fat particles enhancing the foaming properties, and eventu-
ally by the partial unfolding of proteins during sonication.

In the other hand, Tan et al. (2015) observed that the foaming properties of whey 
protein concentrates improved with increasing ultrasound amplitude and time. To 
illustrate, at 60% amplitude and 25 min treatment time, foam drainage decreased by 
35% while foaming capacity, viscosity and consistency increased significantly. In 
another study, Tan et al. (2016) demonstrated that sonication of whey protein sus-
pensions at 20%, 40% and 60% amplitude, 20 kHz and 400 W for 5, 15 and 25 min 
significantly enhanced the foaming properties. Better foaming properties can then 
be obtained using higher ultrasound amplitudes and longer treatment times. The 
observed effect was attributed to the acoustic cavitation that induces the fracturing 
of bubbles in the protein suspension leading to the formation of small-sized bubbles. 
Due to the denaturation of proteins, gel film is created on the surface of bubbles 
which further improve the stability.

Intensive foaming in several technological food processes negatively impacts the 
useful volume of the technological equipment and the conditions of sterility in bio-
technological processes (Chemat et  al. 2011). Conventional techniques rely on 
mechanical breakers, decrease of temperature and addition of anti-foaming chemi-
cal reagents in order to control excessive foaming (Gallo et al. 2018; Morey et al. 
1999). Ultrasonic defoaming has been developed and successfully applied to con-
trol the excessive foaming, particularly in beverages industry (Riera et al. 2006).

Rodríguez et al. (2010) achieved the scale-up of ultrasonic defoaming systems 
by mounting a focused airborne ultrasonic emitter on an electronically controlled 
rotating system. When the ultrasonic transducer rotates, it creates a complex move-
ment covering a large defoaming area at different rotation speeds for sufficient dura-
tion. The authors demonstrated that most of the bubbles break almost instantaneously 
under the acoustic beam.
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3.5  Ultrasound-assisted Fermentation

Ultrasound has been introduced in food processing, particularly in dairy industry, as 
an accelerator for the fermentation process. Low intensity ultrasound is believed to 
increase mass transfer into fermentation chamber, which enhances fermentation 
rate. It was proved by Sakakibara et al. (1994) that ultrasound accelerates lactose 
hydrolysis in milk at starter Lactobacillus delbrueckii and could promote the fer-
mentation process. Several researchers demonstrated through experimental studies 
that fermentation time for milk can be significantly decreased, along with the syn-
eresis reduction and viscous increasing of yogurt because of enzyme activity 
enhancement under ultrasonic treatment (Bratsikhin et  al. 2019). Indeed, Vercet 
et al. (2002) studied the manothermosonication at 20 kHz and 40 °C and demon-
strated that it produces low syneresis in yoghurts prepared from cow milk 
(Ashokkumar et al. 2010). Moreover, Riener et al. (2009) experienced the thermo-
sonication of milk at 25 kHz and 45 or 75 °C and proved that the obtained yoghurts 
had higher water holding capacities and viscosities. Obtained yoghurts also dis-
played improvements in microstructural properties containing honeycomb-like net-
work with a more porous nature. Nguyen and Anema (2010) showed that yoghurt 
prepared from skim milk treated with ultrasound at 22 kHz and 50 W and up to 
30  min had higher viscosity. In the other hand, Masuzawa and Ohdaira (2002) 
proved that ultrasonic treatment at 20 kHz reduced ripening time for yogurt produc-
tion (Ashokkumar et al. 2010). Sfakianakis et al. (2015) demonstrated significant 
improvements in water holding capacity and viscosity of yoghurts with reduced 
syneresis can be achieved using ultrasound treatment and the effect has been shown 
to be more pronounced with the increases in the ultrasound amplitude. Hence, high 
intensity ultrasound provides several benefits over conventional fermentation in 
milk gels and yoghurts. All of the mentioned effects were justified by water binding 
capacity enhancing because of fat globe surface enlargement (Ashokkumar et al. 
2010; Hongyu et al. 2000).

3.6  Sono-crystallization

In order to obtain appropriate food structure, texture and consumer appeal, crystal-
lization is a key factor to control in the food industry. With conventional techniques 
of crystallization, it is difficult to get a uniform crystal size due to non-uniform 
nucleation, inefficient cooling caused by surface encrustation of cooling coils and 
non-uniform growth of crystals due to uneven mixing. With ultrasound, it is possi-
ble to initiate the nucleation process at a higher temperature or in a shorter time, 
smaller and more uniform crystals are then obtained (Mason 2007). The use of 
power ultrasound provides a useful approach to producing crystals with desired 
properties. Sono-crystallization facilitates process control by modulating crystal 
size distribution and morphology for several food products such as chocolate, honey, 
fats and frozen foods (Deora et al. 2013).
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Bund and Pandit (2007) examined the sonication of a lactose solution using a 
22 kHz ultrasonic bath, with 85% v/v ethanol as an anti-solvent. They demonstrated 
that the ultrasound assisted process led to 92% recovery of lactose as compared to 
15% recovery for mechanically stirred samples. They also proved that the size and 
shape characteristics of the lactose crystals were enhanced. The observed improve-
ments were explained by rapid mixing of the anti-solvent into the solution and even-
tually by either cavitation bubbles acting as crystal nucleation sites or solvent 
depletion in the zone of a cavitation bubble. These hypotheses are confirmed by the 
observations of Chow et al. (2005) who confirmed through direct imaging of a 15% 
sucrose solution that cavitational micro-bubbles can indeed act as nucleation sites. 
Kougoulos et  al. (2010) employed power ultrasound to crystallize lactose and 
showed that a longer duration time resulted in a smaller crystal size, the minimum 
crystal size can reach 10 μm. They also demonstrated that ultrasound plays a posi-
tive role in increasing nucleation rate and yield.

In the other hand, Luque De Castro and Priego-Capote (2007) indicated that the 
results obtained so far in the literature make foreseeable that crystal size distribution 
and crystal shape can be tailored by appropriate selection of the sonication condi-
tions. Patrick et al. (2004) indicated that the optimum acoustic conditions in order 
to obtain small crystals in the shortest time should be selected just below the cavita-
tion intensity threshold.

3.7  Sono-osmo-dehydration

Osmo-dehydration is a technique used for dehydration of fruits and vegetables. 
Employing ultrasound with osmotic dehydration results in higher wastage of water 
and solute at a lesser temperature of the solution, in addition to protecting the attri-
butes like flavor, color and temperature-sensitive nutrients (Rahaman et al. 2019; 
Prithani and Dash 2020). Deng and Zhao (2008a) studied the osmo-dehydration and 
rehydration of apple cylinders using an ultrasonic bath at 50/60 kHz and a pulsed 
vacuum chamber with 13 MPa vacuum applied twice for 5 min intervals. They dem-
onstrated that ultrasound treatment increased the mass transfer of water from the 
substrate without heating the fruit pieces to very high temperatures. Such mass 
transfer enhancement is attributed to the turbulence and physical shear induced both 
by the acoustic field and by the acoustic cavitating bubbles (Bhaskaracharya et al. 
2009). In this context, Simal et  al. (1998) also affirmed that the sono-osmo- 
dehydratation to dry out the apples has been found to accelerate the mass transfer 
rate of “water out” and “solute in”. Cárcel et al. (2007) indicated that diffusion coef-
ficients of water and solute were found to increase around 117% and 137% sepa-
rately due to ultrasound.

Similar observations were made by Stojanovic and Silva when treating blue ber-
ries with ultrasound (Stojanovic and Silva 2006), they showed that the diffusion 
rates of moisture throughout osmotic dehydration of rabbit eye blueberries are nota-
bly enhanced with application of ultrasound though, this is attributed to the loss of 
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anthocyanins and phenolics. Sánchez et al. (1999) also confirmed the increase of the 
rate of expulsion of water and sodium chloride in the case of cheese brining, when 
ultrasound are used.

Moreover, Bchir et al. (2020) showed that ultrasound pretreatment of the pome-
granate seeds induces a reduction in the osmotic solution temperature and leads to 
more hardness of the samples microstructure compared to the fresh and osmotic 
dehydrated samples. Deng and Zhao (2008a) compared ultrasound assisted dehy-
dratation with pulsed vacuum technique, and proved that ultrasound treatment 
resulted in higher glass transition temperature, lower water activity, reduction in 
rehydration rate and water content, a more extreme rupturing of the structure, and 
fewer crevices and calcium take-up, as compared to pulsed vacuum. However, it is 
important to notice that the same research group (Deng and Zhao 2008b) observed 
that rehydration rates were slower for apples pretreated with ultrasound, which 
would be explained by cell deformation and severe tissue damage at the surface. 
Deng and Zhao reported an increased hardness and crispness of apples pre-treated 
with osmo-dehydration assisted by ultrasound upon air drying or freeze drying.

3.8  Ultrasound Assisted Freezing

Freezing is an important unit operation in food industry intended to produce food 
products in frozen state, which extends their shelf life. Freezing passes generally by 
two phases: (i) initial ice nucleation and (ii) crystal growth towards the liquid phase 
(Tao and Sun 2015). The speed of ice nucleation is often slower than the growth of 
ice crystals. In conventional freezing, the crystals will rapidly grow to large size 
which may destroy the cell tissue instead of forming small and uniform ice crystals.

When using ultrasound, acoustic cavitation bubbles constitute nucleation sites 
for ice, which results in generating a mass of ice nuclei. Simultaneously, heat and 
mass transfer are enhanced due to the turbulence created by acoustic waves and 
acoustic cavitation (Dalvi-Isfahan et  al. 2017). During primary nucleation, it is 
believed that the extreme conditions of pressure created during the collapse of 
acoustic cavitation bubble contribute to the decrease of the supercooling degree 
driving the process of nucleation (Kiani et al. 2011). During secondary nucleation, 
the collapse of cavitation bubbles and the shear forces accompanying it can break 
up the dendrites of the pre-existing crystal ice into many smaller fragments, produc-
ing more nucleation sites (Fu et al. 2020).

Delgado et al. (2009) performed the ultrasound assisted freezing of apple cylin-
ders. They demonstrated that the application of ultrasonic irradiation using ultra-
sonic bath working intermittently at 40 kHz and 131.3 W at 0 or −1 °C for 120 s with 
30 s intervals highly improved the freezing rate. Besides, Islam et al. (2014) studied 
the ultrasound-assisted freezing of three types of mushroom, namely Lentinula 
edodes, Agaricus bisporus and Pleurotus eryngii. The times for nucleation formation 
during sonication for Lentinula edodes, Agaricus bisporus and Pleurotus eryngii 
were reduced by 24%, 53%, and 34%, respectively, while the drip loss during the 

6 Mechanical Technologies: Ultrasound and Cavitation in Food Processing



210

thawing process was decreased by an order of 10%. Power ultrasound proved to 
inhibit polyphenol oxidase and peroxidase enzyme activities by generating fine crys-
tals with even distribution, which leads to high quality of mushrooms during long 
term storage. It is worthy to mention that power ultrasound results in the sponge 
effect which retains some residual water, the microstructures of frozen samples were 
better in comparison with samples obtained using conventional methods.

Kiani and Sun (2018) were able to accurately predict the ultrasound-assisted 
freezing of various shapes of potatoes and suggested the existence of optimum con-
dition of ultrasonic intensity to reduce freezing time. The same research group 
(Kiani et al. 2015) assessed the ultrasound-assisted freezing of potato spheres using 
experimental, numerical and analytical approaches aiming to predict temperature 
distribution, phase ratios and process time. The author demonstrated that the short-
est freezing time could be achieved only within the range of 30–70% duty cycles. 
This was attributed to enhanced heat transfer and the thermal effect at the sample 
surface. Numerical simulations proposed by Kiani et al. (2015) provided the tem-
perature and water fraction profiles in potatoes under different conditions.

Cheng et al. (2014) also employed ultrasound to assist the immersion freezing of 
strawberries. The authors proved that usage of ultrasound resulted in nucleation at a 
lower supercooling degree, they also revealed a linear correlation of the supercool-
ing with the ultrasonic temperature.

Comandini et al. (2013) investigated the ultrasound-assisted freezing of potato 
cubes using a sonotrode at 35 kHz. The sonication was activated when the tempera-
ture of the geometrical center of the sonotrode was within the range of −0.1 to 
−3  °C.  The authors reported that nucleation occurred significantly earlier when 
applying ultrasound. However, the authors mentioned that a significant reduction in 
freezing time was observed only when ultrasound was applied at −2 °C.

3.9  Ultrasound Assisted Filtration

The ultrasound-assisted filtration depends on several factors such as feed solution 
characteristics, cleaning solution characteristics, membrane properties and ultra-
sound parameters (Ashokkumar et al. 2010). The technique takes advantage of four 
mechanisms induced by ultrasound, namely (i) the bulk water movement toward 
and away from the membrane cake layer due to turbulence generated by the acoustic 
streaming, which removes particles from the membrane surface. (ii) the mechanical 
vibrational energy generated through sonication, which keeps the particles partly 
suspended in the solution and provides more free channels for the solvent elution, 
(iii) the cleaning of the membrane crevices and pores by acoustic cavitation bub-
bles, and (iv) the agglomeration of fine particles and thereby the reduction of the 
pore blockage of the membranes and compaction of cake on the membrane 
(Muthukumaran et al. 2005a, b).
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Koh et al. (2014) observed a small but significant decrease in membrane fouling 
at solid concentrations higher than 10% w/w when applying ultrasound irradiation 
at 20 kHz to the whey protein concentration solution prior to filtration. This obser-
vation is explained by the ultrasound induced reduction of the solution viscosity and 
the size of the aggregates leading to the reduced cake growth and pore blockage.

3.10  Sono-preservation (Enzyme Inactivation)

Ultrasound can be used for food preservation in combination with other treatments 
by improving its inactivation efficacy. There have been many studies combining 
ultrasound with either pressure, temperature, or pressure and temperature (Ercan 
and Soysal 2012). When ultrasound is used alone, long time of ultrasonic treatment 
is required to achieve efficient inactivation of enzymes and microorganisms (Zheng 
and Sun 2006). When ultrasonic irradiated is combined to moderated heating, the 
technique is known as thermosonication. If thermosonication is employed for pas-
teurization or sterilization purpose, it is observed that lower process temperatures 
and times are required to achieve the same lethality values as compared to conven-
tional processes (Mason et al. 1996). If pressure and sonication are combined, the 
technique is then called manosonication, its use in enzyme inactivation showed 
higher efficiency than ultrasound alone at the same temperature (Demirdöven and 
Baysal 2009). Finally, if ultrasound is coupled to both temperature and pressure 
effects, it results in manothermosonication. This technique is believed to inactivate 
more enzymes at lower temperatures and in a shorter time than thermal treatments 
at the same temperatures (Chemat et al. 2011).

First enzyme inactivation by ultrasound was applied to pure pepsin almost 
60 years ago (Ercan and Soysal 2012) and since then, several researchers performed 
enzyme inactivation using ultrasound alone or with heating and pressure. For 
instance, Raso and Barbosa-Cánovas (2003) studied the ultrasound-assisted inacti-
vation of polyphenol oxidase. Ercan and Soysal (2011) performed the therrmosoni-
cation technique to inactivate tomato peroxidase, while De Gennaro et al. (1999) 
explored the inactivation of peroxidase by thermosonication. Besides, Guiseppi- 
Elie et al. (2009) inspected the effect of ultrasonic processing on enzymatic activity 
of glucose oxidase. Raviyan et al. (2005) carried out both ultrasonication and ther-
mosonication to inactivate tomato pectin methyl esterase, they examined the effect 
of cavitation intensity and temperature. Vercet et al. (2001) also studied the inactiva-
tion of proteases and lipases using ultrasound, while Cruz et al. (2006) investigated 
the effect of thermal and thermosonication treatments on inactivation kinetics of 
watercress peroxidase.
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3.11  Sono-pasteurization (Microbial Inactivation)

Conventional thermal techniques of pasteurization result in unwanted flavors and 
loss of nutrients. These undesirable effects can be overcome using ultrasound (Ercan 
and Soysal 2012). Ultrasound is believed to inactivate microbial activity in liquid 
food. The ultrasound-assisted inactivation of microbial activity is explained by four 
mechanisms. (i) Ultrasound induces intracellular cavitation in the bacterial cells, 
which destroys the structural and functional components of the bacterial cells up to 
cell lysis. (ii) The collapse of acoustic cavitation bubbles on hydrophobic surfaces 
of micro-organism results in severe damage to the microbial cell walls. (iii) the 
microstreaming generated by the passage of the ultrasonic wave causes thinning of 
the cell membranes. (iv) The generated hot spot and the formation of free radicals 
can damage the DNA of the microorganism (Ashokkumar et al. 2010).

Cameron et al. (2009) studied the ultrasound assisted pasteurization of milk and 
proved that ultrasound eliminates spoilage and potential pathogens to zero or to 
levels acceptable by legislation, even when initial inoculum loads were 5 times 
higher than permitted. According to their study, viable cell counts of E. coli were 
reduced by 100% after 10 min of ultrasonication, while viable counts of Pseudomonas 
fluorescens were reduced by 100% after 6 min and Listeria monocytogenes were 
reduced by 99% after 10 min.

Besides, Saikia et al. (2016) performed ultrasound pasteurization of juices and 
demonstrated that sonication has a positive effect on the total flavonoid content in 
carambola, black jamun, watermelon, pineapple and litchi juice samples followed 
by microwave treatment with exceptions in some cases.

Salleh-Mack and Roberts (2007) carried out a parametric study of ultrasound 
pasteurization by examining the effects of temperature, sugar, organic acids and pH 
on ultrasound inactivation of Escherichia coli ATCC 25922. Overall, ultrasound 
increased the sensitivity of Escherichia coli to thermal inactivation. The presence of 
soluble solids had a protective effect where the sonication time requirement 
increased. Similar to heat sensitivity, the lower pH environment resulted in 
Escherichia coli having less resistance to sonication. In another study, Wordon et al. 
(2012) examined the effect of the acoustic frequency and suggested that high fre-
quency ultrasound was more effective in inactivation of microorganisms.

4  Ultrasound in Agri-food Application: Challenges

Although ultrasound assisted processes in food industry have known a rapid devel-
opment and even actual implementation at large scale, the literature and industrial 
documentation seriously lack standardized documentation of methodology and con-
trol parameters until the widespread implementation of the technology. The inexis-
tence of such documentation prevents reproducibility of results and questions the 

K. Kerboua et al.



213

liability of the use of ultrasound assisted processes in large-scale applications 
(Rastogi 2011).

Joint efforts of fundamental studies and technical research should be gathered in 
order to define parametric standards in terms of sono-food processing technologies. 
Efforts should also be invested in the security of ultrasound technologies applied to 
food processing, notably in order to prevent undesirable effects reported by some 
researchers at laboratory scale and design reliable and viable industrial solutions 
(Singla and Sit 2021).
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Chapter 7
Non-electro-Technologies: Pulsed Light

Gianpiero Pataro and Giovanna Ferrari

1  Fundamentals of Pulsed Light Application

Pulsed light (PL), also known by several other names such as pulsed UV light, high 
intensity pulsed light, pulsed white light, or intense light pulses, is one of the emerg-
ing non-thermal technologies that has gained increasing interest, from both the 
research world and food processing industry, as a rapid, effective and mild alterna-
tive to conventional chemical and thermal treatment to decrease microbial count in 
foods, food contact surfaces and equipment (Gómez-López et al. 2007; Mahedran 
et al. 2019).

In its basic, PL consists of the exposure of foods or non-food material to a suc-
cessive repetition of short duration (100 ns-1 ms), high-intensity pulses (flashes) of 
polychromatic light (200  nm  – 1100  nm) including UV (100–400  nm), visible 
(400–700  nm) and near infrared region (700–1100  nm) emitted by an inert-gas 
lamps (Pirozzi et  al. 2020). The UV portion of the electromagnetic spectrum 
includes long-wave UV-A (315–400 nm), medium-wave UV-B (280–315 nm), and 
short-wave UV-C (200–280 nm) (Wekhof et al. 2001). The light used for food pro-
cessing applications is typically pulsed at 1 to 20 flashes per second at an energy 
density in the range of about 0.01 to 50 J/cm2 at the surface (Oms-Oliu et al. 2010).

The efficacy of PL has been successfully tested against a great variety of patho-
genic and spoilage microorganisms, including bacterial species (both as vegetative 
cells or spores), yeast, fungi and viruses spread on agar, or contaminating packed 
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and unpackaged foods or food contact surfaces (packaging material), or suspended 
in transparent beverages (e.g., drinking water, fruit juices) or in fluid involved in the 
production processes (air, water, etc.) (Chen et al. 2015a, b; Heinrich et al. 2015; 
Mahedran et al. 2019; Manzocco et al. 2015).

PL treatment can allow to achieve anywhere from 0.5 to 8 log reduction 
(Mahedran et al. 2019). The wide range in levels of inactivation achieved indicates 
that on one hand, PL can be an effective treatment against food borne pathogens in 
certain substrates, but also that probably microbes exhibit variations in PL suscepti-
bility (Chen et al. 2015a, b). On the other hand, it also indicate that an optimization 
of equipment design as well as of the main factors that influence the effectiveness of 
PL treatment, is necessary (Pataro et al. 2016).

The effect of PL on the microbial inactivation is commonly ascribed to the effects 
of UV component of the broad spectrum of the flash and impacts of the high peak 
power (Oms-Oliu et al. 2010), which result in the coexistence of different inactiva-
tion mechanisms. In particular, the UV component of PL can be absorbed by pro-
teins, DNA and RNA, thereby causing photochemical damage, which kills 
microorganisms (Wang et al. 2005). On the other hand, PL spectrum includes visi-
ble and especially near-infrared regions, which convey heat to the surface of the 
processed substrate, inducing a local instantaneous increase of the temperature of 
only a thin (few μm thick) surface layer without considerably increasing the internal 
temperature of the irradiated substrates. In microbial cells this localized overheating 
may cause rapid vaporization of intracellular liquid, generating a small steam flow 
that induces disruption of cell membrane and wall (photothermal effect) (Wekhof 
2000; Wekhof et al. 2001). Additionally, structural cell damages caused by the high 
power pulsing effect (photophysical effect) have been also detected through micro-
scopic observation as well as quantification of intracellular matter leakage, such as 
proteins, which was not observed when the same microbial cells were exposed to 
continuous wave UV light treatment (Krishnamurthy et al. 2007; Pataro et al. 2011; 
Takeshita et al. 2003). The relative importance of each mechanism may depend on 
the peak power of the light pulses, the composition of the emitted light spectrum, 
the type of microorganism as well as the physical and optical properties of the target 
substrate, among other.

The superimposition of these different microbial inactivation mechanisms acting 
in parallel or in sequence, along with the high emission power, which likely increases 
the capability of PL to penetrate the treated substrates, can explain the generally 
reported higher decontamination effectiveness of PL as compared with continuous 
wave UV light treatment (Dunn et al. 1989).

Moreover, PL decontamination technology possesses the characteristics of fast 
and easy operation, residue-free method, and low energy consumption. It has also 
an easy integration in the current industrial processing lines, alone or in combina-
tion with other disinfection methods or preservation technologies (Artíguez and 
Marañon 2015; Donsi et al. 2015; Kramer et al., 2017; Ferrario et al. 2015; Muñoz 
et al. 2011), while enabling high product throughput.
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2  Technical Aspect and PL Systems

2.1  Definitions and Terminology

The exposure conditions of a given substrate to PL irradiation are commonly 
expressed by several parameters and units (Gómez-López and Bolton 2016; Gómez- 
López et al. 2007, 2021; Pirozzi et al. 2020), whose formal definitions can be found 
in IUPAC (1996).

• Pulse duration (or pulse width): time interval (ns - ms) during which the light 
energy is delivered;

• Number of pulses (or flashes): total number of pulses or flashes of light delivered 
to the target;

• Pulse repetition frequency: number of pulses of light delivered per second (Hertz 
[Hz]) or commonly expressed as pps (pulses per second). Due to the design fea-
tures of the lamp, in PL systems, the pulse frequency is typically limited to a few 
Hertz. However, higher pulse frequency can be achieved by using two or more 
lamps, placed and flashed in sequence;

• Exposure time: actual time (in seconds) of exposure of the substrate to the flash 
of light, and is calculated as the number of pulses times the pulse width;

• Peak power, ϕ: is measured in Watt (W) and is the pulse energy divided by the 
pulse duration.

• Fluence rate (Fo): is measured in Watt/meter2 (W/m2) and is the energy received 
from the lamp by the sample per unit area per second.

• Fluence (F) (or PL dose): is the energy received from the lamp by the sample per 
unit area during the treatment. The fluence is the fluence rate multiplied by the 
exposure time, and its IS unit is J/m2, even though in PL technology it is often 
given as J/cm2. However, when the substrate exposed to PL treatment is a given 
volume of a liquid containing a certain microbial load expressing the PL dose as 
total radiant energy per unit area is not correct. Thus, several authors have pro-
posed that the fluence (in J/L or J/mL) is correctly defined, according to Eq. 
(7.1), as the PL energy output (radiant power, Φ, in W) delivered to a volumetric 
flow (Q, in L/s, or mL/s):

 
F

Q
�
�

 
(7.1)

PL treatments expressed as volumetric electrical energy input (J/L or J/mL) allows 
comparing the results of PL treatments carried out with different PL units, as well 
as with those obtained utilizing other inactivation technologies (Gouma et al. 2016).

Proper measurement of fluence received by the treated surface of solid substrate 
or within the liquid substrate, which is substantially different from the energy deliv-
ered by the light source due to light absorption and scattering phenomena (Artíguez 
and Marañón 2015; Hsu and Moraru 2011; Gómez-López et al. 2021; Pirozzi et al. 
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2021), is therefore fundamental to characterize a PL treatment. However, fluence 
determination can be complex, requiring a good knowledge of light properties. 
Additionally, it also must be kept in mind the lamp emission decreases with lamp 
use (Schaefer et al. 2007), therefore, fluence must be measured frequently and do 
not rely in a single initial measurement.

It is also worth noting that fluence alone does not give information about how 
much radiation of effective wavelengths (for example, germicidal UV-C) is reach-
ing the target substrate (Gómez-López et al. 2021). In this line, the light spectrum 
emitted by the flash lamp represents a relevant feature. However, the spectral distri-
bution of the emitted light differs among PL systems and, in some instances, the 
same PL system can generate different emission spectra depending on the operating 
conditions (Schaefer et al. 2007). Moreover, reporting emission spectra is not easy 
since its measurement requires specialized equipment (a spectroradiometer), which 
is uncommon in food laboratories. (Gómez-López et al. 2021). Recommendations 
on fluence determinations and measurement of emission spectra can be found in 
Bolton and Linden (2003), Bolton et al. (2015), Gómez-López and Bolton (2016), 
Gómez-López et al. (2021).

In addition to the above parameters, other key parameters characterize a PL treat-
ment and should be included in the overall analyses of the process. For instance, 
since the assessment of fluence distribution inside liquid substrrates is a difficult 
task, liquid samples should be also characterized for the different factors that attenu-
ate light propagation, namely, suspended solids, absorption spectrum and sample 
thickness (Gómez-López et al. 2021; Pataro et al. 2016).

Furthermore, temperature evolution or the highest temperature increment of the 
treated substrate should be indicate. In fact, even though PL is considered a non- 
thermal technology, a very high increase in temperature either caused by the absorp-
tion of light by the treated substrate or by lamp heating can be observed during PL 
treatment (Pataro et al. 2011, 2016). This especially occurs at higher energy doses 
and long operation time that could strongly compromise the quality of the treated 
substrate. The temperature increase in the substrate exposed to PL treatment is 
mainly a function of the total amount of energy delivered by the light source to the 
target, as well as of the pulse frequency, distance from the light source, and compo-
sition of the PL spectrum. Pulses of equivalent fluence and similar spectra generate 
the same amount of heat. However, a slow pulse repetition rate and an appropriate 
distance between the product and the lamp source may lower sample heating 
(Gómez-López et al. 2021; Pataro et al. 2011, 2016).

2.2  PL Systems

PL is generated using pulsed power technology that involves the generation of high- 
power electrical pulses and their transformation into high-power light pulses. 
Although PL equipment differ according to manufacturer, a typical PL system 
include a power/control module, a lamp unit, a treatment chamber (Fig. 7.1), as well 
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Fig. 7.1 Schematics of the operative principle of PL generation

as auxiliary devices, such as pump or conveyor belt for moving the product through 
the irradiated zone, cooling systems, and devices for measurements of temperature, 
fluence rate or fluence (Pirozzi et al. 2020).

The power/control module consists of high-voltage power supply, a storage 
capacitor, a pulse-forming net-work (PNF), and a controller (Fig. 7.1). It is used to 
manage the process, start the flashes, control the treatment time, set the mode of 
pulse deliver such as single pulse, burst of pulses (timed mode), or continuous array 
of pulses (continuous mode), and modulate the generation of high-power electrical 
pulses to obtain the desired configuration of the electric pulse energy and rate 
(Pirozzi et al. 2020). In particular, during PL treatment, the high voltage power sup-
ply converts alternating current (AC) into direct current (DC), which is temporarily 
accumulated in the capacitor bank. When the capacitor reaches a pre-established 
level, the controller releases the stored electrical energy through the PNF that 
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determines the shape of the electric pulse, which is delivered as a high voltage and 
high-energy electric current to the flash lamp through a coaxial cable (Fig. 7.1).

The lamp unit consists of a lamp housing with one or more flash lamps made of 
quartz envelops, each equipped with two electrodes and typically filled with inert 
gases (e.g., xenon, krypton) or a mixture of noble gases due to their high-efficiency 
electrical-to-optical energy conversion (Franco-Vega et  al. 2021). When a high- 
energy pulsed electric current passes through the lamp, the gases are ionized and 
intense light is produced. Approximately 25% of the wavelength lies in the UV 
range, 45% in the visible range and 30% in the infrared range (Chen et al. 2015a, b). 
The shape (linear, spiral, etc.) and the size of the lamp can be customized for the 
specific application to ensure uniform irradiation of the target surface (Chen et al. 
2015a, b). For the dissipation of the heat generated by the lamp inside the lamp 
housing, a cooling system of the lamp is also provided through a water or filtered air 
circulation (Pataro et al. 2011, 2016). Moreover, the lamp unit is also equipped with 
fans and/or a vacuum pump to purge the ozone produced by lamp ignition and con-
nected to an ozone decontamination unit (Franco-Vega et al. 2021).

Several PL light systems are currently available especially for laboratory scale 
applications by different manufacturers, with the most commonly used being the 
RS-3000C SteriPulse-XL system (Xenon Corp., Wilmington, Mass., USA), and the 
XeMaticA-2L System (SteriBeam Systems GmbH, Germany), equipped with a 
single linear and Xenon flash lamp, and the PL mobile decontamination unit 
(Claranor, Rouaine, France) equipped with 4 xenon lamps (JA series, Verre et 
Quartz, Bussy Saint Georges, France). All these equipment differ for the wave-
length distribution, pulse duration (50–360 μs), pulse repetition rate (0–5-5 Hz), 
input voltage (100–3800 V), the cooling system of the lamp (forced air or circulat-
ing water). Moreover, most of them operate in batch mode, while for continuous 
flow treatment of liquid, solid, or powder products, only a few laboratory-scale PL 
systems, which include in-house developed equipment (Chen et  al. 2018; 
Krishnamurthy et al. 2007; Ferrario and Guerrero 2016; Muñoz et al. 2012; Pataro 
et al. 2011; Xu et al. 2019), or commercial dynamic flow-through pilot unit (Maria 
PUD system, Claranor, Manosque, France) (Artíguez and Marañón 2015), are cur-
rently available. Figure 7.2 shows simplified schematics of typical laboratory scale 
batch and continuous flow PL treatment chamber configurations.

Batch systems are the most widespread and used especially for preliminary 
investigations at laboratory scale on the effect of the main PL treatment parameters 
on the decontamination of liquid and solid products. During processing the solid or 
liquid sample contained in a Petri dish is placed inside the treatment chamber on an 
adjustable tray that allows regulating the distance between the sample and light 
source (Fig. 7.2a, b). A housing lamp with a xenon lamp is generally mounted on the 
top of the tray. The power/control module allows setting the treatment time or num-
ber of flashes to be delivered to the treated sample.

Improvements of PL efficiency in batch operations have been achieved by adding 
devices to the pulsed-light system to create multidirectional PL, the use of more 
than one lamp (Collazo et  al. 2019), or enable manual or automatic rotation or 
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Fig. 7.2 Schematic of operating principle of typical batch or continuous flow PL treatment cham-
ber. (a) batch chamber for solid products. (Adapted from Pirozzi et al. 2020); (b) batch chamber 
for liquid products. (Adapted from Pirozzi et al. 2020); (c) continuous flow chamber with linear 
quartz tubes. (Adapted from Pirozzi et al. 2020); (d) continuous flow chamber with spiral quartz 
tubes (adapted from Xu et al. 2019); (e) fluidized bed chamber for powdered or granular products 
(adapted from Fine and Gervais 2004); (f) vibrating treatment chamber for granular foods (adapted 
from Chen et al. 2018, 2019); (g) conveyor belt chamber for unpacked or packed solid products, 
food contact surface and packaging material. (Adapted from Pirozzi et al. 2020); (h) roller convey-
ors chamber for unpacked or packed solid products. (Adapted from Pirozzi et al. 2020)
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mixing of products such that all surfaces or volume of the treated material could be 
irradiated uniformly (Franco-Vega et al. 2021; Pataro et al. 2015b).

Continuous flow systems can be designed to process either liquid or solid prod-
ucts, prior to or after packaging. Their use can result in a better control of processing 
temperature, the capability to process a large amount of product, and higher effi-
ciency in microbial inactivation due to the improved light exposure of the product 
that would enhance the treatment uniformity, as compared with the discontinuous 
systems (Pataro et al. 2011). In continuous flow systems, the exposure time and, 
consequently, the total number of flashes or fluence delivered to the treated product 
depends on the pulse repetition frequency and residence time of the treated product 
in the irradiated zone, which in turn is given by the ratio between the volume of the 
treated product and its flow rate.

For the treatment of liquid products, the treatment chamber is typically equipped 
with linear (Krishnamurthy et al. 2007; Muñoz et al. 2012; Pataro et al. 2011) or 
spiral (Xu et al. 2019) quartz tubes through which the liquid (e.g., water, fruit juices, 
milk) is pumped, while it is exposed to the flash of light (Fig. 7.2c, d). Optimization 
of the geometry and number of quartz tubes along with their relative position to the 
lamp source is required to ensure the maximum disinfection efficacy with the mini-
mum energy consumption.

For processing of granular or powder food products, well designed PL fluidized 
bed system could improve treatment uniformity by reducing or eliminating shad-
owed area (Fig. 7.2e, f). In this line, in 2004, Fine and Gervais (2004) tested a 3-L 
fluidized bed PL unit labeled as a One-Shot EN2/2143–1 developed by Solsys 
(Marseille, France) to evaluate the efficiency of PL on the destruction of dried 
microorganisms. Fluidized bead of aluminum sphere or cylinder where used to 
maximize light reflection. A quartz jacket around the lamp provided water circula-
tion to minimize overheating. However, microbial decontamination levels remained 
insufficient being around 0.5 log-cycles after 31 J/cm2 PL treatment, thus suggest-
ing the need for further improvement of the design of the PL unit. More recently, 
Chen et  al. (2018, 2019) developed a vibrating treatment chamber including a 
vibrating feeder, and automatic controls for temperature and humidity to facilitate 
the tumbling of nonfat dry milk particles and barley kernels in an effort to enable 
exposure of the entire product surface to PL for the inactivation of Cronobacter 
sakazakii and the destruction of deoxynivalenol produced by Fusarium. Results 
indicated that significantly higher inactivation and destruction were observed when 
PL was combined with the vibratory feeder.

For the PL treatment of packaged or unpacked solid products, as well as for food 
contact surface or packaging material (e.g., polymeric film, cap, cup, lid, bottle), the 
treatment chamber can be equipped with a moving platform (e.g., conveyor belts, 
roller conveyors), to move the product through the irradiated zone (Fig. 7.2g, h) at 
the velocity required for achieving the desired exposure time (or fluence) (Pirozzi 
et al. 2020).

This scenario illustrates the important advances made in only two decades of 
constant evolution and application of PL technology in the development of 
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treatment devices designed to achieve high treatment efficiency during processing 
of specific substrates in view of industrial level application of the technology.

Nevertheless, commercial-scale PL systems are currently successfully used in 
the food industry only for the decontamination of packaging material (e.g., caps, 
cups, trays, and steel cans, bottles and lids). These PL units are easily integrated into 
the existent continuous processing line to decontaminate up to 4000–90,000 items/
hour and can provide decontamination levels with a 3–5 log reduction in the refer-
ence microorganisms (http://www.claranor.com/).

3  Factors Determining the Effectiveness of the PL Process

PL process depends on many factors, which are interrelated to each other, and that 
are critical to the outcome of the process as they may affect the treatment uniformity 
and the level of energy dose than ultimately reaches the target (Pataro et al. 2016). 
In general, these factors can be classified into three groups, namely process set up 
factors, product properties and microbial factors (Gómez-López et al. 2005, 2007; 
Pataro et al. 2016).

3.1  Process Set Up Factors

Process set up parameters markedly affect the effectiveness of PL treatment for 
microbial inactivation. Among these parameters, the most important factor deter-
mining the inactivation efficacy of PL is the total fluence incident on the sample. 
Therefore, to achieve the required decontamination effect, the parameters affecting 
the total fluence, such as the distance of the target substrate from the lamp source (or 
pulse fluence), the number and duration of pulses, and the input voltage have to be 
properly optimized. In general, increasing the intensity of these parameters or 
decreasing the distance from the lamp, increase the total fluence and, hence, 
enhances microbial inactivation (Gómez-López et al. 2005, 2007; Mahendran et al. 
2019; Pataro et al. 2011, 2016; Pirozzi et al. 2020). Moreover, the shorter the dis-
tance is, the narrower lamp foot print becomes, thus reducing the treatment unifor-
mity (Gómez-López et al. 2005). For globular bodies, multidirectional and uniform 
illumination of all surfaces present another challenge, which can be overcome by 
increasing the distance to the light source, the treatment time, the relative movement 
of the body or by using a conveyor with transparent sections or reflectors (Heinrich 
et al. 2015).

The composition of the PL spectrum is another important process parameter 
determining the antimicrobial action of PL technology. Despite the fact that the 
whole spectrum can contribute to the lethal effect accomplished by PL against a 
wide range of microbial cells, the fluence of wavelength below 300 nm (i.e., UVC) 
seems play a key role in the inactivation effect of PL technology. To this regards, 
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several scientists observed that the use UV-blocking filters led to a drastically reduc-
tion in microbial lethality of different vegetative or spores cells of bacterial and 
fungi species, like Escheriachia coli, Listeria innocua, Bacillus subtilis and 
Aspergillus niger (Levy et al. 2012; Ramos-Villaroel et al. 2012a, b; Wang et al. 
2005; Woodling and Moraru 2007). Therefore, the use of wavelength filters, such as 
solid filters (e.g., glass UV filters) or liquid filters (e.g., CuSO4 solution) (Chen 
et al. 2015a, b; Ramos-Villaroel et al. 2012b), or the adjustment of electrical condi-
tions (peak power or voltage) (Keklik et al. 2012), as well as the proper selection of 
the gas lamp, enables, for each application, the most suitable wavelength ranges 
emitted by the lamp to achieve the desired effect, while avoiding or minimizing 
alterations of the substrate properties.

Expectedly, also design parameters such as geometry and setup of the treatment 
chamber, type and shape of the lamp, and lamp housing configuration, as well as the 
number of lamps and their location in the treatment chamber, significantly influence 
the treatment uniformity and, hence, the efficiency of the PL process and product 
quality (Pataro et al. 2016; Pirozzi et al. 2020).

The temperature increase in a given substrate exposed to PL treatment is mainly 
a function of the total fluence delivered by the light source to the target, as well as 
of the pulse frequency, the distance from lamp, and composition of the PL spectrum. 
Thus, special attention should be taken to prevent overheating of the treated sub-
strate through an efficient cooling system incorporated in the equipment (Pataro 
et al. 2011), as well as appropriate selection of pulse repetition rate and distance 
between the treated matrix and the lamp source, since it may seriously compromise 
product quality especially during long processing time (Dunn et al. 1989; Gómez- 
López et al. 2005).

3.2  Product Properties

The physical properties, surface characteristics and nutrient composition of the sub-
strate exposed to PL treatment are also important factors, since they can enhance 
absorption, reflection or scattering phenomena of the incident light or induce shad-
ing effect, thus reducing the efficacy and uniformity of the PL treatment. In general, 
high treatment efficiency is achieved when the processed product has a low reflec-
tion-, high absorption- and transmission coefficient (Heinrich et al. 2015).

To this regard, in the case of liquid products, aside from transparent liquids (e.g., 
drinking water and clear fruit juices), properties such as opacity, turbidity, coloring 
compounds, sample thickness, viscosity and suspending particles may significantly 
affect the penetration of the light pulses into the depth of the liquid and, therefore, 
decrease the efficiency and uniformity of PL treatment (Artíguez and Marañón 
2015; Mandal et al. 2020; Pataro et al. 2011). Therefore, in liquid with more limited 
transparency, such orange juice and milk, the effect of PL might be limited to only 
a superficial layer of the treated substrate. In this line, Palgan et al. (2011) evaluated 
the feasibility of using PL (0–8 s) to reduce E. coli and L. innocua in apple juice, 
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orange juice, and milk, which exhibit the following transparencies trend (in decreas-
ing order): apple juice, orange juice, and milk. The authors observed that microbial 
inactivation of E. coli and L. innocua dropped with reducing transparency of the 
medium from 4.7 and 1.93 log10 CFU/mL in apple juice (the most transparent 
media) up to 1.06 and 0.84 log10 CFU/mL in milk (the opaquest medium), 
respectively.

In such a case, optimal design of PL reactors along with the adoption of proper 
flow conditions leading to enhanced turbulent mixing of the fluid might be neces-
sary to ensure a suitable intensity of PL throughout the entire volume (Dunn et al. 
1989; Pataro et al. 2011).

On the other hand, when flashing solid products, properties of the treated surface 
such as topography, reflectivity, and hydrophobicity, as well as its color, are expected 
to greatly affect microbial inactivation (Chen et al. 2015a, b). For example, the tar-
get surface should be as smooth as possible since the presence of irregularities, such 
as surface roughness, crevices, or pores, constitute obstacle for the incident light 
and may provide opportunities for microbial cell shading or hiding during treatment 
(Heinrich et al. 2015; Gómez-López et al. 2007). The hydrophobic of the treated 
surface may affect the distribution of microbial cells on the surface promoting the 
formation of cells cluster that may negatively affect the efficacy of PL inactivation 
(Koch et al. 2019). Furthermore, a high reflectivity surface might decrease the light 
absorption of the microbial cells leading to poor inactivation (Woodling and Moraru 
2005; Ringus and Moraru 2013).

The challenge is, therefore, represented by engineering solutions that might 
include the re-design of the equipment to promote more uniform surface irradiation 
even on non-smoothed surfaces [Oms-Oliu et al. 2010; Gómez-López et al. 2007). 
Additionally, the use of PL in combination with other disinfection methods might 
present significant potential benefits to food preservation, within the hurdle technol-
ogy approach, to attain mild but reliable preservation effects (John and Ramaswamy 
2018; Mahendran et al. 2019; Pirozzi et al. 2020).

Furthermore, the matrix should contain only low quantities of substances, such 
as fat and protein, able to competitively absorb light, thus decreasing the efficacy of 
PL inactivation. Carbohydrates, however, do not show this pronounced light- 
absorbing effect (Gómez-López et  al. 2007). Therefore, high protein and fat- 
containing food products have little potential to be efficiently decontaminated by 
PL, while vegetables and fruit appear more suitable for PL treatment (Gómez-López 
et al. 2007).

3.3  Microbial Factors

Microbial contamination also influences the efficacy of a PL treatment in respect of 
the type microorganism, its physiological constitution, growth phase and population 
density.
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For examples, the different type of microorganisms seem exhibit different PL 
susceptibility according to the following trend (in decreasing order): Gram-negative 
bacteria, Gram-positive bacteria, yeasts, fungal and bacterial spores, molds, viruses 
(Oms-Oliu et al. 2010). The growth phase is another microbial factor which may 
affect the light sensitivity of microorganisms. In general, microbial cells in station-
ary growth phase seem to show greater resistance to PL than cells in either lag or 
exponential phase (Gómez-López et al. 2005). The decontamination efficacy of PL 
treatment also decreased at high initial contamination levels; this fact could be due 
to light attenuation phenomena due to shadow effects (Gómez-López et al. 2007) 
when high population densities are found, thus preventing the PL incidence on 
microorganism placed in the lower layers (Maftei et al. 2014). This effect generates 
nonuniformity of the treatment and a reduction in terms of efficacy of the PL 
inactivation.

In conclusion, in order to optimize a PL treatment for its application in food 
industry, the influence of these factors on microbial killing and their interactions 
must be deeply understood. Moreover, optimal values of these parameters should be 
defined in order to maximize the microbial inactivation and treatment uniformity, 
thus increasing the process efficiency while minimizing any thermal effect and 
product impairment (Pataro et al. 2016).

4  Main Applications to Food Products

PL is a rapid, environmentally friendly, non-thermal technology with many poten-
tial applications in the food industry for the processing of foods and food contact 
surfaces. In this framework, PL treatment can be conducted at various stages of the 
food processing plant such as for the decontamination of incoming goods, or in- 
process treatment or treatment of the final product prior or post-packaging (Heinrich 
et al. 2015). More specifically, the technology appears especially interesting for the 
disinfection of liquid products, the sterilization of food contact surfaces and packag-
ing material, and the decontamination solid foods such as fresh and fresh-cut pro-
duce, meat and fish and their products, prior to or after packaging. Moreover, PL 
appears effective in modulating the metabolic activity of fresh produce that might 
be useful to extend the shelf-life and produce high-added value products, as well as 
to induce targeted structural modification of proteins molecules.

Since 1996, PL irradiation has been approved by the U.S.  Food and Drug 
Administration to decontaminate food or food contact surfaces, provided that the 
treatment uses a xenon lamp with an emission wavelength between 200–1000 nm, 
with a pulse duration not exceeding 2 ms and the cumulative energy level of the 
treatment not exceeding 12 J/cm2 (Code of Federal Regulation, CFR: 21CFR179.41). 
In the case of the European Union, instead, PL is not explicitly regulated. A possible 
food-ingredient orientated approach is somehow covered by the regulation 258/97 
“novel foods and novel food ingredients” (article 1, item f), but it is questionable if 
this technology can be allocated to this area. Based on the statements above, specific 
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foods but not the treatment intrinsically can be approved in the EU at the moment 
(EU 1997).

However, despite this and of the recent advancements in PL technology, the 
increasing number of PL manufactures, and the number of studies focused on 
decontamination food and non-food materials, currently, only the decontamination 
of food packaging material has been successfully applied at industrial level (http://
www.claranor.com/), while there is a lack in the application at the pilot or industrial 
scale on the use of PL to extend the shelf-life and improve quality of food products.

The main applications of PL technology in food processing, with the most impor-
tant findings, advantages and limitations, are described in the following sections, 
and summarized in Tables 7.1.

4.1  PL Disinfection of Liquid Products

The use of PL as a non-thermal technology to disinfect liquids, especially bever-
ages, is a new tendency in liquid food processing research. Although the application 
of PL in beverages has been reported to significantly reduce the initial number of 
microorganisms, which dwell in the whole volume of liquids, this reduction is 
highly variable and depends on the transparency and turbidity of the beverages 
(Mahendran et al. 2019).

For instance, highly transparent fluids like water (2.96–7.0 log-cycles) and clear 
apple juice (1.0–7 log-cycles) appear to be products, which can be efficiently disin-
fected by PL. However, in case of opaques beverages, such as orange juice, grape 
juice, strawberry juice or milk (0.3–2 log-cycles), PL treatments mostly show lower 
disinfection efficiencies, independently of the targeted microorganism (Artíguez 
and Marañón 2015; Kramer et al. 2017; Mahendran et al. 2019; Pataro et al. 2011; 
Yi et al. 2016).

Nevertheless, improvement of PL disinfention efficiency seems to some extent 
also possible in opaque drinks under the right conditions. An appropriate design of 
continuous flow PL reactors operating with thin layer of the liquid (Hillegas and 
Demirci 2003), as well as under flow conditions generating high turbulence inten-
sity (Franco-Vega et al. 2021), appear crucial to improve the treatment homogeneity 
by ensuring that all the fluid elements receive the same energy dose, thus increasing 
the effectiveness of the PL process. Increased microbicidal effects, as well as mini-
mally processed foods with improved nutritional and sensorial profiles and lower 
energy expenditure may be also attained by using PL in a hurdle approach in com-
bination with other factors or decontamination technologies. Heat (Artıguez and de 
Marañón 2015), ultrasound (Ferrario et al. 2015; Ferrario and Guerrero 2016, 2017), 
thermosonication (Muñoz et  al. 2011, 2012), and storage at low temperatures 
(<20 °C) (Ferrario et al. 2013), are the most common and reliable strategies to be 
used combined with PL treatments.

Regarding the impact of PL on quality attributes of beverages, relatively few data 
are available, with most of them related to the impact of PL on quality attributes of 
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fruit juices. For example, it appears that PL induces only little changes in colour 
(Aron-Maftei et al. 2014; Muñoz et al. 2012; Ferrario and Guerrero 2016) as well as 
some sensory deviations (Palgan et al. 2011), but no appreciable changes to pH, 
Brix, nonenzymatic browning index or total antioxidant activity (Caminiti et  al. 
2011; Palgan et al. 2011; Muñoz et al. 2012). Neverthless, a product-specific quality 
assessment as well as optimized treatment conditions are necessary in case of bever-
age treatment also to control the increase in product temperature that has to be 
considered when treating beverages. Moreover, with the successful decontamina-
tion of clear liquids by PL, more research has to be extended towards turbid and 
opaque liquid foods.

Besides the decontamination of beverages, PL may also be used for disinfection 
in municipal wastewater, which has been proposed by Uslu et al. (2014) and Garvey 
et al. (2014). Furthermore the application of PL has been proposed as an efficient 
measure to decontaminate wastewater deriving from salad washing, which could 
decrease the water footprint of fresh-cut vegetables by minimizing the overall 
requirement for water in industrial plants. In addition, it would decrease the risk for 
residuals of toxic chemicals in fresh-cut vegetables by avoiding the use of sanitiz-
ers, such as chlorine and its related compounds. (Manzocco et al. 2015).

4.2  PL Decontamination of Unpackaged Solid Foods

The capability of PL to reduce microbial counts on the surfaces of different com-
modities of vegetable and animal origin has been extensively investigated 
(Mahendran et al. 2019).

In this framework, several studies have been performed to assess the suitability 
of PL for the inactivation of either artificially inoculated or native microbial cells on 
the surface of fresh produce prior to packaging, and especially to extend the shelf- 
life of fresh cut fruits and vegetables due to the worldwide rising popularity of 
fresh-cut produce (Kramer et al. 2017; Pirozzi et al. 2020).

Many different kinds of vegetables have been tested, so far, including spinach, 
celeriac, green bell pepper, soybean sprouts, radicchio, carrot, iceberg lettuce, white 
cabbage, tomato, fresh-cut mushrooms, while data for PL treatments of fresh and 
fresh cut fruits are available for apple, mango, melon and some sorts of berries, such 
as blueberries, raspberries, and strawberries (Bialka and Demirci 2008; Kramer 
et al. 2017). The obtained microbial data show that the inactivation efficiency of PL 
is higher against artificially inoculated test bacteria than native microflora with a 
defined test matrix. Moreover, although PL treatment cannot enable complete inac-
tivation, it allows to achieve anywhere from 1 to 4 log reduction (Kramer et  al. 
2017). Therefore, as the occurrence of residual populations on the product surface 
is usually inevitable, their growth during storage after PL exposure of the product 
surface needs to be considered.

Differing results have been obtained regarding the impact of PL on food quality 
of fresh vegetables or fruits. In some studies, positive effects of PL on apparent 
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quality attributes were found. The colour and firmness of PL-treated mung bean 
sprouts (Kramer et al. 2015) as well as fresh-cut mangoes (Charles et al. 2013) were 
better maintained compared to control samples, while the colour of avocado was 
stabilized after PL exposure (Aguilo-Aguayo et al. 2014). However, in many studies 
it was reported that an intense PL treatment of plant-based foods may negatively 
affect several quality parameters like, for example, the texture of mushrooms (Oms- 
Oliu et al. 2010a), the appearance (wrinkled skin and softening) and weight loss of 
tomato (Aguayo et al. 2013), the colour of salad (Kramer et al. 2015) or sensory 
attributes of cut apple (Ignat et  al. 2014). Significant deterioration is mostly not 
found immediately after PL exposure, but during storage. Storage trials of 
PL-exposed products are therefore not only important regarding the maintenance of 
microbial reductions but also to investigate the impact on shelf-life. As the effect on 
quality parameters varies significantly among products and mostly seems to be dose 
dependent, it is hence of great importance to find optimal process parameters, which 
guarantee a mild treatment while providing substantial microbial inactivation.

Several studies have been also performed in order to assess the suitability of PL 
for decontamination of fresh meat, fish or products of them. Similar to the results of 
fresh produce, it is generally clear that the count reduction of native microflora on 
the treated products is distinctively lower compared to in vitro studies and the count 
reductions is anyware usually limited to a maximum inactivation of about 1–2.5 
log-cycles (Kramer et al. 2017; Mahendran et al. 2019). In most studies, a dose- 
dependent negative impact on key quality attributes has been found. For example, 
discolorations have been reported at high energy doses in case of raw salmon (Ozer 
and Demirci 2006), chicken frankfurter (Keklik et al. 2009), chicken meat (Haughton 
et al. 2011; Keklik et al. 2011), beef and tuna carpaccio (Hierro et al. 2012) or pork 
meat (Nicorescu et  al. 2014). Intense treatments may lead to immediate quality 
changes due to overheating of the product surface (Ozer and Demirci 2006). This 
has to be considered especially when raw fish or meat is exposed to PL. Lipid oxida-
tion as well as sensory deviations need to be addressed as well (Hierro et al. 2011, 
2012; Ganan et al. 2013; Nicorescu et al. 2014).

Similarly to liquid product disinfection, the use of PL in a hurdle approach with 
other preservation factors has been also suggested for the decontamination of solid 
foods, in order to enhance the efficiency of the PL treatment, while enabling the 
minimal processing of food with reduced costs and energy expenditure. In this line, 
successful applications have been found for the decontamination of fresh and fresh 
cut produce like green onions, green beans, raspberries, strawberries and blueber-
ries, fresh-cut cantaloupe and fresh-cut apples, among others, when PL has been 
combined with disinfectant products (Xu et al. 2013), advanced oxidation processes 
using hydrogen peroxide (Huang and Chen 2015), and edible coating (Donsi et al. 
2015; Koh et al. 2017; Moreira et al. 2016; Tastan et al. 2017; Pirozzi et al. 2020).
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4.3  PL Decontamination of In-Packaged Food Products

The in-package decontamination of food products with PL is also of great interest 
for the future commercial application of this technology. Despite the screening 
effects of the packaging could reduce PL treatment effectiveness, the exposure of 
foods to light flashes after packaging is particularly advantageous to extend the 
shelf-life of products, since it allows the simultaneous reduction of microbial count 
spread both on foods and package surface, while avoiding undesirable post- 
treatment recontaminations (Heinrich et  al. 2015; John and Ramaswamy 2018; 
Pirozzi et al. 2020).

Nevertheless, only a few published works have focused, so far, with in-package 
decontamination of food products, with most of them related to meat and meat 
products (e.g., chicken breast, frankfurters, and skin, and beef carpaccio), and only 
very few studies deal with fish (e.g., tuna carpaccio and catfish fillets), and fruits and 
vegetables (e.g., fresh cut watermelon, mushroom and avocados) (Haughton et al. 
2011; Hierro et al. 2012; Keklik et al. 2009; Ramos-Villarroel et al. 2012a; Ramos- 
Villarroel et al. 2014). A maximum inactivation level of about 0.7–3.0 log-cycles 
was achieved depending on the fluence, target microorganism, type of matrices and 
packaging material, with more limited effect being detected in the case of meat and 
fish products. Therefore, more effort is required to assess the feasibility of the in- 
packaging PL process of food products. Specifically, it is essential that future stud-
ies will take into account not only the properties of the food matrix, the processing 
conditions, the susceptibility of the native microflora to PL exposure, but especially 
the composition, as well as the physical (e.g., thickness) and optical properties (e.g., 
UV transmissivity) of the packaging films.

Particular attention should be paid to evaluate the structural and barrier property 
changes of packaging and migration of compounds from packing materials to foods 
induced by PL (Heinrich et al. 2015). Similarly, scientific investigation of process- 
product- packaging interactions is also required for successful PL in-package appli-
cation (Heinrich et al. 2015). Finally, although preliminary results did not reveal 
drastic alterations of the polymeric packaging materials (Keklik et al. 2009, 2010; 
Ringus and Moraru 2013), PL treatment should be performed within reasonable 
limits to avoid excessive temperature rise and overheating of packaging material 
and product during treatment. The qualities of food, such as sensory properties and 
shelf-life, need to be considered when using PL for packaged food sterilization 
(Chen et al. 2015b).
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4.4  Sterilization of Food Contact Surfaces 
and Packaging Materials

During processing and packaging steps of food manufacturing, contamination can 
be transferred from the food contact surfaces and packaging materials to the food 
itself and cause spoilage, quality deterioration, and even public health issues by 
pathogenic bacteria (Chen et al. 2015b). Therefore, there is a need to develop effec-
tive and sustainable methods and technologies, alternative to chemical sanitizers 
and thermal treatment, able to ensure food safety and elongate the shelf-life of food. 
In this framework, PL is emerging as a valuable rapid, physical and sustainable 
method for the disinfection and sterilization of food contact surfaces and packaging 
materials, which enable to reduce the need for chemical sanitizers and sterilants, 
water, and leaves no residues.

However, so far, only a few scientist have investigated the sterilization efficiency 
of PL of different food contact surfaces and packaging materials, which include 
stainless steel and aluminum, low density polyethylene (LDPE), high density poly-
ethylene (HDPE), polyethylene-laminated ultra-metalized polyethylene terephthal-
ate (MET), polyethylene-coated paper-board (TR), polyethylene-coated aluminum 
foil paperboard laminate (EP), polystyrene (PS), polypropylene (PP), polyvinyl 
chloride (Haughton et al. 2011; Jean et al. 2011; Ringus and Moraru 2013; Turtoi 
and Nicolau 2007; Woodling and Moraru 2005). A maximum inactivation level of 
about 1–7 log-cycles was achieved depending on the fluence, target microorganism 
and inoculum size, and especially type of material. More specifically, the outcomes 
of these studies highlighted the key role played by surface properties of the material, 
such as roughness, hydrophobicity and reflectivity, on the sterilization efficiency of 
PL. Limited effect of PL were detected in the case of materials characterized by 
higher roughness values, water contact angle and reflectivity, which seem to induce 
shading effect, cell cluster formation and decrease light absorption, respectively. 
However, additional investigation are necessary to gain more insight on the role 
played by the different properties and especially to better understand how their 
interaction affect the sterilization efficiency.

4.5  Enhancement of Functionally and Health Properties 
of Fresh Produce

In several recent studies, it has been shown that the post-harvest exposure of fresh 
produce to light-based technologies, like continuous UV (0.1–8  J/cm2) and PL 
(0.2–10  J/cm2) irradiation, may trigger a series of biochemical events within the 
plant tissue, which stimulate the biosynthesis of defensive secondary metabolites 
with antimicrobial activity. These compounds are highly desirable as they can con-
tribute to prolong the life and maintain the quality of vegetable and fruits by 
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delaying senescence and fruit ripening, and induction of natural defences against 
fungi and bacteria (Ribeiro et al. 2012; Urban et al. 2018).

Interestingly, the activation of plant defence mechanisms might also stimulate 
the formation of bioactive compounds, which exhibit antioxidant potential, increas-
ing the nutritional value and health beneficial properties of light-treated products 
(Ribeiro et al. 2012). However, literature data on the use of UV light, and especially 
PL, to enhance the nutraceutical properties of fresh produce are relatively recent and 
in progress, thus, conclusions cannot yet be drawn.

Nevertheless, an enhanced formation of total carotenoid compounds, lycopene, 
and total phenolic compounds has been found during storage of post-harvest 
PL-treated green tomato, thereby increasing the nutritional value (Pataro et  al. 
2015a, b). Lopes et al. (2016) showed that PL treatments increase the concentra-
tions of phytochemicals in mangoes without negative effects on quality criteria. 
Rodov et al. (2012) showed that PL treatments caused an increase in the anthocya-
nins and total phenolic content of fig fruit. An enhanced formation of total phenolics 
and consequent increase in antioxidant activity was also found in post-harvest PL 
treated Annurca apples and persimonns (Pataro et al. 2015a; Denoya et al. 2020). In 
addition, several studies have reported that PL treatment provides a highly effective 
way for increasing Vitamin D2 content in mushrooms with little to no discoloration 
depending on the energy dose. In an earlier study by Kalaras and Beelman (2008), 
vitamin D2 was enhanced up to 824% daily value (DV-400 IU/84 g being 100% 
DV) per 84  g brown and white button mushrooms by application of 3.5  J/cm2. 
Kalaras et al. (2011) in a separate study, also observed Vitamin D2 content enhance-
ment in white button mushrooms (Agaricus bisporus) was up to 27 μg/g dry weight 
using 18 pulses of pulsed UV light of 0.791 J/cm2 per pulse for 1 s treatment. In 
another study, Koyyalamudi et  al. (2011) treated the white button mushrooms 
(Agaricus bisporus) passed in conveyor belts and enhanced Vitamin D2 by 22.5 μg/g 
dry weight using nine pulses at 1.15 J/cm2 per pulse. Chen et al. (2015a) treated 
Pleurotus mushrooms with nine pulses of 1.15 J/cm2 per pulse and enhanced vita-
min D2 by up to 2.78 μg/g fresh weight. Overall, the vitamin D2 enhancement var-
ies proportionally with energy delivered during PL treatment. It is particularly 
noteworthy that the vitamin D2 enhancement in mushrooms by PL was also pat-
ented (Chalupa and Schroeder 2014; Schroeder 2013) and recently, the industrial 
implementation of this kind of PL treatment already took place (Xenon 2020).

Despite these very promising results and preliminary industrial applications, fur-
ther research is needed since, in some cases, investigations have resulted in different 
conclusions regarding the appropriate energy doses, the optimal ripening stage of 
fresh produce, and the storage conditions.
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4.6  Reduction of Allergens in Foods and Improvement 
of Functional and Technological Properties

Non-thermal technologies like PL are gaining increasing interest by food scientists 
and manufacturers, also because they can be employed, among other, to induce 
targeted structural modifications of food protein chromospheres, which could allow 
producing different formulated foods with appropriate functional properties, 
(Siddique et al. 2016, 2017), as well as to design low-allergy food products (del 
Castillo-Santaella et al. 2014).

Proteins are the main structural and functional components of many food sys-
tems, e.g., meat, cheese, gelatine, egg white and most of the cereals. In addition, 
proteins are being increasingly used to facilitate the engineering and fabricate new 
food products, such as protein beverages and extruded foods. The effectiveness of 
the use of proteins in food processing depends on their functional and technological 
characteristics, which, in turn, are strictly related to their different structural confor-
mations (Siddique et al. 2016). Moreover, proteins are also among the major caus-
ative agent of allergenic response in human (Mandal et al. 2020).

PL techniques has the potential to induce changes in the structural conformation 
of proteins either via unfolding, aggregation, cross-linking between ingredients, 
oxidation, or glycosylation (Okolie et al. 2018; Siddique et al. 2016, 2017), thus 
affecting their functional properties and allergenic power. However, the energy lev-
els required to achieve the desired effect is peculiar to each protein, its matrix com-
position, and environmental conditions (Ekezie et al. 2018).

A close examination of the scientific literature shows that, until now, this new 
application of PL is more or less the stage of a feasibility study, with only very few 
data being published on the matter.

Specifically, it has been found that PL treatments cause some aggregation in milk 
proteins by disulphide bonds, although no changes in amino-acid composition was 
observed (Elmnasser et al. 2008). Fernández et al. (2009) observed conformational 
changes of β-lactoglobulin related with PL fluence, which led to the formation of 
high molecular proteins species improving surface and foaming properties of 
β-lactoglobulin solutions. Manzocco et al. (2013) shown that the exposure to PL 
treatments can modify the functional properties of egg white proteins. Later on, 
Siddique et al. (2016, 2017) observed a dose-dependent structural changes (unfold-
ing) and aggregates formation in whey protein isolate (WPI) solutions upon PL 
exposure. The partial unfolding of whey proteins wee reported to increase the func-
tional properties of WPI, such as solubility and foaming capacity (Siddique et al. 
2016). Additionally, in a subsequent work the same authors hypothesized that par-
tial denaturation and the formation of a small fraction of soluble aggregates might 
improve the functional and technological properties of WPI. In this contest, PL may 
be exploited to induce desirable changes in protein rich food ingredients.

On the other hand, PL treatment is proposed to mitigate the allergenicity and 
toxicity of foods, which may extends the applicability of PL treatment in food 
industry (Mandal et al. 2020). To this regard, it has been shown that PL-induced 
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structural rearrangement can decrease the gluten immunoreactivity (Panozzo et al. 
2016). Increasing fluence value modifies the conformation of β-lactoglobulin pro-
tein, which improves the digestibility of this modified protein and hence can be used 
to design low-allergy food products (del Castillo-Santaella et al. 2014). Pulsed UV 
light treatment reduced tropomyosin levels and IgE-binding capacity of shrimp 
extracts (Shriver Yang 2011), as well as the level of allergens and also decreased 
IgE-binding capacity of peanut extracts and liquid peanut butter (Chung et al. 2008; 
Zhao et  al. 2014), almonds (Li et  al. 2013), and wheat (Nooji 2011). Moreover, 
pulsed-UV light treatment of peanut extracts and peanut butter can deactivate Ara 
h1, Ara h2 and Ara h3, known to be the most potent allergens present in peanuts 
(Yang et  al. 2012) and decrease the levels of soy allergens like glycinin and 
b- conglycinin in soy extracts (Yang et al. 2010).

Further research is needed in order investigate the effects of PL on proteins in 
complex food systems, as well as to better elucidate the role played by different 
process parameter, including wavelengths ranges of the spectrum, on protein dena-
turation. This will allow to select the most suitable fluence and wavelength ranges 
emitted by the lamp in order to develop tailored proteins with specific structural 
conformation and functionality, while reducing allergenic power and avoiding or 
minimizing alterations of the treated product.

5  Perspective and Final Remarks

Pulsed light (PL) is a fast, environmental friendly, non-thermal technology with 
many potential applications in different stages of the food processing industry, and 
especially for the production of safe, no toxic, and high quality foods, as well as for 
the decontamination food-contact surface and packaging materials. The latter, rep-
resent till now, the most concrete application of PL technology at industrial level. 
The successful exploitation of PL technology as a “dry” decontamination technique 
of packaging materials, is explained by the reduced operational costs, no or reduced 
water consumption and chemical sanitizers, and, consequently, reduced environ-
mental impact and cost derived for wastewater treatment.

However, although the direct application of PL to food products open exciting 
new and sustainable opportunities to the food industry to increase the safety, shelf- 
life and functionality of certain of certain food products, with no or limited toxic or 
detrimental effects on their overall quality and sensory properties, it still require 
more efforts to achieve industrial scale.

In most food applications, the shadow effect, which prevent the irradiated solid 
surface or treated liquid volume from a uniform light exposure and reduce treatment 
efficiency, as well as sample heating, remain as the main concerns. To this regard, 
while transparent drinks and solid foods, which are smooth and possess low reflec-
tion coefficient, are efficiently treated, opaque or turbid liquids, and surfaces of 
solid food presenting irregular and complex microstructure may render PL scarcely 
effective. The challenge consists in the optimization of the processing conditions 
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and the adoption of technological solutions enabling to improve treatment unifor-
mity, while reducing the heating effects. In this line, different approach continue to 
be developed involving improvements in treatment chamber design, which integrate 
proper cooling system, for efficient treatment of a wide range of liquid and solid 
foods, as well as the combination of PL with other conventional or innovative food 
preservation techniques to enhance their antimicrobial effect, while reducing the 
energy and water consumption.

Finally, more studies on the effect of PL on microbial inactivation, food quality 
attributes, and allergen level, are necessary at laboratory and, especially, at pilot 
scale before the full exploitation of PL at industrial level.

References

Aguiló-Aguayo I, Charles F, Renard CMGC, Page D, Carlin F (2013) Pulsed light effects on 
surface decontamination, physical qualities and nutritional composition of tomato fruit. 
Postharvest Biol Technol 86:29–36

Aguilo-Aguayo I, Oms-Oliu G, Martın-Belloso O, Soliva-Fortuny R (2014) Impact of pulsed light 
treatments on quality characteristics and oxidative stability of fresh-cut avocado. LWT-Food 
Sci Technol 59:320–326

Aron-Maftei N, Ramos-Villarroel AY, Nicolau AI, Martín-Belloso O, Soliva-Fortuny R (2014) 
Influence of processing parameters on the pulsed-light inactivation of Penicillium expansum in 
apple juice. Food Control 41:27–31

Artíguez ML, Martínez de Marañón I (2015) Improved process for decontamination of whey by a 
continuous flow-through pulsed light system. Food Control 47:599–605

Bakar Siddique A, Maresca P, Pataro G, Ferrari G (2017) Influence of pulsed light treatment on the 
aggregation of whey protein isolate. Food Res Int 99:419–425

Bialka KL, Demirci A (2008) Efficacy of pulsed UV-light for the decontamination of Escherichia 
coli O157:H7 and Salmonella spp. on Raspberries and Strawberries. J Food Sci 73:201–207

Bolton JR, Linden KG (2003) Standardization of methods for fluence (UV dose) determination 
in bench-scale UV experiments. J Environ Eng 129(3):209–215. https://doi.org/10.1061/
(ASCE)0733- 9372(2003)129:3(209)

Bolton JR, Mayor-Smith I, Linden KG (2015) Rethinking the concepts of fluence (UV dose) and 
fluence rate: the importance of photon-based units - a systemic review. Photochem Photobiol 
91(6):1252–1262. https://doi.org/10.1111/php.12512

Caminiti IM, Palgan I, Noci F, Muñoz A, Whyte P, Cronin DA, Morgan DJ, Lyng JG (2011) The 
effect of pulsed electric fields (PEF) in combination with high intensity light pulses (HILP) 
on Escherichia coli inactivation and quality attributes in apple juice. Innov Food Sci Emerg 
Technol 12:118–123

Chalupa WF, Schroeder GM (2014) Method and apparatus for vitamin D enhancement in dried 
mushroom powder. U.S. Patent Application No. 13/469,168, 4 September 2014

Charles F, Vidal V, Olive F, Filgueiras H, Sallanon H (2013) Pulsed light treatment as new method 
to maintain physical and nutritional quality of fresh-cut mangoes. Innov Food Sci Emerg 
Technol 18:190–195

Chen SY, Huang SJ, Cheng MC, Chen YK, Yang SC, Mau JL (2015a) Enhancement of vitamin D2 
content in Pleurotus mushrooms using pulsed light. J Food Process Pres 39:2027–2034

Chen BY, Lung HM, Yang BB, Wang CY (2015b) Pulsed light sterilization of packagingmaterials. 
Food Packag Shelf-life 5:1–9

G. Pataro and G. Ferrari

https://doi.org/10.1061/(ASCE)0733-9372(2003)129:3(209)
https://doi.org/10.1061/(ASCE)0733-9372(2003)129:3(209)
https://doi.org/10.1111/php.12512


247

Chen D, Wiertzema J, Peng P, Cheng Y, Liu J, Mao Q, Ma Y, Andreson E, Chen P, Baumler D, Chen 
C, Vickers Z, Feirtag J, Lee L, Ruan R (2018) Effects of intense pulsed light on Cronobacter 
sakazakii inoculated in non-fat dry milk. J Food Eng 238:178–187

Chen D, Chen P, Cheng Y, Peng P, Liu J, Ma Y, Liu Y, Ruan R (2019) Deoxynivalenol decon-
tamination in raw and germinating barley treated by plasma-activated water and intense pulsed 
light. Food Bioprocess Technol 12:246–254

Chung SY, Yang W, Krishnamurthy K (2008) Effects of pulsed UV-light on peanut allergens in 
extracts and liquid peanut butter. J Food Sci 73:400–404

Collazo C, Charles F, Aguiló-Aguayo I, Marín-Sáez J, Lafarga T, Abadias M, Viñas I (2019) 
Decontamination of Listeria innocua from fresh-cut broccoli using UV-C applied in water or 
peroxyacetic acid, and dry-pulsed light. Innov Food Sci Emerg Technol 52:438–449

del Castillo-Santaella T, Sanmartin E, Cabrerizo-Vilchez MA, Arboleya JC, Maldonado- 
Valderrama J (2014) Improved digestibility of b-lactoglobulin by pulsed light processing: a 
dilatational and shear study. Soft Matter 10:9702–9714

Denoya GI, Pataro G, Ferrari G (2020) Effects of postharvest pulsed light treatments on the 
quality and antioxidant properties of persimmons during storage. Postharvest Biol Technol 
160:111055. https://doi.org/10.1016/j.postharvbio.2019.111055

Donsì F, Marchese E, Maresca P, Pataro G, Vu KD, Salmieri S, Lacroix M, Ferrari G (2015) Green 
beans preservation by combination of a modified chitosan based-coating containing nanoemul-
sion of mandarin essential oil with high pressure or pulsed light processing. Postharvest Biol 
Technol 106:21–32

Dunn JE, Clark RW, Asmus JF, Pearlman JS, Boyer K, Painchaud F, Hofmann GA (1989) Methods 
for preservation of foodstuffs. Maxwell Laboratories Inc., San Diego, USA. US Patent 4871559

Ekezie FC, Cheng J, Sun D (2018) Effects of nonthermal food processing technologies on food 
allergens: a review of recent research advances. Trends Food Sci Technol 74:12–25

Elmnasser N, Dalgalarrondo M, Orange N, Bakhrouf A, Haertlé T, Federighi M, Chobert JM (2008) 
Effect of pulsed-light treatment on milk proteins and lipids. J Agric Food Chem 56:1984–1991

EU (1997) Regulation EC No 258/97 of the European Parliaments and the Council of 27 January 
1997 concerning novel foods and novel food ingredients. EU: European Union

Fernández M, Manzano S, De La Hoz L, Ordóñez JA, Hierro E (2009) Pulsed light inactivation 
of Listeria monocytogenes through different plastic films. Foodborne Pathog Dis 6:1265–1267

Fernández E, Artiguez ML, de Marañón IM, Villate M, Blanco FJ, Arboleya JC (2012) Effect 
of pulsed-light processing on the surface and foaming properties of β-lactoglobulin. Food 
Hydrocoll 27:154–160

Ferrario M, Alzamora SM, Guerrero S (2013) Inactivation kinetics of some microorganisms 
in apple, melon, orange and strawberry juices by high intensity light pulses. J  Food Eng 
118:302–311

Ferrario M, Alzamora SM, Guerrero S (2015) Study of the inactivation of spoilage microorgan-
isms in apple juice by pulsed light and ultrasound. Food Microbiol 46:635–642

Ferrario M, Guerrero S (2016) Effect of a continuous flow-through pulsed light system combined 
with ultrasound on microbial survivability, color and sensory shelf-life of apple juice. Innov 
Food Sci Emerg Technol 34:214–224

Ferrario M, Guerrero S (2017) Impact of a combined processing technology involving ultrasound 
and pulsed light on structural and physiological changes of Saccharomyces cerevisiae KE 
162 in apple juice. Food Microbiol 65:83–94

Fine F, Gervais P (2004) Efficiency of pulsed UV light for microbial decontamination of food 
powders. J Food Prot 67:787–792

Franco-Vega A, Reyes-Jurado F, González-Albarrán D, Ramírez-Corona N,·Palou E,·López 
Malo A (2021) Developments and advances of high intensity pulsed light and its combination 
with other treatments for microbial inactivation in food products. Food Eng Rev, https://doi.
org/10.1007/s12393- 021- 09280- 1

Ganan M, Hierro E, Hospital XF, Barroso E, Fernandez M (2013) Use of pulsed light to increase 
the safety of ready-to-eat cured meat products. Food Control 32:512–517

7 Non-electro-Technologies: Gamma Rays, UV Light, Pulsed Light, Ozonation…

https://doi.org/10.1016/j.postharvbio.2019.111055
https://doi.org/10.1007/s12393-021-09280-1
https://doi.org/10.1007/s12393-021-09280-1


248

Garvey M, Thokala N, Rowan N (2014) A comparative study on the pulsed UV and the low- pressure 
UV inactivation of a range of microbial species in water. Water Environ Res 86:2317–2324

Gómez-López et al (2021) Guidelines on reporting treatment conditions for emerging technologies 
in food processing. Crit Rev Food Sci Nutr. https://doi.org/10.1080/10408398.2021.1895058

Gómez-López VM, Bolton JR (2016) An approach to standardize methods for fluence determina-
tion in bench-scale pulsed light experiments. Food Bioprocess Technol 9:1040–1048

Gómez-López VM, Devlieghere F, Bonduelle V, Debevere J (2005) Factors affecting the inactiva-
tion of micro-organisms by intense light pulses. J Appl Microbiol 99:460–470

Gómez-López VM, Ragaert P, Debevere J, Devlieghere F (2007) Pulsed light for food decontami-
nation: a review. Trends Food Sci Technol 18:464–473

Gouma M, Condón S, Mañas P, Álvarez I, Gayán E (2016) The use of UV light for food preserva-
tion: an overview. In: Pataro G, Lyng JG (eds) High intensity pulsed light in processing and 
preservation of foods. Nova Science Publishers, Inc, pp 1–39

Haughton PN, Lyng JG, Morgan DJ, Cronin DA, Fanning S, Whyte P (2011) Efficacy of high 
intensity pulsed light for the microbiological decontamination of chicken, associated packag-
ing, and contact surfaces. Foodborne Pathog Dis 8:109–117

Heinrich V, Zunabovic M, Bergmair, Kneifel W, Jäger H (2015) Post-packaging application of 
pulsed light for microbial decontamination of solid foods: a review. Innov Food Sci Emerg 
Technol 30:145–156

Hierro E, Barroso E, De la Hoz L, Ordo~nez JA, Manzano S, Fernandez M (2011) Efficacy of 
pulsed light for shelf-life extension and inactivation of Listeria monocytogenes on ready-to-eat 
cooked meat products. Innov Food Sci Emerg Technol 12:275–281

Hierro E, Ganan M, Barroso E, Fernandez M (2012) Pulsed light treatment for the inactivation of 
selected pathogens and the shelf-life extension of beef and tuna carpaccio. Int J Food Microbiol 
158:42–48

Hillegas SL, Demirci A (2003) Inactivation of Clostridium sporogenes in Clover Honey by 
Pulsed UV-Light Treatment; V. Manuscript FP 03 009; American Society of Agricultural and 
Biological Engineers: St. Joseph, MI, USA

Hsu L, Moraru CI (2011) Quantifying and mapping the spatial distribution of fluence inside a 
pulsed light treatment chamber and various liquid substrates. J Food Eng 103:84–91

Huang Y, Chen H (2015) Inactivation of Escherichia coli O157:H7, Salmonella and human norovi-
rus surrogate on artificially contaminated strawberries and raspberries by water‐assisted pulsed 
light treatment. Food Res Int 72:1–7

Ignat A, Manzocco L, Maifreni M, Bartolomeoli I, Nicoli MC (2014) Surface decontamination of 
fresh-cut apple by pulsed light: effects on structure, colour and sensory properties. Postharvest 
Biol Technol 91:122–127

IUPAC (1996) Glossary of terms used in photochemistry. Pure Appl Chem 12:2223–2286
Jean J, Morales-Rayas R, Anoman MN, Lamhoujeb S (2011) Inactivation of hepatitis A virus and 

norovirus surrogate in suspension and on food-contact surfaces using pulsed UV light (pulsed 
light inactivation of food-borne viruses). Food Microbiol 28:568–572

John D, Ramaswamy HS (2018) Pulsed light technology to enhance food safety and quality: a 
mini-review. Curr Opin Food Sci 23:70–79

Kalaras MD, Beelman RB (2008) Vitamin D2 Enrichment in Fresh Mushrooms Using Pulsed UV 
Light. Foodscience. Available online: psu.edu/directory/rbb6/VitaminDEnrichment.pdf

Kalaras MD, Beelman RB, Elias RJ (2011) Effects of postharvest pulsed UV light treatment of 
white button mushrooms (Agaricus bisporus) on vitamin D2 content and quality attributes. J 
Agric Food Chem 60:220–225

Keklik NM, Demirci A, Puri VM (2009) Inactivation of listeria monocytogenes on unpackaged 
and vacuum-packaged chicken frankfurters using pulsed UV-light. J Food Sci 74:M431–M439

Keklik NM, Demirci A, Puri VM (2010) Decontamination of unpackaged and vacuum-packaged 
boneless chicken breast with pulsed ultraviolet light. Poult Sci 89:570–581

Keklik NM, Krishnamurthy K, Demirci A (2012) Microbial decontamination of food by ultravio-
let (UV) and pulsedUVlight. In: Demirci A, Ngadi M (eds) Microbial decontamination in the 

G. Pataro and G. Ferrari

https://doi.org/10.1080/10408398.2021.1895058


249

food industry. Novel methods and applications. Woodhead Publishing, pp 344–369. https://doi.
org/10.1533/9780857095756.2.344

Keklik NM, Demirci A, Bock RG (2011) Surface decontamination of whole chicken carcasses 
using a pilotscale pulsed UV light system. T ASABE 54:993–1000

Koh PC, NoranizanMA HZAN, Karim R, Rosli SZ (2017) Application of edible coatings and 
repetitive pulsed light far shelf-life extension of fresh-cut cantaloupe (Cucumismelo L. reticu-
latus cv. Glamour). Postharvest Biol Technol 129:64–78

Koyyalamudi SR, Jeong SC, Pang G, Teal A, Biggs T (2011) Concentration of vitamin D2  in 
white button mushrooms (Agaricus bisporus) exposed to pulsed UV light. J Food Compos 
Anal 24:976–979

Kramer B, Wunderlich J, Muranyi P (2015) Pulsed light decontamination of endive salad and 
mung bean sprouts and impact on color and respiration activity. J Food Prot 78:340–348

Kramer B, Wunderlich J, Muranyi P (2017) Recent findings in pulsed light disinfection. J Appl 
Microbiol 122:830–856

Krishnamurthy K, Demirci A, Irudayaraj JM (2007) Inactivation of Staphylococcus aureus in milk 
using flow-through pulsed UV light treatment system. J Food Sci 72(7):M233–M239

Levy C, Aubert X, Lacour B, Carlin F (2012) Relevant factors affecting microbial surface decon-
tamination by pulsed light. Int J Food Microbiol 152:168–174

Li Y, Yang W, Chung SY, Chen H, Ye M, Teixeira AA, Gregory JF, Welt BA, Shriver S (2013) 
Effect of pulsed ultraviolet light and high hydrostatic pressure on the antigenicity of almond 
protein extracts. Food Bioprocess Technol 6:431–440

Lopes MM, Silva EO, Canuto KM, Silva LM, Gallão MI, Urban L, Fernando Ayala-Zavala J, 
Miranda MRA (2016) Low fluence pulsed light enhanced phytochemical content and anti-
oxidant potential of ‘Tommy Atkins’ mango peel and pulp. Innov Food Sci Emerg Technol 
33:216–224

Maftei NA, Ramos-villarroel AY, Nicolau AI, Martin-Belloso O, Soliva-Fortuny R (2014) Influence 
of processing parameters on the pulsed - light inactivation of Penicillium expansum in apple 
juice. Food Control 41:27–31

Mahendran R, Ramanan KR, Barba FJ et al (2019) Recent advances in the application of pulsed 
light processing for improving food safety and increasing shelf-life. Trends Food Sci Technol 
88:67–79. https://doi.org/10.1016/j.tifs.2019.03.010

Mandal R, Mohammadi X, Wiktor A, Singh A, Singh Anubhav P (2020) Applications of pulsed 
light decontamination technology in food processing: an overview. Appl Sci 10:3606. https://
doi.org/10.3390/app10103606

Manzocco L, Panozzo A, Nicoli MC (2013) Effect of pulsed light on selected properties of egg 
white. Innov. Food Sci Emerg Technol 18:183

Manzocco L, Ignat A, Bartolomeoli I, Maifreni M, Nicoli MC (2015) Water saving in fresh-cut 
salad washing by pulsed light. Innov Food Sci Emerg Technol 28:47–51

Moreira MR, Álvarez MV, Martín-Belloso O, Soliva-Fortuny R (2016) Effects of pulsed light 
treatments and pectin edible coatings on the quality of fresh-cut apples: a hurdle technology 
approach. J Sci Food Agric 97:261–268

Muñoz A, Palgan I, Noci, F, Morgan, DJ, Cronin, DA, Whyte P, Lyng, JG (2011) Combinations 
of high intensity light pulses and thermosonication for the inactivation of Escherichia coli in 
orange juice. Food Microbiol 28:1200–1204

Muñoz A, Caminiti IM, Palgan I, Pataro G, Noci F, Morgan DJ, Cronin DA, Whyte P, Ferrari G, 
Lyng JG (2012) Effects on Escherichia coli inactivation and quality attributes in apple juice 
treated by combinations of pulsed light and thermosonication. Food Res Int 45:299–305

Nicorescu I, Nguyen B, Chevalier S, Orange N (2014) Effects of pulsed light on the organoleptic 
properties and shelf-life extension of pork and salmon. Food Control 44:138–145

Nooji JK (2011) Reduction of Wheat Allergen Potency by Pulsed Ultraviolet Light, High 
Hydrostatic Pressure and Nontherma Plasma (MSc thesis). University of Florida

Okolie CL, Aryee ANA, Udenigwe CC (2018) Detection and deactivation of allergens in food. In: 
Yada RY (ed) Proteins in food processing. Woodhead Publishing Series, pp 367–387. 71

7 Non-electro-Technologies: Gamma Rays, UV Light, Pulsed Light, Ozonation…

https://doi.org/10.1533/9780857095756.2.344
https://doi.org/10.1533/9780857095756.2.344
https://doi.org/10.1016/j.tifs.2019.03.010
https://doi.org/10.3390/app10103606
https://doi.org/10.3390/app10103606


250

Oms-Oliu G, Martín-Belloso O, Soliva-Fortuny R (2010) Pulsed light treatments for food preser-
vation. A review. Food Bioprocess Technol 3:13–23

Oms-Oliu G, Aguilo-Aguayo I, Martın-Belloso O, Soliva-Fortuny R (2010a) Effects of pulsed 
light treatments on quality and antioxidant properties of freshcut mushrooms (Agaricus bispo-
rus). Postharvest Biol Technol 56:216–222

Ozer NP, Demirci A (2006) Inactivation of Escherichia coli O157: H7 and Listeria monocytogenes 
inoculated on raw salmon fillets by pulsed UV-light treatment. Int J Food Sci Tech 41:354–360

Palgan I, Caminiti IM, Muñoz A, Noci F, Whyte P, Mogan DJ et al (2011) Effectiveness of high 
intensity light pulse (HILP) treatments for the control of Escherichia coli and Listeria innocua 
in apple juice, orange juice and milk. Food Microbiol 28:14–20

Panozzo A, Manzocco L, Lippe G, Nicoli MC (2016) Effect of pulsed light on structure and immu-
noreactivity of gluten. Food Chem 194:366–372

Pataro G, De Maria S, Lyng JG (2016) Factors determining the efficacy of a pulsed light treatment. 
In: Pataro G, Lyng JG (eds) High intensity pulsed light in processing and preservation of foods. 
Nova Science Publishers, Inc, pp 85–108

Pataro G, Donsi G, Ferrari G (2015a) Post-harvest UV-C and PL irradiation of fruits and veg-
etables. Chem Eng Trans 44:31–36. https://doi.org/10.3303/CET1544006

Pataro G, Muñoz A, Palgan I, Noci F, Ferrari G, Lyng JG (2011) Bacterial inactivation in fruit 
juices using a continuous flowpulsed light (PL) system. Food Res Int 44:1642–1648

Pataro G, Sinik M, Capitoli MM, Donsì G, Ferrari G (2015b) The influence of post-harvest UV-C 
and pulsed light treatments on quality and antioxidant properties of tomato fruits during stor-
age. Innov Food Sci Emerg Technol 30:103–111

Pirozzi A, Pataro G, Donsì F, Ferrari G (2020) Edible coating and pulsed light to increase the shelf 
life of food products. Food Eng Rev. https://doi.org/10.1007/s12393- 020- 09245- w

Ramos-Villarroel AY, Aron-Maftei N, Martín-Belloso O, Soliva-Fortuny R (2012a) Influence of 
spectral distribution on bacterial inactivation and quality changes of fresh-cut watermelon 
treated with intense light pulses. Postharvest Biol Technol 69:32–39

Ramos-Villarroel AY, Aron-Maftei N, Martín-Belloso O, Soliva-Fortuny R (2012b) The role of 
pulsed light spectral distribution in the inactivation of Escherichia coli and Listeria innocua on 
fresh-cut mushrooms. Food Control 24:206–213

Ramos-Villarroel A, Aron-Maftei N, Martín-Belloso O, Soliva-Fortuny R (2014) Bacterial inacti-
vation and quality changes of fresh-cut avocados as affected by intense light pulses of specific 
spectra. Int J Food Sci Technol 49:128–136

Ribeiro C, Canada J, Alvarenga B (2012) Prospects of UV radiation for application in postharvest 
technology. Emirates J Food Agric 24:586–597

Ringus DL, Moraru CI (2013) Pulsed light inactivation of Listeria innocua on food packaging 
materials of different surface roughness and reflectivity. J Food Eng 114:331–337

Rodov V, Vinokur Y, Horev B (2012) Brief postharvest exposure to pulsed light stimulates col-
oration and anthocyanin accumulation in fig fruit (Ficus carica L.). Postharvest Biol Technol 
68:43–46

Schaefer R, Grapperhaus M, Schaefer I, Linden K (2007) Pulsed UV lamp performance 
and comparison with UV mercury lamps. J Environ Eng Sci 6(3):303–310. https://doi.
org/10.1139/s06- 068

Schroeder GM (2013) Method and Apparatus for Vitamin D Enhancement in Mushrooms. 
U.S. Patent No. 8,545,915, 1 October 2013

Shriver SK, Yang WW (2011) Thermal and nonthermal methods for food allergen control. Food 
Eng Rev 3:26–43

Siddique AB, Maresca P, Pataro G, Ferrari G (2016) Effect of pulsed light treatment on structural 
and functional properties of whey protein isolate. Food Res Int 87:189–196. http://hdl.handle.
net/11386/4669309

Takeshita K, Shibato J, Sameshima T, Fukunaga S, Isobe S, Arihara K, Itoh M (2003) Damage of 
yeast cells induced by pulsed light irradiation. Int J Food Microbiol 85:151–158

G. Pataro and G. Ferrari

https://doi.org/10.3303/CET1544006
https://doi.org/10.1007/s12393-020-09245-w
https://doi.org/10.1139/s06-068
https://doi.org/10.1139/s06-068
http://hdl.handle.net/11386/4669309
http://hdl.handle.net/11386/4669309


251

Taştan Ö, Pataro G, Donsì F, Ferrari G, Baysal T (2017) Decontamination of fresh-cut cucumber 
slices by a combination of a modified chitosan coating containing carvacrol nanoemulsions and 
pulsed light. Int J Food Microbiol 260:75–80

Turtoi M, Nicolau A (2007) Intense light pulse treatment as alternative method for mould spores 
destruction on paperpolyethylene packaging material. J Food Eng 83:47–53

Urban L, Chabane Sari D, Orsal B, Lopes M, Miranda R, Aarrouf J (2018) UV-C light and pulsed 
light as alternatives to chemical and biological elicitors for stimulating plant natural defenses 
against fungal diseases. Sci Hortic (Amsterdam) 235:452–459

Uslu G, Demirci, A, Regan, JM (2014) Efficacy of pulsed UV-light treatment on wastewater efflu-
ent disinfection and suspended solid reduction. J Environ Eng-ASCE 141:04014090

Wang T, MacGregor SJ, Anderson JG, Woolsey GA (2005) Pulsed ultra-violet inactivation spec-
trum of Escherichia coli. Water Res 39:2921–2925

Wekhof A (2000) Disinfection with flash lamps. PDA J PharmSci Technol 54:264–276
Wekhof A, Trompeter F-J, Franken O (2001) Pulsed UV disintegration (PUVD): a new sterilisa-

tionmechanism for packaging and broad medical-hospital applications. In: Proceedings of the 
the first international conference on ultraviolet technologies, June14–16, 2001, Washington 
D.C, pp 1–15

Woodling SE, Moraru CI (2005) Influence of surface topography on the effectiveness of pulsed 
light treatment for the inactivation of listeria innocua on stainless-steel surfaces. J Food Sci 
70:m345–m351. https://doi.org/10.1111/j.1365- 2621.2005.tb11478.x

Woodling SE, Moraru CI (2007) Effect of spectral range in surface inactivation of Listeria innocua 
using broad-spectrum pulsed light. J Food Prot 70:909–916

Xenon food safety and enhancement with pulsed UV light. Available online: https://xenoncorp.
com/food- safety/other- foodapplications/. Accessed 16 Apr 2020

Xu, W, Chen H, Huang Y, Wu C (2013) Decontamination of Escherichia coli O157: H7 on green 
onions using pulsed light (PL) and PL–surfactant–sanitizer combinations. Int J Food Microbiol 
166:102–108

Xu F, Wang B, Hong C, Telebielaigen S, Nsor-Atindana J, Duan Y, Zhong F (2019) Optimization 
of spiral continuous flowthrough pulse light sterilization for Escherichia coli in red grape juice 
by response surface methodology. Food Control 105:8–12

Yang WW, Chung SY, Ajayi O, Krishnamurthy K, Konan K, Goodrich-Schneider R (2010) Use of 
pulsed ultraviolet light to reduce the allergenic potency of soybean extracts. Int J Food Eng 6:3

Yang WW, Mwakatage NR, Goodrich-Schneider R, Krishnamurthy K, Rababah TM (2012) 
Mitigation of major peanut allergens by pulsed ultraviolet light. Food Bioprocess Technol 
5:2728–2738

Yi JY, Lee NH, Chung MS (2016) Inactivation of bacteria and murine norovirus in untreated 
groundwater using a pilot-scale continuous-flow intense pulsed light (IPL) system. LWT-Food 
Sci Technol 66:108–113

Zhao XY, Yang WD, Chung SY, Sims CA, Otwell SW, Rababah TM (2014) Reduction of IgE 
immunoreactivity of whole peanut (Arachis hypogaea L.) after pulsed light illumination. Food 
Bioprocess Technol 7:2637–2645

7 Non-electro-Technologies: Gamma Rays, UV Light, Pulsed Light, Ozonation…

https://doi.org/10.1111/j.1365-2621.2005.tb11478.x
https://xenoncorp.com/food-safety/other-foodapplications/
https://xenoncorp.com/food-safety/other-foodapplications/


253

Chapter 8
Non-electro-Technologies: Gamma Rays, 
UV Light, Ozone, Photodynamic 
and Membrane Processing

S. Padma Ishwarya, Muhammad Haseeb Ahmad, A. M. Nandu Lal, V. Silpa, 
and T. Venkatesh

1  Radiation Processing

Radiation processing of foods began soon after the discovery of radioactivity in 
1896. A pioneering application of irradiation was microbial inactivation in foods 
(Appleby and Banks 1905). Since then, the concept of food irradiation has evolved 
across years (Fig.  8.1) to encompass a wide range of applications, at present. 
Formally, food irradiation can be defined as a physical process in which food and 
agricultural commodities, either in bulk or pre-packed form, are exposed to a con-
trolled dose of radiation energy to achieve various desirable effects (BARC n.d.) 
(Fig. 8.2). It is also referred to as ‘cold pasteurization’ since the food remains iso-
thermal as it is not heated up during the process (Moreira and Castell-Perez 2021). 
Further, irradiation is a validated substitute to the chemical treatment of agro and 
food produces. Regardless of the periodic concerns raised about the safety of irradi-
ated foods, radiation processing has continued to be a favorable methodology which 
assures the safety of food produces (IFST 2006; Verma and Gautam 2015). The 
United States Food and Drug Administration (USFDA) has confirmed the safety of 
the food irradiation process after assessing a range of irradiated foods for more than 
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Fig. 8.1 Radiation processing of foods: a timeline of advancements
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Fig. 8.2 Wide-ranging applications of food irradiation

30 years. Similarly, concern regarding safe dosage of radiation in food products has 
also been validated by the World Health Organization (WHO), the Center for 
Disease Control and Prevention (CDC), and the U.S. Department of Agriculture 
(USDA) (FDA 2018).

This section of the chapter will present an overview of the principle, classifica-
tions, and applications of food irradiation with relevant case studies.
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1.1  Principle of Food Irradiation

According to the USFDA (2016), three categories of ionizing radiations have been 
approved for food processing applications (Bahrami et al. 2020):

 1. gamma-ray (γ-rays)
 2. electron beam of energy order 10 MeV, maximum), and
 3. Roentgen ray (X-ray; high energy of 5 MeV, maximum)

When radio-active isotopes cobalt (60Co) and cesium (137Cs) gets decayed, gamma 
rays are generated. Whereas, electron beams are generated from an equipment 
called “electron gun” which operates under vacuum conditions. On the other hand, 
X-rays are generated from accelerators that can be of the linear or Rhodotron-type 
(Pillai and Shayanfar 2017).

The food preservation effect of these ionizing radiations is attributed to their 
interactions with the food substance, which can be classified as physical and chemi-
cal. Molecular ions of high energy, which gets generated due to physical interac-
tions between UV and food results in electron capture, dissociation, and a quick 
reorganization via ion-molecule reactions. Alternatively, the ions might disintegrate 
with time, based on their convolution. Nevertheless, the impact of radiation on the 
food matrix is determined by several factors such as physical state, temperature, 
atmospheric conditions, radiation type and energy intensity. Apart from physical 
changes, the radiolysis-mediated chemical changes in treated foods arise as a con-
sequence of the energy absorbed by the absorbing matter, since the UV radiation 
can excite the molecules and produce high reactive free radicals. The highly reactive 
intermediates thus formed can undergo several reactions to form stable chemical 
products known as the ‘radiolysis products’. If the targets of irradiation are living 
organisms such as microbes or insects, these chemical modifications will eventually 
have biological consequences (Morehouse and Komolprasert 2004). The specific 
governing mechanisms by which the ionizing radiations achieve each of the intended 
applications mentioned in Fig. 8.2 are explained in the subsequent subsections.

1.1.1  Mechanism of Microbial Inactivation and Sterilization by 
Radiation Processing

The mode of action by which the ionizing radiations inactivate food-borne patho-
gens and spoilage microbes is by triggering direct damage to their genomic material 
or by impacting the cell membrane. In the former mechanism, the ionizing radiation 
targets the DNA and RNA of microbes/pathogens and disrupts the composition and 
structure thereby causing the reproductive death of pathogens (Lung et al. 2015). 
When exposed to ionizing radiation, lesions are formed in the bacterial DNA. The 
single-stranded lesions do not harm the bacterial cell significantly, as the cell over-
comes them by its DNA repair mechanism. Nevertheless, double-stranded lesions 
and multiple single-stranded DNA lesions are beyond the scope of repair and 
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certainly lead to cell death (Ravindran and Jaiswal 2019) (Fig. 8.3a). Alternatively, 
ionizing radiations may also inactivate microorganisms by the generation of free 
radicals such and reactive oxygen species that are released upon the radiolysis of 
water molecules. These reactive species are capable of damaging the microbial cell 
membrane (Lung et al. 2015) (Fig. 8.3b). Free radicals emanating from the radioly-
sis of water and small molecules are effective in degrading mycotoxins by direct 
destruction of the organic molecules (Pankaj et al. 2018; Wang et al. 2015).

The effectiveness of microbial inactivation by ionizing radiations is determined 
by various factors such as source and dosage of radiation, microorganism and the 
characteristics of the food matrix (Deng et al. 2020b). For instance, microbial load 
reduction and radiation dose level are directly related. For example, diderm bacteria 
is more vulnerable to irradiation when compared to monoderm bacteria and pro-
karyotes are highly resilient than eukaryotes (Deng et al. 2020a). Since the penetra-
tion capability of γ-ray is substantially deeper than other radiation forms, its dosage 
is considerably lower than the X-ray and e-beam. However, X-rays have low energy 
efficiency (3–5%), and e-beams exhibit low penetration ability (Calado et al. 2014). 
With respect to the influence of food matrices, microorganisms in buffer solutions 
are more sensitive to radiation, rather than those present in solutions containing 
organic constituents such as proteins. The latter exhibit protective effects against 
radiations. Conversely, the presence of antimicrobial agents (ex. nitrite) in foods 
enhances the sensitivity of microorganisms to radiation (Erkmen and Bozoglu 2016).

1.1.2  Mechanism of Sprout Inhibition by Radiation Processing

Ionizing radiations inhibit the sprouting of tubers, bulbs, rhizomes, and corms by 
suppressing nucleic acid synthesis (DNA and RNA) in the meristem (bud). 
Consequently, germination is prevented and sprout formation is inhibited. But the 
extent of sprout inhibition depends on the dose of absorbed radiation (Farkas 2006). 
While dose less than the prescribed limit is not effective at inhibiting sprouting, 

Fig. 8.3 Direct and indirect modes of microbial inactivation during food irradiation. (Modified 
from Lung et al. 2015; Ravindran and Jaiswal 2019)
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higher doses lead to undesirable effects such as blackening of bud tissue (Mahto and 
Das 2014) (Fig. 8.4a), excessive browning, storage rot, and spoilage, reduced vita-
min content and wound healing ability, besides sweetening and variations in chemi-
cal composition that are irreversible during the following storage period (Tripathi 
et al. 2015).

Fig. 8.4 Effect of irradiation on (a) sprouting in potatoes (exposure with 1 kGy resulted in black-
ening of the bud tissue). (Mahto and Das 2014); (b) physiological maturity of ‘Dushehri’ mangoes 
after upon 7 days storage period. (Mahto and Das 2013)
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1.1.3  Mechanism of Delayed Ripening and Senescence of Fruits by 
Radiation Processing

Irradiation is known to induce modifications in the enzyme-mediated metabolic 
pathways that are accountable for the ripening of fruits and thereby delay ripening 
and senescence (Thomas 1988). According to another school of thought, irradiation 
slows down the production of hormones in fruits and vegetables, thereby delaying 
the fruit maturation (Agbaka and Ibrahim 2020). Other mechanisms by which irra-
diation postpones ripening include: (i) reducing sensitivity to ripening action of 
ethylene; (ii) altered carbohydrates metabolism by regulating certain vital enzymes 
that hinder the production of Adenosine Triphosphate (ATP), which is essential for 
several synthetic processes during ripening (Udipi and Ghurge 2010). As discussed 
in the earlier section, the effect of irradiation on delayed ripening of fruits is dose- 
dependent and excessive dosage can lead to deteriorative effects. For example, 
when irradiation was applied to delay the ripening of ‘Dushehri’ mangoes, the peel 
color of the control fruit changed to yellowish-green within 4 days of storage and 
turned fully yellow at the end of the seventh day, relative to the irradiated fruits that 
were still green on the fourth day and yellowish-green on seventh day of storage. 
While the fruit treated with a low dose, i.e., 0.7 kGy had firmer flesh and looked 
more acceptable, that treated with a higher dose (6–10 kGy) showed brown patches 
on the peel and pulp, separation of cells, and development of fissures and cavities in 
the pulp. Also, treatment of fruit with 10 kGy dosage resulted in an excessive extru-
sion of sap (Mahto and Das 2013) (Fig. 8.4b).

1.1.4  Mechanism of Disinfestation by Radiation Processing

Similar to the mode of action involved in microbial inactivation, ionizing radiations 
destroy insects and pests by a sequence of oxidative reactions and the development 
of free peroxy radicals, that damage the organic molecules irreversibly. At the cyto-
logical level, ionization causes lethal mutations, translocations, and other aberra-
tions in the germ cell chromosome. The result is the formation of imbalanced 
gametes and the consequent inhibition of mitosis and death of fertilized eggs (Espo 
et al. 2015). Irradiation also causes the breakage of chemical bonds, which at the 
DNA level retards the reproductive mechanism of the organism (Abbas et al. 2011). 
Nevertheless, the lethal dosage of radiation for disinfestation is determined by the 
type and life cycle stage of the insect. For example, beetles and mites are highly 
affected by radiation than the more resistant moths. Usually, a dosage of as low as 
0.5 kGy is known to control the most resistant beetles and immature moths, and the 
progenies of the moths would be sterile. Similarly, insects in the egg stage are more 
susceptible to irradiation than those in their adult phase. A maximum radiation dose 
of up to 3 kGy is required to kill insects at any developmental stage. But, a lower 
dose might prevent progressive maturation or lead to sterilization (World Health 
Organization 1994).
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1.2  Applications of Radiation Processing in Food Products: 
Pertinent Case Studies

The food applications of radiation processing can be broadly categorized according 
to the radiation dose used, which is measured in units of kilogray (kGy).

 1. low dose (<1 kGy);
 2. medium dose (1–10 kGy) &
 3. high dose (>10 kGy).

This section would provide insights into the different applications of food irradia-
tion under each of the above categories.

1.2.1  Low-Dose Applications

In low-dose applications, irradiation is employed as a preventive measure rather 
than for achieving sterility. These are mainly employed for insect disinfestation, 
phytosanitary irradiation, delaying of ripening, and sprout inhibition. Low-dose is 
frequently used for disinfection of fresh agro produces and decontamination of 
poultry products such as egg (Alvarez et al. 2007; Kim et al. 2010; Niemira and Fan 
2006 & Kalyani and Manjula 2014). Table 8.1 lists the commonly encountered low 
dose irradiation applications and the corresponding dosage.

1.2.2  Medium Dose Applications

Medium-dose irradiation (1–10 kGy) for microbial inactivation of food products is 
termed as ‘radurization’ or Radiopasteurization (due to its similar effects as heat 
pasteurization). Radurization involves treating the food with a dose of ionizing radi-
ation that is adequate to improve its shelf-life by bringing about a significant reduc-
tion in the count of viable spoilage microorganisms. It is aimed at controlling 
pathogenic microbes (except viruses) and extending the shelf-life of fresh agro pro-
duces, spices and also wide range of dairy and poultry produces (Hallman 2011; 
Miller 2015). After radurization, the count of viable non-spore- forming pathogenic 
microbes is reduced to an undetectable level in the treated product. However, it is 
recommended that the treated products are stored under refrigeration conditions 
(Kalyani and Manjula 2014). The established medium-dose applications of irradia-
tion and the corresponding dosage are mentioned in Table 8.1.
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Table 8.1 An overview of the applications of food irradiation

Application Radiation dosage Products Reference

Low-dose (up to 1 kGy)
Sprout Inhibition 0.05–0.15 kGy Onions & tubers Kalyani and 

Manjula (2014)Delaying of physiological 
processes (ex. ripening of 
fresh fruits)

0.5–1.0 kGy Fresh fruits and vegetables

Insects and parasite 
deactivation

0.15–0.5 kGy Cereals and pulses, flours, 
cocoa beans, fresh and dried 
fruits, dried fish and meat, 
fresh pork

Inactivation of pathogenic 
parasites like tapeworm 
and trichina

0.3–1 kGy Meat products

Quarantine treatment 
against

Fruits and vegetables Hallman and 
Loaharanu (2016)

  (i) fruit flies 150 Gy 
(minimum)

  (ii) insects of other 
species

300–500 Gy

Medium-dose (1–10 kGy)
Shelf-life enhancement of 
fresh produce

1.0–3.0 kGy Fresh fish, strawberries, 
mushrooms, meat

Kalyani and 
Manjula (2014)

Spoilage prevention 1.0–7.0 kGy Fresh and frozen seafood, 
raw or frozen poultry and 
meat

Improving the properties 
of food

2.0–7.0 kGy Grapes (to increase juice 
yield), dehydrated 
vegetables (to shorten the 
cooking time)

Delay of fruit maturation 2–5 kGy Strawberries Erkmen and 
Bozoglu (2016)

Control of molds for 
prolonged storage life

2.5 kGy Fresh fruits Mongpraneet et al. 
(2002)

Sterilization of foods 7.0–10.0 kGy Herbs, spices, meat, poultry, 
seafood

Antonelli et al. 
(1998); Kim et al. 
(2014)

Reduction of aerobic 
bacteria

e-beam
2.5 kGy (resulted 
in a 3.2 log 
CFU/g reduction)

Bay leaves Gryczka et al. 
(2018)

Treatment for:
  Reduction of E.coli 

O157:H7
  Reduction of 

Salmonella 
typhimurium

γ-ray (5 kGy)
  >4.4 log CFU/g 

reduction
  >5.2 log CFU/g 

reduction

Black pepper Song et al. (2014)

(continued)
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Table 8.1 (continued)

Application Radiation dosage Products Reference

Reduction of Salmonella X-ray
1.13–2.28 kGy
5-log reduction in 
Salmonella

Almonds Jeong et al. (2012)

Inhibition of 
aflatoxicogenic molds 
(Aspergillus sp.)

γ-ray: 5 kGy
Reduction in 
aflatoxin colony 
growth by 
48–63%

Contaminated maize 
samples

Markov et al. 
(2015)

High-dose (10–50 kGy)
Integrated sterilization 
and heat treatment

30–50 kGy Meat, poultry, seafood, 
prepared foods, and hospital 
diets

Kalyani and 
Manjula (2014)

Decontamination of food 
additives

10–50 kGy Spices, enzyme consortia, 
and natural gums

Sterilization of packaging 
materials

10–25 kGy Wine corks Corsi et al. (2015); 
Davis et al. (1982)

Sterilized hospital diets 30–50 kGy Ready meals Ihsanullah and 
Rashid (2017)

Virus inactivation 20–50 kGy Food products Erkmen and 
Bozoglu (2016)Radappertization 25–50 kGy Canned foods

1.2.3  High Dose Applications

High-dose radiation (10–50 kGy) treatment is usually applied for achieving steril-
ization and shelf-stability of packaged meat products and foods with multiple com-
ponents (Table 8.1). High dose is effective for inactivating microbes in wide range 
of dried agro produces. It could also be considered as a promising substitute for 
chemical fumigation (Kalyani and Manjula 2014). Notably, irradiation with high 
dose γ-rays significantly reduces wide range of mycotoxins in dry pepper by 
45–50% (Jalili et al. 2012). On the other hand, at a further higher dosage between 
25 and 70 kGy, irradiation imparts a sterilization effect in enzyme-inactivated food 
products in sealed containers. The high radiation dose reduces both the number and 
activity of spoilage organisms and their spores below a detectable limit in the irradi-
ated food product. This leads to an indefinite shelf-life extension of the treated prod-
ucts, irrespective of their subsequent storage conditions, provided the package 
is intact.

With respect to attaining shelf-stability, i.e., long-term storage without refrigera-
tion, the high-dose irradiation process is also referred to as ‘radappertization’ 
(Kalyani and Manjula 2014). Radappertization is the treatment of food products 
with a sufficient dose of ionizing energy to prevent spoilage or toxicity of microbial 
origin, irrespective of the storage time or conditions under which the treated food is 
stored, as long as it is not decontaminated (WHO 1994). The main application of 
radappertization is the sterilization of astronaut foods, for which the approved 
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dosage is 44 kGy (FAO/IAEA/WHO 1999; FDA 2015). Besides, vacuum-packed 
muscle foods are sterilized using a dosage of 25–45 kGy and then frozen to prevent 
lipid oxidation (Miller 2015; Cabo Verde 2018). A list of high-dose applications of 
food irradiation is given in Table 8.1.

1.3  Advantages and Limitations of Food Irradiation

The major competitive edge of ionizing radiation over the conventional thermal 
preservation techniques is that it inactivates microbes and their spores and toxins, 
without causing predominant quality changes to the treated foods. The other advan-
tages of food irradiation technology (Khan et al. 2018; Pan et al. 2017) are depicted 
in Fig. 8.5.

Despite the above advantages, the food irradiation process poses certain limita-
tions. Free radicals formed from the interaction between ionizing radiation and food 
substances can oxidize lipids and vitamins and lead to off-flavors and undesirable 
color changes in the treated product. For instance, γ-ray processing of peanuts at a 
dosage of 10 kGy speeded the degree of lipid oxidation in the treated product (Liu 
et al. 2018). Also, it was detected that the ionizing radiations induced mutations in 

Shorter processing time

Superior penetration depths into foods

Capacity to handle packaged products 
(avoids recontamination)

Suitability for dry foods

Low energy expenditure

Feasibility for scale-up

Eco-friendly process, which is chemical-free and                   
residue-free 

Fig. 8.5 Advantages of food irradiation
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the pathogenic microorganisms to result in newer resistant strains (Calado et  al. 
2014). Strikingly, sub-inhibitory doses of radiation promoted sporulation, growth, 
and secondary metabolism of fungi. Consequently, generation of aflatoxin and och-
ratoxin was increased by two-fold in some irradiated commodities (Ribeiro et al. 
2011). The commercial applications of food irradiation are limited by the capital 
investment involved and the adverse opinion of consumers about the health and 
safety concerns of irradiated foods (Deng et al. 2020a).

1.4  Safety Regulations of Irradiation Technology in the Food 
Processing Sector

According to the Food Additives Amendment to the Federal Food, Drug and 
Cosmetic Act, 1958, irradiation is classified as an ‘additive’, rather than a process. 
Therefore, the concern of misuse or safety arises only when the food is irradiated 
intentionally without following the prescribed regulations for safe use (Grégoire 
et  al. 2003). Given the different schools of thought and ambiguities that prevail 
around the safety of irradiated foods, the US FDA has aligned many safety regula-
tions in place. Accordingly, on the label of any package containing irradiated foods, 
it is mandatory to include the international symbol for irradiation  – “Radura” 
(Fig. 8.6), along with the statement “Treated with radiation” or “Treated by irra-
diation”. In the case of bulk foods, the label has to be put up either on individual 
units or next to the sale container. However, the FDA does not demand to label the 
individual ingredients in multicomponent foods such as spices. It is imperative to 
follow the prescribed storage, handling, and cooking conditions for the irradiated 
foods in the same manner as non-irradiated foods. There is every chance that irradi-
ated foods can still be contaminated with microbes when the fundamental rules of 
food safety are breached (FDA 2018).

Further, recent investigations have shown that not all radiolytic products are 
harmful to health. Their consumption levels are at low a concentration to have an 
impact on biological systems. Since both the food being treated and source are 
directly exposed to each other, possibilities of food turning into a radioactive 

Fig. 8.6 International 
Radura symbol for 
irradiation. (IAEA 2012)
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substance is nil. Consequently, the US FDA asserts that irradiated foods are not a 
thread for human use and that they do not contain any hazardous microorganisms 
and pathogens. The loss of nutrients that are prone to occur during food irradiation 
is similar to those caused by cooking or freezing. A positive sign is that in recent 
times, consumers are aware of the safety of irradiated foods and as a result, irradi-
ated foods are gaining public acceptance in many countries. Irradiation technology 
is a boon to the developing countries that have abundant production of tropical fruits 
such as mangoes. It has opened up their export avenues to the United States, which 
once had prohibited the import of agro produces owing to the concern of pests. 
Particularly, specialty mangoes from Indian subcontinent cannot withstand hot 
water treatment, for which irradiation serves to be a one-stop solution for the elimi-
nation of pests (Ravindran and Jaiswal 2019).

2  Ultraviolet Light

The COVID-19 pandemic situation has made the safety of both food handlers and 
the food products that they produce on the shop floor, questionable. A critical bottle-
neck is the sanitation of food contact surfaces, which when contaminated can lead 
to loss of quality in food produces and also cause hazards to the operators. In this 
background, the ultraviolet (UV) light treatment is an effective alternative to the 
chemical disinfection methods. Ultraviolet radiation is a part of the electromagnetic 
spectrum, which falls in the wavelength range of 100–400 nm, which in turn com-
prises four sub-regions, namely, vacuum-UV (100–200 nm), UV-A (315–400 nm; 
long-wave black light), UV-B (280–315 nm; medium wave) and UV-C (200–280 nm; 
Short-wave, germicidal) (Fig. 8.7). Of the above, UV-C lighting is appropriate for 
the inactivation of harmful bacteria viruses, yeast, and molds, by damaging their 
genetic material (nucleic acids/DNA) and preventing their vital cellular functions. A 
broad range of applications is possible with UV light in the food industry including, 
cleaning, disinfection, and treatment of equipment, water, air, and surfaces. Not 

Fig. 8.7 The wavelength ranges of UV light in the electromagnetic spectrum. (Modified from 
Delorme et al. 2020)
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limited to the above, a relatively recent interest of the food industry is on using UV 
radiation for the sanitization of solid surfaces and liquid foods such as milk products 
and fruit concentrates (Gayán et al. 2014). This section of the chapter would elabo-
rate on the mechanism, applications, advantages, and limitations of the UV-light 
processing of foods.

2.1  Mechanism of Microbial Inactivation by Ultraviolet Light

As mentioned above, UV-C light exerts a germicidal effect on most microorganisms 
owing to its ability to cause photochemical modifications in the pyrimidine bases of 
nucleic acids (Fig.  8.8). Pyrimidine is an unsaturated organic compound that is 
essential for the reproduction and metabolism of cells. It forms the basic structure 
of the nucleobases including uracil (a constituent of tRNA), thymine (a part of DNA 
and tRNA), and cytosine (a constituent of DNA and RNA) (Cutler and Zimmerman 
2011). The predominantly induced DNA lesion by UV light is the cyclobutane 
pyrimidine dimers (CPDs). Simultaneously, (6-4) photoproducts (6-4PPs) are also 
generated on about twenty-five percentages of CPDs (Sinha and Häder 2002). These 
lesions obstruct the normal replication and transcription of DNA, thereby leading to 
mutagenesis and eventual cell death (Friedberg et al. 2006). Nevertheless, the extent 
of lethality is determined by the radiation dose and the cells’ capability to recover 
from and repair the damage. The latter point is relevant as microbes have several 
enzymatic repair pathways before replication to restore the replication errors in 
DNA molecules and recover them from the stroke of DNA-damaging agents 
(Friedberg et al. 2006; Sinha and Häder 2002). Moreover, in the case of extensive 
damage caused to DNA, the alternate repair mechanisms are activated such as that 
regulated by the SOS regulon. Thus, it is evident that the efficiency of UV light can 
be enhanced by weakening the repair mechanisms of bacterial DNA (Gayán et al. 
2013). The other influential parameters of relevance to UV light processing can be 
classified under four categories, as shown in Fig. 8.9.

Fig. 8.8 Mechanism of 
microbial inactivation by 
UV light. (Modified from 
Delorme et al. 2020)
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Parameters influencing the efficiency of UV light 
processing

Processing 
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Time
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UV dose

Wavelength

UV light sources

Product 
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Chemical 
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Viscosity

Density
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Color

Roughness

Equipment 
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Number of lamps

Position of lamps

Distance between the 
lamps and the product

Microbial 
characteristics

Type

Species

Strain

Initial count

Growth phase

Repair 
mechanisms

Fig. 8.9 Parameters influencing the efficiency of UV light processing. (Adapted from Delorme 
et al. 2020)

2.2  Sources of UV Light and Design of a UV Light Cabinet

Choosing the right light source and design of UV light device plays a major role in 
determining its microbial inactivation efficiency. Even though sun is a primary 
source of UV radiation, the intensity of radiation entering the earth is prevented due 
to the presence of ozone layer in the earth’s atmosphere. This necessitates the use of 
synthetic sources such as black lights, certain types of lasers, fluorescent and incan-
descent sources, and mercury vapor lamps. Germicidal lamps are specifically 
employed for the emission of UV-C radiation, for reducing the microbial load in 
food products (FDA 2021). Other readily available methods are mercury lamps, 
pulsed light, and light-emitting diodes (LEDs). The appropriate UV light source is 
selected depending on its penetration depth and the end application. While low- 
pressure sources are preferred for the majority of the applications, mercury vapor 
discharges are specifically used for germicidal applications (Reed 2010). The pulsed 
UV light is an improved form of UV-C light, in which high power UV light 
(200–1100 nm) is emitted by lamps at regular interval of short times (Gómez-López 
et al. 2007).

The design of the UV light device depends on whether the product treated is 
solid or liquid. While a reactor (Figs. 8.10a, b) is used for processing fresh juices 
and other liquids, a chamber is developed for the treatment of solid surfaces 
(Fig. 8.10c) (Ha et al. 2016). The ‘CiderSure’ UV reactor shown in Fig. 8.10a is 
equipped with a low-pressure mercury lamp (LPM), housed inside a quartz sleeve 
that passes through the center of the reactor. The liquid product to be treated, say 
juice, is pumped as a thin film (Fig. 8.10a) from a storage tank via a diameter of 
0.08 cm that is available as a hollow space (annulus) between the chamber and the 
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(a) (b)

Radiometer for measuring
the intensity UV_C lamps

Sample tray

UV_C lamp
ON/OFF switch

UV_C
CHAMBER

(c)

Fig. 8.10 Schematic representation of UV radiation devices currently in use: (a) laminar thin film 
reactor (CiderSure); (b) laminar Taylor–Couette UV reactor. (Koutchma 2008); (c) chamber for 
treatment of solid surfaces. (Ha et al. 2016)

quartz sleeve. The flow rate of juice is regulated by a processing sensors connected 
to UV source that monitor the UV transmission. Similar set-ups can be arranged in 
series connection depending upon the need and amount to be processed. A single 
pass of apple cider through the reactor ensued in reduction of E. coli by 1,00,000 
folds (Worobo 1999).

Alternatively, the liquid may be pumped by a UV reactor via the annular space 
of a hollow cylinders, of which the outer one is static and the inner cylinder rotates 
(Fig. 8.10b. In this reactor type, the UV light source is located within the outer cyl-
inder that is static, to offer adequate exposure and to decrease the boundary layer 
thickness of the fluid. As the smaller inner cylinder rotates at a lower rate, a vortex-
ing laminar flow is established of the liquid inside the annular gap of width in 
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millimeter-scale. The above type of flow is referred to as Taylor-Couette flow, which 
approaches ideal plug flow reactor where the residence time distribution does not 
dependent on boundary layer characteristics. The commonly treated liquid products 
in the above reactor type are the commercial apple and grape juices. When a dosage 
of around 9 mJ/cm2 is given in a Taylor-Couette flow type reactor, 4-log & 3–5 log 
reduction of pathogens and E. coli is observed (Forney et al. 2004).

The total UV dose applied is strongly influenced by the flow patterns present in 
the UV reactor, and the flow patterns strongly alters the location and residence time 
of the microorganisms inside the reactor (Koutchma et al. 2009).

2.3  Applications of UV Light Processing in Food Systems

2.3.1  Disinfection of Food Contact Surfaces

The term ‘food contact surface’ refers to the exteriors and tops of bakery equipment, 
machinery in cheese and meat processing units, conveyor belts, product surface, 
packaging materials such as cartons, lids, cups, bottles, laminates, foils, and 
pouches, and tools of the equipment that come into direct contact with the product 
(Koutchma 2008). As mentioned above, UV light is a promising alternative to the 
conventionally employed chemical-based disinfection systems. UV light treatment 
of packaging materials prevents microbial contamination and aids in shelf life 
enhancement of food products.

The critical factors involved in the UV light treatment of food contact surfaces 
include the characteristics of the surface, matrix of the material being processed and 
the nature of microbes to be eliminated. For instance, when applied for the post- 
packaging treatment of finished packaged foods, the opaqueness of the packaging 
material inhibits the (Fig. 8.11) microbial inactivation (Tarek et al. 2015). Materials 
such as glass and polystyrene are opaque to UV light and hence not useful for UV 
light-based microbial inactivation of the contained food. Materials such as polyeth-
ylene film, polypropylene, and oriented polypropylene films are highly transparent 
to UV light, with 76%, 59%, and 57% transparency, correspondingly (Ha et  al. 
2016). Packaging materials that are treated by UV systems are categorized as “low- 
germ packaging materials”, owing to their high purity. Further, UV light treatment 
is highly effective on plastic surfaces for the inactivation of Gram-negative bacteria, 
while the Gram-positive counterparts are less UV-sensitive. Similarly, vegetative 
forms (of bacteria and yeast) are more sensitive to UV than their spore forms 
(Koutchma 2016).

Similar to that of packaging materials, sanitation of conveyor belts in food manu-
facturing plants is central to the quality of products. As a conveyor belt carrying 
food products passes through the UV light module, up to 99% of bacteria on its 
surface are killed upon its exposure. In this manner, the UV light disinfects the sur-
faces of both the conveyor belt and the products that are transported on it (Morey 
et al. 2010). In certain cases, the UV light module is designed to be water-proof such 

S. Padma Ishwarya et al.



269

Fig. 8.11 UV transparency of polymeric films

that it can be incorporated in cleaning-in-place systems. Exposure of conveyor belts 
to UV light helps in reducing the downtime involved in complete wash-downs car-
ried out during processing. This leads to the conservation of water resources and 
reduction of energy expenditure (Heraeus Amba Australia Pty Ltd. 2012).

2.3.2  Disinfection of Air and Water in the Food Industry

Worldwide, the mandate for clean water and air is on the rise. Moreover, germ-free 
air and water are the fundamental requirements in any food production unit. UV 
systems is found to be highly effective at the disinfection of water and air. This is 
because, UV light of short wavelength generates ozone from the oxygen present in 
the air, which in turn initiates the oxidation process. Subsequently, UV oxidation 
acts upon the pollutants in the exhaust air and breaks it down. Air can be disinfected 
and rendered free from bacteria, viruses, and molds by UV light, either in the state 
of moving stream or when it is stationary as in the drain pans of air conditioners and 
filter surfaces. Reflection of UV radiation from the material is an important param-
eter for microbial inactivation and hence UV lamps are coated with suitable materi-
als such as stainless steel and anodized aluminum, to maximize the reflection of up 
to 80% of the emitted radiation. The sensitivity of airborne microbes to UV light 
depends on the temperature and humidity of the room. The efficiency of UV light 
decreases with an increase in relative humidity (Cutler and Zimmerman 2011). 
Besides, the positioning of the lamp and airflow patterns within a room also impact 
the effectiveness of UV disinfection. The efficiency of UV lamps has been observed 
to increase further in synergism with high-efficiency air filters. The above combina-
tion is effective for the disinfection of air in ducts, storerooms, and during season-
ing, chilling, and drying, during which the food products, say, for instance, cheese, 
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salami, and ham, cannot be removed intermittently during the unit operation (Stanga 
2010). Attributed to its effectiveness in microbial inactivation and ecofriendly 
nature, UV light treatment is widely used in the public health sector comprising of 
health care centers, public shelters, hospitals etc., apart from the food and pharma-
ceutical industry (Lee 2011).

2.3.3  Liquids Handling: Disinfection and Pasteurization of Juices 
and Milk

The capability of UV light to decrease microbial contamination in liquid foods and 
beverages is well-established. The critical factors concerning the UV light process-
ing of juices and pulp are the absorption coefficient (a measure of absorbance), 
turbidity, Brix, and viscosity of the liquid products. The above parameters vary sub-
stantially between fresh liquids and liquids containing pulp. For instance, fresh 
apple juice has a low absorption coefficient (11 cm−1) than orange juice (50 cm−1) 
(Koutchma et al. 2004). The processing conditions and outcomes of UV light pro-
cessing for fruit juices are compiled in Table 8.2a.

In the case of milk and dairy products processing, UV treatment has been found 
to convert 7-dehydrocholesterol to vitamin D3 and thereby enhance the levels of the 
latter. No other significant changes have been detected other physical and sensory 
attributes (EFSA 2016; Orlowska et  al. 2013). Similar observations have been 
reported with the UV-light treated cheese varieties (Can et al. 2014; Keklik et al. 
2019). Nevertheless, depending on the processing conditions, protein precipitation 
(Orlowska et al. 2013), increase in the thiobarbituric acid reactive substances (Matak 
et al. 2007), and certain changes in the profile of fatty acid profile may occur. The 
plausible effects of UV-C on the quality attributes of dairy products are summarized 
in Fig. 8.12. A summary of the processing conditions and effects of UV light pro-
cessing on the quality of milk and dairy products is presented in Table 8.2b.

2.4  Advantages and Limitations of the UV Light-Processing 
of Foods

As evident from the above discussions, UV light processing offers a multitude of 
applications and benefits to the food industry, owing to its non-thermal, non- 
chemical, non-toxic, and ecofriendly nature. It is an approved technology by the US 
Food and Drug Administration (FDA) and the European Food Safety Authority 
(EFSA). According to a survey conducted among the stakeholders from industry, 
government, and academic fraternities of North America and Europe, UV radiation 
turned out to be one of the most acceptable technology with high commercial viabil-
ity and potential for food production. Besides, the UV-treated products were found 
to be safer (92%) with higher quality (94%) and enhanced shelf life (91%) (Jermann 
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Fig. 8.12 Summary of the effects of UV light processing on milk and dairy products. (Delorme 
et al. 2020)

et al. 2015). The claim of high quality as mentioned above is justified, as UV light 
processing retains the sensory properties, texture, and nutritional aspects of the 
treated food product. Further, UV light can be used in conjunction with other non- 
thermal technologies for enhanced microbicidal and preservative effects (Datta 
et al. 2015; Delorme et al. 2020; Fan et al. 2017; Guneser and Karagul Yuceer 2012). 
Also, the energy consumption of the UV system is 104-fold lesser than thermal pas-
teurization. It consumes lesser specific energy than the other unconventional food 
processing techniques. However, the energy efficiency of UV systems is based on 
several factors such as the effectiveness of UV source, number, and type of UV light 
sources, flow rate, mixing proficiency within the UV reactor and matrix and proper-
ties of the material being processed (Rodriguez-Gonzalez et al. 2015). The other 
advantages of UV light processing are depicted in Fig. 8.13.

Regardless of its numerous advantages, UV light processing suffers from certain 
limitations. Since fruit juices contain organic compounds and suspended solids, 
efficiency of UV is sometimes reduced. It also depends on liquid parameters like 
viscosity, opaqueness and cloudiness. Likewise, the uniform and consistent distri-
bution of ultraviolet dosage to large volumes of air are limited (Masotti et al. 2019). 
If the liquid is highly viscous, high power agitations are required to maintain the 
flow within the reactors (Koutchma 2019). Further, its commercial applications are 
limited by its lower penetration ability, which imposes an impractical requirement 
that food surfaces and the microorganisms on them are directly exposed to achieve 
the intended microbicidal effect (Fan et al. 2017; Koutchma 2009). Specifically, for 
milk processing, apart from the low penetration ability, the other disadvantages of 
UV light processing are modifications in the taste of the treated product, failure to 
inactivate bacterial spores, and the resistance of certain pathogenic organisms. 
Moreover, unlike the alkaline phosphatase test to determine the efficiency of milk 
pasteurization by conventional heat processing, there is no reliable indicator to con-
firm the efficacy of UV pasteurization (Datta and Tomasula 2015).
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Fig. 8.13 Advantages of UV light processing. (Delorme et al. 2020)

Later studies have demonstrated the demerits of higher UV dosage, including, 
loss of quality and nutrients, changes in the physical (ex. color), chemical and sen-
sory features of products, formation of undesirable compounds, and protein oxida-
tion (Can et al. 2014; Orlowska et al. 2013). The aforesaid negative effects occurs 
when UV light gets absorbed due to the presence of amino acids and certain vita-
mins like vitamin B (Fernández et al. 2014). Other investigations have reported on 
the surge in levels of volatile aldehydes and hydrocarbons (Fernández et al. 2016). 
Thus, alleviating these negative effects of UV light processing presents an interest-
ing scope for future research.

3  Introduction to Ozone

Ozone is an inorganic molecule, which is a soft blue gas with a unique smell of 
pungency. Its chemical formula is O3, having a less stability than that of O2 (dioxy-
gen). Ozone exists naturally in atmosphere and can also be produced in a laboratory 
via a synthetic route. When ultraviolet (UV) lights and electrical discharges from 
sun are exposed to diatomic oxygen, Ozone gas is produced. Most of the UV radia-
tion from sun is absorbed in the stratosphere and hence the concentration of ozone 
is higher in stratosphere than that of Earth’s atmosphere. Ozone, being highly unsta-
ble, it gets disintegrated into O2 and O− quickly and O− acts as a powerful disinfec-
tion agent. Due to its powerful oxidizing effect, ozone is primarily considered 
among most potent disinfectant agents. U.S. Food and Drug Administration, in the 
year 1997 recognized Ozone as GRAS (Generally Recognized as Safe) element, 
permitting its usage as disinfectant and for sanitization in foods and food processing. 
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Since ozone is highly reactive and unstable making it unable to store, instantaneous 
generation of ozone is required (Fig. 8.14).

3.1  Principle of Ozone Generation

Generation of ozone requires splitting of oxygen molecule. High energy is required 
to breakdown the O–O bond. Free radicals, thus produced, interacts with oxygen 
molecule and forms ozone O3. Splitting of oxygen molecule can be cone via the 
action of electric discharges. Electric discharges for the production of ozone can be 
done with the aid of ultraviolet radiation, electrochemical, or electrical (corona) 
discharge. Once produced, ozone can be injected into water for decontamination 
and disinfection applications or directly in gaseous form into an atmosphere (Perry 
and Yousef 2011).

3.2  Ozone Generation Techniques

3.2.1  Ultraviolet Radiation

UV radiations of wavelength range less than 240 nm can be employed to generate 
ozone gas (Velasco et al. 2008). In this method, ozone is formed by exposing O2 
molecules to UV radiation in the wavelength range of 140–190 nm. For better yield 
of ozone, instead of air, oxygen must be used as feed gas (Miller et al. 2013). Via 
this method, small concentrations (0.03–0.05 ppm) of ozone can be generated by 
exposing the air to radiation using UV lamps at a wavelength of 185 nm. UV based 
ozone generators are easy to construct, maintance is easier and produces less amount 
of nitric acid as a by-product. However, low ozone output, higher production costs 
for fresh oxygen feed are certain limitations (Fig. 8.15).

3.2.2  Electrolysis

When high current is applied between two electrodes in an electrolytic system com-
prises of water and highly electronegative anionic solution, ozone gas is produced 
at the anode with oxygen (Mahapatra et al. (2005).

Fig. 8.14 Representation 
of Ozone molecule
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Fig. 8.15 Schematic representation of O3 molecule formation

Fig. 8.16 Schematic 
representation of 
Electrolytic Ozone 
Generator

Reported electrochemical procedure for effective ozone generation involving 
electrolysis of water. Electrolysis produces hydrogen and oxygen, wherein hydro-
gen gas is vented from gas-water mixture whereas the oxygen atom get recombined 
in an oxygen mix, producing ozone. The ozone thus generated may be self- pressur-
ized (≤20 psig), and can have about 12–14% (mass basis, in oxygen) ozone concen-
tration. Since ozone is produced directly in the water, it does not require additional 
ozone contacting equipment. Its design and sizing can be made as compact as pos-
sible. However, few limitations include, higher energy consumption and shorter life 
time of anode and cathode (Fig. 8.16).

3.2.3  Corona Discharge

When two electrodes are separated by a dielectric material and Dry air/O2 gas is 
passed over it, produces ozone due to the strong electric discharge. Electric dis-
charge created produces free electrons, which in turn produces atomic oxygen. 
Atomic oxygen, then combines with available molecular oxygen to form ozone gas. 
Factors that decide the amount of ozone includes Voltage, current, frequency, type 
of dielectric material, discharge gap and absolute pressure (Horvath et al. 1985). 
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Though this method consumes huge electricity, it is the most commonly used, since 
it can able to produce ozone in commercial level production capacity. Dry air, gas-
eous mixture or pure oxygen can be used as a feed gas in this method. However, 
certain limitations include heat generation and requirement of pure feed without any 
presence of impurities (Fig. 8.17).

3.3  Theory and Mechanism of Food Preservation by 
Ozone Gas

de Souza et al. (2018) stated that there are three main pathways that describes the 
action of ozone.

 1. Direct oxidation reactions of ozone where oxygen atom (O−) reacts.
 2. Decomposition of ozone molecule to form free radicals, which in turn reacts 

with various organic and inorganic compounds.
 3. By ozonolysis, i.e., by fixing the complete molecule on double linked atoms. 

This will produce two simple molecules with dissimilar molecular characteris-
tics and properties (Gonçalves 2009)

Because of its unique and pungent smell, even small quantities as low as 0.02 ppm 
can be detectable by humans at normal temperatures (Horvath et al. 1985).

Efficacy of ozone as an antimicrobial agent has been considered for wide range 
of micro-organisms such as yeast, molds, bacteria and even virus. Antimicrobial 
behavior of ozone is a complicated process, since it attacks and interacts differently 
with different cellular constituents (Khadre et al. 2001).

Komanapalli and Lau (1996) explained the process of deactivation of bacteria by 
the action of Ozone. Primary target of ozonation is cell surface, where unsaturated 
lipids on the cell envelope gets degraded, due to which vast part of the membrane 
barrier gets wrecked resulting in disruption of the cell. This in turn leads to leakage 
of cellular contents and bacterial cells. In addition, ozone is also capable of 

Fig. 8.17 Schematic representation of corona discharge
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penetrating deep inside the bacterium thereby oxidizing the essential components 
like proteins, enzymes and nucleic acids.

3.4  Applications of Ozone Gas in Food Processing

Ozone plays an important role in food industries for food plant sanitation and also 
as a disinfection agent. It can be used as such in gaseous form or purged into water 
and used as a bubbling system in aqueous solution (Çatal and İbanoğlu 2012). 
Ozone has been reported to have improved the shelf life of cucumber (Gorzelany 
et al. 2017; Migut et al. 2019), blueberry (Pandiselvam et al. 2019), apples (Antos 
et  al. 2018), fresh cut lettuce (Yucel Sengun and Kendirci 2018), melon juices 
(Miller et al. 2018) and sugarcane concentrates (Garud et al. 2018) etc., Other than 
food and agro produces, it has also been used as an antifungal effect in dog foods 
(Silva et al. 2018a), degradation of pesticides in chillies (Karadurmuş et al. 2019) 
and in removal of carcinogenic substances from water (Sintuya et al. 2018). Ozone 
is also extensively used for fruit juice processing. Since fruit juices are liquids or 
semi-solids, the process of ozonation can be done by injecting ozone gas into the 
container handling juices (Miller et al. 2013).

It has been evaluated that ozone efficacy as low as 0.4 ppm can able to reduce 
wide range of bacteria. Upon higher dosage and prolonged exposure, it can also 
disintegrate the structure of protein, carbohydrate and fat sources (Guzel-Seydim 
et al. 2004). Freitas-Silva and Venâncio (2010) found out that the inactivation of 
fungi by ozone is due to their implications in cell membranes of the microbes. Palou 
et al. (2001) detected that, even the development of Penicillium italicum was inhib-
ited by ozone gas at desired concentrations. Majority of the applications of ozone 
are in destruction of fungi and mycotoxins in food produces (Table 8.3).

3.4.1  Treatment of Solid Food Items

Ozone has been extensively used in various solid/semi-solid food products for inac-
tivation of pathogens and microorganisms. It is also used for the dissipation of pes-
ticide and chemical residues in agro produces like fruits and vegetables (De Souza 
et al. 2018; Kim et al. 1999).

Ozone treatments on grapes and blackberries is found to enhance the shelf life by 
decreasing the fungal infection (Beuchat 1992). With the oxidation of ethylene (rip-
ening hormone) and removal of highly toxic metabolic products, ozone helps in 
increasing shelf life of fruits (Horvath et al. 1985).

Ozone treatment at a rate of 0.2 μg L−1 for 8 h in potatoes and onions were found 
to significantly lower the surface microbial infection and also decreased antioxidant 
enzymes (catalase and peroxidase) and oxygen intake.
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Table 8.3 A time line of Ozone discovery and its application in Food Processing

1801 Cruickshank’s while performing 
electrolysis of water observed a 
distinct odour.

1942 Storage for eggs and cheese was done using 
Ozone in US.

1840 German Scientist Christian 
Friedrich Schönbein officially 
discovered ozone gas

1965 Decolouration of water was done using Ozone 
in Ireland and UK.

1857 First ozone generator was 
discovered by Werner Von 
Siemens now called by the name 
“Siemens Type” ozone generator

1973 For the first time, IOA (International Ozone 
Association) was created to provide ideas, 
innovation and consultancy for the industries 
utilizing ozone for disinfection and 
decontamination purposes.

1870 Therapeutic applications of 
ozone was introduced by 
C. Lender, Germany

1976 Approval for ozone as an antimicrobial agent 
was given by EPA (Environmental Protection 
Agency), USA.

1873 C. B. Fox observed and found 
that the ozone possesses the 
ability to act as anti-microbial 
agent.

1977 Ozone is found to reduce Salmonella on 
eggshells in Russia.

1893 First water treatment plant using 
ozone was first used by 
Ousbaden in Holland. Ozone for 
the first time used in Algae control 
also.

1982 GRAS (Generally Recognised As Safe) 
status was given to ozone by FDA (Food and 
Drug Administration) in the US

1896 Patent for first ozone generator 
was done by Nikola Tesla.

1997 A panel of experts concluded that ozone could 
be declared GRAS for food processing sectors 
in the United States.

1909 Ozone is used for the first time in 
the preservation of frozen meat 
in Germany.

2001 Ozone is approved as a food additive and 
anti-microbial agent by FDA.

1936 Ozone is used for washing and 
storing fish in France.

2001 FSIS (Food Safety and Inspection Services) 
formulated and standardized acceptable limits 
of ozone use in meat and poultry.

1939 Ozone is used for preventing yeast 
and mould growth in fruits.

2004 Industrial recommendations on safe usage and 
limits of ozone was given by FDA.

3.4.2  Treatment of Fruit Juices Via Ozone

After the approval of FDA to use ozone as a food additive, it has become extensively 
used in treatment of fruit juices for pathogen reduction. Ozone significantly reduces 
the population of wide range of microorganisms upto the level of five log reductions 
(100,000 fold). Ozone has also been used for processing of juices of various fruits 
such as apple cidar (Steenstrup and Floros 2004), orange (Tiwari et al. 2008), black-
berry (Tiwari et al. 2009b), tomato (Tiwari et al. 2009a), apple (Choi et al. 2012), 
peach (Jaramillo-Sánchez et al. 2018), melon (Fundo et al. 2018) sugarcane (Garud 
et al. 2018), and lime purification of sugar beet juice (Gharib-Bibalan et al. 2018). 
In all fruit juices, ozone was injected as a stream of gas inside the juice solution and 
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process was optimized. Based on experimental results and process optimization, the 
maximum permissible limit of ozone in bottled is fixed at 0.4 mg.L−1.

3.4.3  Applications of Ozone on Pest Control

When gases like ozone enters the respiratory system of insects will lead to increase 
in temperature which in turn results in the increment in respiration rate causing 
higher gas exchange and leading to overall increase in the rate of metabolism and 
respiration (Pandiselvam et al. 2017). Since ozone toxicity will cause oxidative tis-
sue damage, the insect tend to breath discontinuously (Hetz and Bradley 2005). Due 
to which, ozone gas will enter into the breathing system of insects (Lu et al. 2009), 
leading to sharp upsurge in temperature, respiration rate and gas exchange (Rozado 
et al. 2008). The oxidative tissue damage caused by ozone (Pimentel et al. 2007) 
results in alteration of pulmonary functions, breakage in DNA strands, bronchial 
responsiveness and membrane oxidation, which ultimately leads to the death of the 
pests (Ballinger et al. 2005).

Various reports of ozone being used in pest management of stored product such 
as grains and pulses has been reported (Pandiselvam et al. 2017, 2019). Ozone is 
considered as a safe potential substitute to present fumigants (Kells et al. 2001). 
One of the most striking advantage of ozone in fumigation is ozonation requires 
very less energy compared to other methods (Khadre et al. 2001).

Laboratory as well as field studies confirms that injecting ozone gas into stored 
grains shows promising effect in controlling the insects. Depending on the amount 
and development stage of insects present in the grains, amount of ozone required for 
disinfection varies. For example, larval and pupal stages of T. castaneum were sen-
sitive to ozone and this sensitivity decreases with age (Erdman 1980).

Kells et al. (2001) observed a high mortality for the T. castaneum and P. inter-
punctella, upon exposure of 50 ppm ozone gas at an interval of 3 days. The eggs of 
P. interpunctella were destructed by injecting around 1500–2000 ppm ozone for a 
period of 180 minutes (McDonough et al. 2011).

However, at prolonged exposure of ozone leads to damage of storage structures 
and rubber couplings via corrosion. Majority of the researchers proposed a upper 
limit of 50 ppm of ozone to control the insect growth in grains. Though, higher 
concentrations of ozone are needed for complete killing of the insects, due to high 
cost and material damage, it is seldom practised. Considering these facts, research-
ers recommended the upper limit of 50 ppm of ozone should be used for storage 
of grains.

However, in certain cases, ozone treatment was found to be ineffective and needs 
further investigation. For example, Faroni et al. (2007) reported the effect of ozone 
on corn grains at various concentrations and revealed that there is no change in lip-
ids and concluded that there is no significant change in the quality of corn oil for 
both treated and untreated sample. White et al. (2010) observed that ozone effec-
tively decreases the dry matter loss in ozone.
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Since ozone is highly reactive, development of suitable storage systems for 
effective diffusion of ozone becomes challenging. The concentration of ozone level 
for fumigation must be adjusted according to the moisture content of grains. The 
efficiency of fumigation in grains also depends on diffusion of ozone gas, time of 
exposure and concentration (Shunmugam et al. 2005).

3.5  Advances, Challenges and Recent Advancements in Ozone 
Food Processing

There has been growing advancements in the usage of Ozone gas in pesticide reduc-
tion in agro produces. According to Food and Agriculture Organization (FAO), pes-
ticide is defined as:

Any substance or mixture of substances intended for preventing, destroying, or controlling 
any pest, including vectors of human or animal disease, unwanted species of plants or ani-
mals, causing harm during or otherwise interfering with the production, processing, stor-
age, transport, or marketing of food, agricultural commodities, wood and wood products or 
animal feedstuffs, or substances that may be administered to animals for the control of 
insects, arachnids, or other pests in or on their bodies. The term includes substances 
intended for use as a plant growth regulator, defoliant, desiccant, or agent for thinning fruit 
or preventing the premature fall of fruit. Also used as substances applied to crops either 
before or after harvest to protect the commodity from deterioration during storage and 
transport.

Thus, pesticides are mainly projected to kill the pests or to control the insects and 
growth of fungus present in the agro produces during the growing stage (González- 
Rodríguez et al. 2011). However, presence of residual pesticides in the agro pro-
duces after the post-harvest processing poses a huge thread to human health 
(Damalas and Eleftherohorinos 2011). Chemical reagents have been frequently 
used as a medium for eliminating the residual pesticides from agro produces, 
whereas Ozone has been growingly used for the destruction of pesticides from agro 
produces. Using ozone gas is highly advantageous since it is effective both in aque-
ous and gaseous state (Wang et  al. 2019). Chemical methods are much costlier 
though they are efficient. For example, Hydrogen peroxide always require special 
conditions for their conveyance and stowage, thereby increasing the cost of mainte-
nance (Zohair 2001; Wang et  al. 2019). Ozone can change a variety of organic 
constituents into their simpler forms that are decomposable (Pandiselvam et  al. 
2017; Pandiselvam et al. 2019). Ozone can quickly decompose, thereby leaving no 
harmful residues after usage. Since ozone leaves no residues, ozone treated agro 
produces can be tagged as organic food (Selma et al. 2008).

Ong et al. (1996) proved that various pesticide residues on the surface of apple 
can be broken down using ozonated water. It has been documented by Hwang et al. 
(2001) that around 60–95% reduction in pesticide residues was detected in apples 
treated with ozone at a rate of 1–3 ppm. Osman (2015) reported that percentage of 
pesticides removed from many varieties of dates fruits with ozonated water in at a 

S. Padma Ishwarya et al.



285

concentration of 2  mg/L were notably greater than immersing fruits in distilled 
water alone (Osman 2015).

Antos et al. (2018) showed that utilization of aqueous and gaseous ozone has 
more effect in degradation of dithiocarbamate residues present in blackcurrant. 
Karaca (2019) proved that six pesticides were removed from grape by applying 
ozone enriched air at a concentration of 0.64 mg/m3 and exposing fruits to that air.

Whangchai et al. (2011) reported that degradation of chlorpyrifos was effective 
in gaseous ozone than ozone injected in aqueous solution. Metzger et  al. (2007) 
proved that levels of pesticides on citrus fruit that were stored in ozonated condi-
tions decreased to minimum levels. Ozone treatment also reduced the difenocon-
azole residue by 97% in strawberries. Ozone dosage of around 0.3–0.8 mg/L of 
solution is effective in reducing difenoconazole content in strawberries by 97% 
(Heleno et al. 2014).

Organophosphorus (OP) insecticides being widely used in vegetable crops for 
controlling the soil and foliage pests are effectively removed by ozone gas at a con-
centration of 2 mg. L − 1 of ozone (Khaled et al. 2017).

Al-Antary et al. (2018) demonstrated that ozone can effectively reduce the con-
centration of chlorfenapyr residues upto 95% from the surface of tomatoes at a 
concentration of 2 ppm for 15 minutes’ exposure. Hence they concluded that ozona-
tion for about 15 minutes at 5 ppm plays a significant decrease in myclobutanil resi-
due in lettuce leaves.

From studies it has been observed pesticide removal largely depend on the ozone 
concentration, time of treatment and temperature and hence effective optimization 
will lead to more effective ozone treatment (de Souza et al. 2018).

4  Photodynamic Inactivation Treatment

Food safety helps to ensure that food, which is being consumed, is safe and free 
from any type of contamination. Conventionally, thermal methods are being applied 
for reducing and killing the microbial cells to make food fit for the consumption. 
But these techniques may have negative impact like loss of nutrition and sensory 
attributes. Therefore, the researchers and scientists are always interested to develop 
some new technologies that can serve the purpose with minimal damage to nutri-
tional and sensory parameters of the food. There are various methods, which are 
adopted by the food industry to decontaminate the food items for assuring the food 
safety issues. In this regard, photodynamic inactivation (PDI) is an innovate tech-
nique to deactivate the propagation of different infectious microbes which causes 
diseases and results in wastage of food and creates a burden on economy due to food 
borne illness (Xuan et al. 2018). This method is considered favourable for inactiva-
tion of microbes and decontamination of food.
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4.1  Principle of Photodynamic Inactivation

The light of specific wavelength is required to activate the photodynamic inactiva-
tion treatment. The light of specific wavelength starts the oxidative reactions in the 
microbial cells. The light sensitive components (photosensitizers) help to start the 
series of these oxidative reactions. These components may be naturally present or 
supplied from external sources (Ghate et al. 2019). The exposure of cell with inci-
dent light of certain wavelength results in the excitation of the photosensitizers by 
the absorption of the energy. After that when the photosensitizer comes back to the 
ground state result in the production of energy by collision of the cytoplasmic mol-
ecules and reactive oxygen species (ROS) are produced. ROS have high energy and 
include singlet oxygen, hydroxyl radical and hydrogen peroxide. ROS result in the 
oxidation of the various components of the cell, which ultimately results in death of 
microbial cells (Ghate et al. 2019; Luksiene and Brovko 2013).

4.2  Mechanism of Photodynamic Inactivation

In photodynamic inactivation there is a role of selectivity, speed of inactivation and 
invasiveness. The inactivation procedure starts when the photosensitizers absorb the 
light of specific wavelength and it goes to the excited state, which leads to the gen-
eration of singlet oxygen. After the production of singlet oxygen, the photosensi-
tizer (PS) comes back to the ground state and at the same time emission of light and 
heat transfer occurs (Kashef et al. 2017). As mentioned above the photosensitizers 
(PS) go to the excited state by the incident light. There are two different modes of 
activation of photosensitizers called Type I and Type II mechanism.

In the former, the molecular oxygen which produces further hydroxyl radicals 
like the reactive oxygen radicals are considered as a main element in the whole 
mechanism because this molecular oxygen is very much important in the Type II 
mechanism of photodynamic inactivation treatment. The collaboration of molecular 
oxygen with the photosensitizer (PS), which is in the excited state in the Type II 
mechanism, leads the process of microbial cell inactivation and at last the microbial 
cell death. That is why molecular oxygen is the main element in this process. This 
collaboration in the mechanism lead to the production of singlet oxygen. The pho-
todynamic inactivation proves to be very useful as compared to other techniques 
and very effective in inactivation of viruses, fungi and bacteria. It is now considered 
as an effective substitute because it does not cause an effect to the color, taste and 
the nutritional quality of that food to which this methodology is being applied 
(Cunha et al. 2017; Tim 2015; Nakonechny and Nisnevitch 2019; Durantini 2006).
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4.3  Factors Affecting the Photodynamic Inactivation

There are various internal and external factors that affect the photodynamic inacti-
vation process (Ghate et al. 2019). The internal factors mean the factors which can 
have an effect inside the bacterial cell and the environmental factors or environmen-
tal conditions are considered to be the external factors which are also equally as 
important as an internal factor. Wavelength, time and dose are some external factors, 
which are important and affect the photodynamic inactivation process (Angarano 
et al. 2020).

4.3.1  Wavelength

The most critical factor that affect the mechanism of photodynamic inactivation is 
the wavelength and have been discussed widely in the literature. Specific wave-
length is required for every food, as single wavelength cannot be applied to all the 
foods. The two phases or modes of light are considered in this process. In the first 
phase, light gets absorbed by the photosensitizers (PS), whereas in the second phase, 
emission occurs. But there is a problem in it because the light sources are not avail-
able at every wavelength (Ghate et al. 2019).

The specific wavelengths are required but in this study there is not aim on this tat 
why specific wavelengths are required. In this study basically the mechanism and 
applications of photodynamic inactivation are discussed. The Flavin and Porphyrin 
type photosensitizers (PS) are applied at bacterial cell inactivation. These are the 
main Photosensitizers which can be used in the bacterial cell inactivation but some 
other photosensitizers can also be used in case of bacterial cell inactivation. The 
light of different wavelengths are absorbed by the photosensitizers means it has the 
capability to absorb lights in different ranges. The violet blue range of light is con-
sidered to be peak. The microbial species containing oxygen when absorb light 
produces reactive oxygen species (Angarano et al. 2020).

4.3.2  Time

The time of treatment is another factor that is important for photodynamic inactiva-
tion process. The selection of light also determines that how much time is required 
for the treatment. From 2 min to 7 days is considered to be appropriate time for such 
treatments. The time of 72 h is applicable to the fresh cut products according to the 
study. The shorter treatment time is required if the powerful beam of light is used. 
There is no need to use the so much expensive light source. The inexpensive light 
source having a shorter treatment is also applicable and appropriate. Although this 
method is new in quality and safety of food but proves to be very useful (Angarano 
et al. 2020).
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4.3.3  Temperature

Temperature is also considered very important and influential factor in the photody-
namic inactivation treatment. The temperature during illumination is very impor-
tant. The physiology of the microbial cell plays a crucial role in determining the 
ambient temperature required for the inactivation. The other factor which has an 
effect the temperature is stress response. The stress response on the other hand also 
has an influence on the physiology (Ghate et al. 2019). The fatty acid and the protein 
composition of the membrane are adjusted by the tolerance level of the bacterial 
cells, which are in the vegetative phase after the temperature is being applied on the 
microbial cells especially bacterial cells. The permeability properties changes with 
the change in the ambient temperature. The changes occur according to the heat 
tolerance level of the microbial cells. The protein profile also shows changes along 
with the change in the temperature being applied. The cells, which grow at higher 
temperatures shows a high content in the heat shock proteins (Cebrián et al. 2017).

4.3.4  Dose

There is a direct relationship between dose and the illumination time. The microbial 
inactivation mechanism occurs after the regulation and control of the dose. After 
wavelength and the temperature, the dose applied is also very important factor for 
the inactivation of the microbes. Some studies have been conducted on this topic 
suggests that the dose requires is low comparatively. The different models like log 
linear model, Weibull model and Gompertz model are being used mostly. Although 
all the models can be used but the Gompertz model are considered to be most effec-
tive and appropriate model (Ghate et al. 2016; Angarano et al. 2020).

4.3.5  Water Activity (Aw)

Water activity is also very significant factor in the photodynamic inactivation treat-
ment. As water activity is different for various types of microbes, therefore, it 
depends on the species and the type of microorganisms, which we want to deacti-
vate like viruses, fungi and bacteria. Bacteria have a water activity of 0.9 while 
molds have a water activity 0.7 having the lowest water activity. There are many 
factors the controls and regulates the water activity. These factors include the stress 
response and the osmotic stress of microorganisms. The stress response shows its 
effect and increases the effect of the photodynamic inactivation method. The effect 
of water activity also increases or decreases by the type of microbes present in the 
matrix (Ghate et al. 2016; Cebrián et al. 2017).
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4.3.6  Other Factors

Factors such as acidity, surface properties, irradiance, flux distribution and oxygen 
also play a crucial role in photodynamic activation. Surface Properties is very 
important among these minor factors and plays very significant role in the microbial 
cells inactivation (Ghate et al. 2016; Angarano et al. 2020).

4.4  Applications of Photodynamic Inactivation 
in Food Processing

The photodynamic inactivation treatment can be applied in almost all of the food 
sectors. It has proven to be playing an important role in the decontamination of the 
food matrices and ultimately ensures quality and shelf life of the agro and food 
produces.

These food sectors include fruits, vegetables, dairy products, poultry, meat and 
seafood as well. But the studies which have been done on the food sector is of fruits, 
vegetables and dairy products (Ghate et al. 2016).

4.4.1  Fruits and Vegetables

Fruits and vegetables are rich in minerals and vitamins and hence application of 
photodynamic inactivation becomes necessary for ensuring healthy and decontami-
nated agro produces. For this purpose we can apply the photodynamic inactivation 
treatment on the fruits and vegetables by which they can be decontaminated and 
safe to eat and their nutrients should also not disturbed.

It has been observed there is more and prominent transmission of many microbes 
which causes foodborne illness diseases from the raw fruits. Because the fruits and 
vegetables are being exported globally from all over the world and therefore very 
prominent route from the transmission of microbial activity. It has therefore caused 
great financial losses to the US economy of about 6.9 Billion. The losses are in 
terms of production and medical areas (Luksiene and Brovko 2013). During the past 
decade the biological and physical methods are being implemented instead of the 
chemical use. The major physical methods includes controlled atmosphere and irra-
diation. These methods are proven to be useful and safe as compared to chemical 
methods (Bhavya and Hebbar 2019).

The photodynamic treatment of strawberries with Listeria shows positive result 
and decrease in microbial activity. There has been shown a decrease of 1.8 log in 
microbial load in strawberry. The decrease sustained to a time period of 2 days in 
the berries. Hence it was proven by this activity that the photodynamic inactivation 
treatment (PDI) has a useful impact on the fruits and vegetables (Luksiene and 
Brovko 2013).
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4.4.2  Dairy Products

In dairy products milk is an essential ingredient. Milk is also included in daily serv-
ings and has many important ingredients. Milk is considered as a main diet of chil-
dren so it is very important that milk should be microbiologically safe. For this 
purpose many processes have been applied to make milk microbiologically safe. 
These treatments include sterilization, pasteurization and UHT.  By using these 
treatments, the milk become safe but many of its nutritional ingredients have been 
lost so to overcome these nutritional loses, the photodynamic inactivation treatment 
has applied to milk which is very useful technique. It makes milk microbiologically 
safe as well as its nutritional loses are reduced.

In photodynamic treatment of milk, the blue LEDs at three different wavelengths 
and at different temperatures were applied. By this treatment the extinction of E.coli 
was observed. By this treatment the milk becomes microbiologically safe as well as 
the shelf life of milk was also increased. Its shelf life was observed to be increased 
4 days more than the milk, which was treated, by the conventional methods or tech-
niques (Galstyan and Dobrindt 2019).

4.4.3  Beverages

Photodynamic inactivation treatment (PDI) was also applied to different beverages 
like fruit juices. In orange juice the Salmonella was inactivated by applying LEDs 
of a specific wavelength. The wavelength which was applied was 460  nm. This 
method was proved to be successful but there was a slight problem which was 
observed. Some bleaching was observed but we can reduce or minimize this effect 
by proper selection of temperature. In short the photodynamic inactivation treat-
ment can be also used in beverages to inactivate microbial activity (Ghate et al. 2016).

4.4.4  Seafood

There are many pathogens which are related with the seafood and that cause differ-
ent diseases. For example Vibrio parahaemolyticus is a pathogen related to sea food 
which causes gastroenteritis. Similarly there are many other pathogens which causes 
different diseases which are harmful for human health. Photodynamic Inactivation 
is not so much old technique. It is a recent technique or approach, which is being 
applied in different food sectors to ensure the availability of microbiologically safe 
food (Deng et al. 2016).
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4.4.5  Poultry and Meat

Poultry and meat are the also important food sectors. Meat is present in most of the 
servings of people. Therefore for the availability of microbiologically safe, different 
techniques were used. Photodynamic inactivation is also used now. The blue light of 
specific wavelength is used for the photodynamic inactivation of meat and poultry. 
Curcumin combination with blue light of specific wavelength is being applied for 
the inactivation of microbial activity. S. aureus in poultry that is in the chicken meat 
can be detected by using the combination discussed above. The use of this combina-
tion is necessary because the blue light alone has no impact on the inactivation of 
microbial activity in meat (Hadi et al. 2020).

4.4.6  Other Applications

The photodynamic therapy has been employed for treatment of cancers, inactivation 
of bacteria, inactivation of viruses and new selective media. Photodynamic therapy 
includes the usage of specialized photosensitizers which are directed intravenously 
to the patient. The norms for a successful photosensitizer are very strict due to the 
nature of its functionality. Present clinical trials to eliminate tumors or to relieve the 
symptoms use haematoporphyrin derivative (HpD). A purified fraction of HpD is 
accessible commercially as a sensitizer called DHE, which has been one photosen-
sitizer extensively, used on clinical trials (Benov 2015).

4.5  Future Prospects of Photodynamic Inactivation 
for Ensuring Food Safety

Food Safety is a global issue. Millions of lives lost every year all over the world due 
to the consumption of unhealthy and unsafe food. Loses not only occurs in develop-
ing nations but also in the developed nations. It means this issue is equally danger-
ous or critical for the developing as well as the developed nations. It means it is 
present all over the world and should be tackled by the whole world and by the 
collaboration of all the countries. There are different types of loses which occurs 
due to the unsafe food. Obviously the loss of lives is the main loss and after that the 
financial loses. Financial loses are also much important to tackle it by using differ-
ent approaches. Especially for the developing nations, it could be a disaster for the 
whole nation. The developed nations are also not safe from these loses as there are 
examples of it that even the countries like US bears the heavy loses (Silva et al. 
2018a, 2018b).

Various methods have been used to tackle these problems and for the availability 
of microbiologically safe food. These conventional techniques were useful but at 
the same time the organoleptic properties and the nutritional loses has been occurred 
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by using these techniques. So for the reduction or minimization of the nutritional 
loses some non- destructive and innovative techniques were developed. 
Photodynamic inactivation (PDI) is one of those techniques, which is being used for 
the microbial activity inactivation due to its effectiveness (Silva et al. 2018a, 2018b). 
Photodynamic inactivation is not only applied in the food sector but also in the other 
fields such as medicinal and clinical treatment of different diseases (Alves et  al. 
2014). The use of the food grade photosensitizers with its increased effectiveness to 
inactivate all the microbial activity like of bacteria, fungi and viruses is coming to 
happen soon. Likewise such different approaches can ensure the availability of 
microbiologically safe food to all the people easily (Cunha et al. 2017).

5  Membrane Processing Technology

Membrane processing is a simple and chemical free technique that can be applied 
for separation of impurities and useful substances. All the molecules and substances 
cannot pass through the membrane as some of the molecules are caught, as the 
membrane does not allow them to pass through due to the selectivity, thereby mak-
ing the separation possible. Both factors are membrane dependent. Membrane pro-
cessing technology is used at small and large-scale applications. The domestic as 
well as the treatment of water in different industries comes in the range of applica-
tion of membrane processing technology. Similarly it is also used in chemical, phar-
maceutical industries as well (Saleh and Gupta 2016; McKenna 1978).

5.1  Classification of Membrane Separation Technique

The membrane separation techniques have many types based on physical membrane 
separation process, diffusional membrane separation, heat separation and electric 
separation process. These all the types are further classified into further categories. 
Ultrafiltration, nanofiltration, micro filtration and reverse osmosis are basically the 
physical membrane separation procedures. These all the four types are also known 
as pressure driven membrane types because the pressure is the main driver in these 
all the four types and these forces have a special applications in the food sector. 
Apart from these four types the diffusional process is also included in the physical 
pressure driven membrane forces. The heat separation process includes membrane 
distillation and vacuum membrane distillation. Moreover, the electric process 
includes electro dialysis and pseudo liquid membrane (Moskvin 2016).

The most widely used membrane processing technologies are based on pressure 
driven membrane forces and are discussed here in detail. These forces are used in 
food processing. All these types have their specific uses in specific types of food 
industries (Nissar et al. 2018).
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5.1.1  Microfiltration

Microfiltration (MF) is the oldest type of pressure driven membrane forces, which 
have been practiced, commercially in wide range of applications. It can remove 
micrometer-sized matter through its membrane. The major suspended particles are 
the harmful and beneficial microorganisms, macromolecules such as proteins. The 
membranes of MF can not allow to pass through the harmful contaminates which 
makes it a versatile type of pressure driven membrane process (Anis et al. 2019).

The range of the pore diameter of Microfiltration membrane is 0.1–5 microme-
ter. The pore size and diameter of MF determines its separation characteristics. 
Particles greater than the pore size is retained, whereas less porous particles are 
allowed to pass through (Davis 2019). The pressure applied usually in MF is 50–660 
pounds per square inch (KPa). The macromolecules and micro molecules are sepa-
rated from the complex bonding assemblies using MF processing technique 
(Uragami 2017; Su 2018).

Applications of MF Processing

Application of this technology in food industry is growing with every-day at global 
marketplace since 1960s. Innovative characteristics like as high separation accu-
racy, good selectivity, processing at room temperature, no elevated temperature or 
chemical damage, high automation, easy operation, economic friendly energy, 
reduced cost, complete consumption of resource and reduced pollution are the main 
advantages of the membrane technology in respective field (Nissar et  al. 2018; 
Amaresh and Soumen 2018).

Microfiltration membranes are used for the separation, purification and the con-
centration of macromolecules. It is being employed in various industries for the 
treatment of wastewater, which can be further utilized in various applications for 
having good quality end products (Singh and Purkait 2019). The pore size of MF 
membrane is usually in the range of 0.1–1 micrometer that makes it compatible for 
the treatment of wastewater. There are many researches made in the past decade on 
the treatment of the wastewater by the microfiltration process. Some studies are also 
been done on the treatment of wastewater by combining the microfiltration process 
with other technologies to make it potable or safe for drinking purposes. This trend 
has been begun due to the growth rate of urbanization due to which the pollution of 
water also increases and as a result the demand of microbiologically safe water also 
increases. In 2003 Singapore has launched the project for water treatment. This 
project has three purification stages. In this three-stage project, microfiltration is an 
initial step and after that reverse osmosis method and ultra violet disinfection step 
was applied for sterilization to make it fit for drinking purpose (Anis et al. 2019).

Pasteurization is an important technique for milk processing to improve the shelf 
stability of various dairy based products. However, due to heat treatment there are 
chances of certain nutritional loss and decay in sensory attributes. Therefore, MF 
has been employed for the pasteurization of the milk and other liquid foods to 
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maintain the nutritional and organoleptic parameters of the final product. Using this 
approach, skim milk and cream can be separated by utilizing the membranes of 
ceramic pore size of about 1.4 micrometer at constant temperature. The retentate, 
which is left behind, has nearly all the bacteria and spores. This retentate can be 
mixed and homogenized with the standardized cream (Kulozik 2019). Apart from 
milk the MF can also applied to the other dairy products for the removal of bacteria 
and spores. In cheese making the usage of milk having low bacterial count improves 
the quality of cheese due to the removal of spores by microfiltration, which ulti-
mately results in elimination of additives for quality and safety enhancement of the 
cheese. Similarly, removal of bacterial spores can also be achieved for the produc-
tion of whey protein concentrates and isolates using microfiltration process 
(Dhineshkumar and Ramasamy 2017).

In beverage industry the major application of the microfiltration process is the 
clarification of fruit juices. The clarification of fruit juices is mostly done by micro-
filtration and ultrafiltration. Microfiltration is used for the clarification and concen-
tration of pineapple, kiwi, apricot, peach, pear, apple and many other juices. Various 
studies are done to analyse the effect of membrane processing on fruit juice clarifi-
cation. The results exhibits that the juice which is clarified from microfiltration was 
in much better and improved quality as compared to the juices obtained by the treat-
ment of conventional technologies. The juices obtained after the clarification by 
microfiltration and are microbiologically safe for drinking. Similarly in beverage 
industry the beer and wine is also clarified by the MF membrane technologies. The 
wine clarification by MF is effective in decreasing the turbidity and elimination of 
additives for improving the shelf stability (Urošević et al. 2017).

5.1.2  Ultrafiltration

Ultrafiltration is a type of membrane processing in which pressure may be applied 
as a driving force for the separation of solvent from solute. The selection of the 
membrane, its pore size and applied pressure are the most important factors for the 
separation of macromolecules from the liquid. The average diameter of the pores 
used for UF process is about 2–10 nm with applied pressure (2–5 bar) (Pal 2020). 
UF can retain macromolecules (greater than 5 KDa). UF technique eliminates the 
need of filter aids and flocculants and provides good quality of filtrate with no sus-
pended particles as compared to conventional filtration process. The pores of UF 
may block that hinders its utilization and adoption by the various industrial applica-
tions. However, the development of membrane fouling treatment can open the block 
pores that may increase its utilization for industrial applications.
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Applications of UF

The UF has been employed in various food industrial applications. The milk based 
products that are separated with UF process can be further used in various food 
items. It can be used for filtration of milk and whey proteins at temperature (50 °C) 
with greater efficiency as compared to the higher temperature due to denaturation of 
proteins that ultimately reduce the filtration efficiency. The skim milk that pass 
through the UF process helps to evaluate the proteins before the production of 
cheese as the quality and characteristics of these macromolecules determine their 
further applications in product development.

UF have been widely used in fruit juice processing plants where the main aim is 
to clarify the juice. The new development in the UF processing results in enhance-
ment of filtration efficiency and increases its resistance to chemicals.

Water safety and quality is important for various industrial applications. It has 
been used for the elimination of various types of bacteria and viruses laving behind 
the safe and pure water for the utilization in various application. It is the main agent 
in the beverage industry and elimination of viruses and bacteria through this tech-
nology provide safe water for beverage production and consumer trust. Effective 
elimination of microorganisms can be obtained by careful selection of UF mem-
branes. The types of membranes, which have been successfully used for the removal 
of pathogen microorganism, include cellulose, polyvinylidine and polyethersulfone. 
UF has been also applied to ensure the sterilization of heat sensitive ingredients as 
thermal processing may change the organoleptic and nutritional properties of the 
food (Pal 2020).

5.1.3  Reverse Osmosis (RO)

Reverse Osmosis is very important type of pressure driven membrane forces. The 
RO membranes are denser as compared to the other pressure driven membrane 
forces with predefined pore size. Due to this characteristic, the penetration of per-
meate through the membranes becomes slower and the residues on the RO mem-
brane are disposed of due to solution-diffusion mechanism. The denser membrane 
reduce the permeability of the RO that results in application of high operating pres-
sures and high energy as compared to other processes (Van der Bruggen 2018; 
Giorno et al. 2015).

It is mainly used for the treatment of water in small scale as well as on the large 
scale. It also controls the NaCl level in the water. The pressure which is the main 
driver in this type of membrane processing technology is applied in the range of 
about a few hundred to thousands square per inch. In the unit of bar, it is about 25 
to 68  bar. Apart from the pressure the hydraulic force is also applied in reverse 
osmosis. Hydraulic force also acts as a driving force in this process (Uragami 2017; 
Su 2018).
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Applications of Reverse Osmosis

Reverse Osmosis is well renowned and widely accepted technique in the beverage 
industry especially for the fruit juice concentration for attaining the required Brix° 
(Peyravi et al. 2020; Ganorkar et al. 2012). Reverse Osmosis has been extensively 
used for the waste water treatment, softening of hard water, removal of salts, removal 
of organics and for the clarification of water. In short Reverse Osmosis membrane 
technology is mainly used for the treatment of water bodies on a large scale 
(Criscuoli and Figoli 2019).

In the past years the reverse osmosis technology was considered an expensive 
method than other traditional technologies due to utilization of higher energy cost. 
It was also considered that this technology is only limited in some sectors and can-
not be used in the treatment of water. However, the compactness, simple and good 
effluent quality, it has widely used for the waste water treatment, softening of hard 
water, removal of salts, removal of organics and for the clarification of water (Jiang 
et al. 2018). It also controls the NaCl level in the water. By removing the salts and 
demineralizing of the water through RO processing technology make it a strong 
candidate for various industrial applications. The presence of the minerals in water 
is important for providing various health benefits. But the seawater and brackish 
water are not healthy and potable that is why the reverse osmosis technology has 
been used for the desalination of water to make it potable (Wenten 2016).

Wastewater contains different contaminants including organic contaminants, 
pathogens and pesticides. These all contaminants have good water solubility due to 
which these contaminants are not removed in the sludge and will cause hurdles in 
reclamation of water. Therefore the RO has been applied for the water reclamation 
of water. Recently the reclamation is done in GWR facility in Orange County for 
making water potable. RO has an important role in the innovative and new treatment 
process used at this plant. Low pressure and high removal ESPA2 membranes are 
being applied which reduce the TDS less than 50 mg permeate that make the water 
safe and potable (Garud et al. 2011).

5.1.4  Nanofiltration

Nano Filtration (NF) is considered as one of the important process in pressure 
driven membrane forces. It was developed as a type of pressure driven membrane 
forces in 1985. It has the characteristics in between UF and RO.  It requires low 
energy as compared to the other pressure driven membrane processes for its func-
tioning (Agboola et al. 2014).

The pressure applied in this type of pressure driven membrane force is in the 
range of one to few hundred pounds per square inch (KPa) or 7–40 bar. It is the most 
open filtration type among all the types. In NF, the ion exchange occurs. The mon-
ovalent ions pass through the NF membrane but the other types of ions are being 
rejected. The divalent and multivalent ions may not be allowed to pass through these 
most open type of membrane (Uragami 2017; Su 2018).
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Applications of NF

NF can perform at different and a wide range of application due to which it is also 
known as multipurpose filtration pressure driven membrane force. This process also 
shows its applications in the separation of particle process. It is also used for the 
softening of the hard water. It is used for the purification of water. It is used to 
remove the organic matter, different contaminants and disinfectants from the water 
which can harm the human health by causing different diseases and make it potable 
(Ahsan and Imteaz 2019). It is used in food processing and for controlling the con-
centration in the beverages area especially in the fruit juices (Nissar et al. 2018; 
Amaresh and Soumen 2018).

The NF processing technology shows a powerful impact on the dairy industry so 
it has been used on a wider range in the dairy industry. Among all the food indus-
tries the development of the NF process mainly occurs in the dairy industry as well 
as in the milk processing industries. The reason of it is mainly its characteristics and 
performance as well as its molecular weight that is 200–1000 Da between UF and 
RO processes. In dairy industry the NF is used in different applications such as in 
cheese making process, the concentration of whey protein, fractionation process 
and waste water purification. The fractionation process is applied here to control the 
level of concentration in the milk. Fractionation of milk makes it safe microbiologi-
cally by removing the bacterial spores and fractionation of whey proteins. Some of 
these processes, which are mentioned above, are performed in combination of NF 
with other pressure driven membrane forces. In the past when the NF process was 
not developed, the Electro dialysis process was used for cheese making, concentra-
tion of whey protein and wastewater purification (Nath et  al. 2018; Marella 
et al. 2013).

Another very important use of the NF process is in the beverage sector. In bever-
age this process is utilized mainly in the processing of fruit juices. It has also a wide 
range of application in the fermented products like beer and wine. For the concen-
tration of different fruits and vegetable juices the NF can be used for concentrating 
the different juices like grape, apple and pineapple. Ferrarini et al. (2001) concen-
trated the grape juice by using different pressure driven membrane forces like NF 
and RO and then differentiate them by comparing them and find that low pressure is 
required for the grape juice concentration by NF as compared to the RO. The results 
were same while concentrating other fruit juices. It is therefore clear by the results 
that NF can be operated at lower energy for getting the effective outcomes and this 
characteristic make it cost effective and environment friendly tool (Mohammad 
et al. 2019).

Beside the juice concentration NF has been used in the concentration of fer-
mented products like wine and beer. It is used in maintaining the level of alcohol in 
the fermented products. It is also used for the partially removal of sugar contents 
from beer and wine. From the last decade the low alcoholic drinks are in demand 
because of the health issues therefore NF is used which perfuse the ethanol and 
water and keep the bioactive components in the alcoholic beverages at low 
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operating pressure and temperature and therefore considered as an efficient method 
as compared to other pressure driven membrane forces (Conidi et al. 2020).

Besides all the uses or functions of NF in the different food processing industries 
the most important is the treatment of wastewater. In the dairy industry large amount 
of water is used and as well as produced as a waste. Therefore, treatment of waste-
water produced during various processing operations using NF in combination with 
RO make the treated water reused for cleaning, heating, cooling and many other 
operations.

Rotating disc Membrane and NF 270 (Dow-Filmtec) treatment shows good 
results in dairy wastewater treatment. Moreover the energy can also save by this NF 
technique. The treatment of industrial wastewater by membrane bio-reactor and NF 
was also studied. The combining treatment of both these methodologies exhibits 
removal of 99.9% for COD and 93.1% for solids. This treated water by the combi-
nation of these methods can be used for good manufacturing practices also besides 
from the cooling and heating (Mohammad et al. 2019).

5.2  Future Opportunities for Membrane Processing Treatment 
for Food Industry

There are also many other separation techniques apart from the membrane process-
ing treatment. But the membrane processing technology creates a powerful and use-
ful impact than other separation techniques as compared to other methodologies. 
The membrane processing technologies can easily adopted at domestic scale but 
need proper infrastructure for adoption at industrial level. Now days we are using 
the reverse osmosis process as a powerful substitute to all the other separation tech-
nologies. Most of the membrane technologies which have been used on the small 
scale not on the industrial scale because of the difficulties and problems are using 
on the last scale in recent years and in future it will have more wider range of appli-
cations in small or lab scale as well as on the large or industrial scale. Membrane 
processing technology also have a wider range of uses in the juices area for the 
concentration transfer (Strathmann 2001; Baker 2006).

Membrane processing technology fall under the umbrella of non-thermal meth-
odologies which require no heat, hence nutrient losses and organoleptic properties 
can be maintained using this technology. It can work on the different sources of 
energy. It is also capable of using the alternate sources of energy, which does not 
create bad impact on the environmental conditions. The capability of the membrane 
processing technology at low heat and less temperature make very useful for appli-
cations at various industrial level without wasting the resources and generate less 
harmful impact to the environment. More efforts are being needed to make the 
membrane processing technology much better and in some years it will create more 
powerful impact in the food-processing sector (Onsekizoglu 2012).
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Chapter 9
Nonthermal Processing Technologies: 
Synergies and New Applications in Food 
Engineering

Maria Tsevdou, George Dimopoulos, Eleni Gogou, Efimia Dermesonlouoglou, 
and Petros Taoukis

1  Introduction

Conventional thermal processes (e.g. pasteurization, sterilization) have been widely 
used in the food industry. These processes lead to destruction of pathogenic and 
spoilage microorganisms, and inactivation of enzymes. However, high temperatures 
applied during the process can cause damage to food components (e.g. bioactive 
components) affecting negatively the food product quality and acceptability 
(Fellows 2017). At the same time, the consumers’ preference for non or minimally 
processed food products with “fresh-like” food characteristics has been rapidly 
increasing. Nonthermal (no use of intense heat during the process) technologies can 
serve the purpose of producing safe, high quality, minimally processed foods (Knorr 
et al. 2011). These technologies can extend the shelf life of food products, while 
retaining or even increasing their nutritional value, and their sensorial characteris-
tics (e.g. colour, flavour). The development of novel technologies can provide a 
balance between minimal processing and food safety, limited economic resources 
and increased food quality. It can also lead to less water consumption and energy 
reduction, and decreased carbon footprint of food processing (Jambrak 2019; 
Tokusoglu 2015). It has also been recognized that nonthermal technologies play a 
significant role in food security and sustainability (Knoerzer 2016). Nonthermal 
technologies are also characterized by mechanical effects able to increase the 
extraction of bioactive compounds by means of cell rupture (Chan et al. 2016). The 
above are mainly attributed to the cavitation phenomenon or electroporation of the 
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cell membranes and organelles, in order to prevent microbial growth and prolong 
the shelf life of the food product (Li and Farid 2016).

Nonthermal food processes include high pressure, pulsed electric fields, cold 
atmospheric plasma, continuous or pulsed UV light processing, sonication and ozo-
nation. Extensive research in the field of these nonthermal processes has led to 
innovative industrial applications. In some cases, nonthermal technologies have 
replaced conventional preservation processes in the development of high quality 
food products with extended shelf life. The aim is to have sustainable and optimal 
food processing (e.g. fast, affordable) for product quality preservation or even mod-
ification (novel food design) (Jambrak 2019).

Novel, nonthermal technologies have drawn worldwide attention (scientific com-
munity and food manufacturers) (Brennan and Grandison 2012). The increase in the 
number of publications evidences the interest in these technologies. Hernández-
Hernández et al. (2019) reported a significant increase in the number of publications 
in U.S.A., Latin America and Europe, where emerging nonthermal technologies 
have been developed, based on the Scopus database results (from 2000 to 2018). 
Most publications are related to pulsed electric fields, followed by high pressure, 
ultrasound and ionizing radiation. More recently, there has been an increased interest 
in the use of cold atmospheric plasma. Apart from the scientific research, the level of 
commercialization is important. Koutchma et al. (2016) reported the increased trend 
in commercialization of nonthermal technologies. They reported that, by the year 
2025, high pressure technology will remain at the top places, cold plasma and pulsed 
electric fields will take second and third places, respectively, while ionizing radiation 
will appear in place ten. According to the results of a recent survey by Khouryieh 
(2021) for the novel technologies used by the U.S.A food processing industry, high 
pressure is the most commonly used nonthermal food processing technology 
(35.6%), followed by pulsed electric field (20%). Rapidly increasing novel technolo-
gies are cold atmospheric plasma (14.1%) and oscillating magnetic fields (14.1%). 
Some interesting conclusions of the survey include: (i) more than 70% of the respon-
dents indicated that the main factor for choosing nonthermal food processing tech-
nology is better food quality (nutrition and sensorial properties), and (ii) high 
investment (41%) was the major limitation for implementing nonthermal food pro-
cessing technologies. The results also indicated that the main drivers for innovation 
were equipment manufacturers (43.8%) and government research (42.3%).

In recent years, food engineering research has focused on new applications 
through the synergy of different nonthermal technologies or the combination of 
these nonthermal technologies with conventional food processes such as extraction, 
enzymatic processes, drying and osmotic dehydration. The hurdle concept (com-
bined methods or processes, combination preservation or techniques, barrier tech-
nology) has become a working approach that aims to enhance the total quality of 
foods (e.g. reduce the loss of nutrients, retain or improve the sensorial characteris-
tics) and reduce the high treatment intensities (Leistner 1985; Rahman 2015). In 
addition, hurdle technology showed synergistic effects while using various mecha-
nisms for the inhibition or inactivation of targeted microorganisms (Rahman 2015). 
These synergies (High Pressure, Pulsed Electric Fields, Cold Atmospheric Plasma, 
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Fig. 9.1 Application of nonthermal processing technologies, and their synergies (Chapter 
overview)

continuous or pulsed UV light processing, sonication and ozonation) are reviewed 
in this chapter with regards to their effect on nutritional and quality properties of 
foods, energy and solvent use reduction, production yield increase, side stream val-
orization and development of innovative food products (Fig. 9.1).

2  High Pressure Processing

2.1  General Aspects

High Pressure Processing (HPP) has probably gained the most attention among the 
nonthermal technologies, thus it has successfully advanced through all technology 
readiness levels (TRLs) reaching TRL9. Through HP technology, food products with 
equal or even more superior properties than thermally treated foods can be produced in 
terms of both safety, quality and biofunctionality, as the detrimental effects due to 
temperature increase are minimized. From the beginning, the application of HP tech-
nology was focused in the inactivation of pathogens and spoilage microorganisms, and 
enzymes that cause quality degradation of foods. The extensive research on this fields 
over the last 40 years has resulted in the production of foods that fulfill both consum-
ers’ demands and industry requirements for “fresh- like” food products and shelf life 
extension, respectively. Furthermore, the potential environmental benefits compared to 
the conventional thermal processes in combination with current trend for minimizing 
food losses play a significant role in the industrial adaptation of this technology.

The first implementation of HPP on food production was related to the inactiva-
tion of food pathogenic and/or spoilage microflora. Among vegetative cells, yeasts 
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and molds are the most sensitive microorganisms, for which complete inactivation 
is achieved at pressures above 400 MPa, while bacteria present higher resistance to 
pressures and are inactivated at pressures above 500 MPa, often combined with mild 
thermal treatment at 40–50 °C (Daryaei et al. 2016). With respect to bacterial spores, 
it is recognized that pressures up to 1200 MPa combined with higher temperatures 
(>70  °C) are required for commercial sterilization. Alternatively HPP combined 
with moderately elevated temperatures results in the germination of bacterial spores 
when moderate pressures are applied (<400 MPa) and then, as the bacterial spores 
have lost their inherent resistance, they can be inactivated when higher pressures 
(>500  MPa) are applied (Modugno et  al. 2020). In addition, the inactivation of 
enzymes that lead to quality degradation of foods still present the second most com-
mon reason for target of HP application in foods. Food enzyme inactivation involves 
a number of mechanisms mainly related to the changes induced in their native struc-
ture via unfolding and folding, and alterations induced in the substrate-enzyme 
interactions (Hendrickx and Knorr 2002). In the following paragraphs, the interac-
tions and synergies of HPP and other nonthermal and/or conventional food pro-
cesses will be discussed mostly with emphasis on other applications, e.g. bioactive 
compounds extraction, enzymatic treatments and hydrolysis, dehydration, and so on.

It is generally accepted, at least in industrial practices, that the application of 
HPP is uniform and independent from the food geometry, size, and uniformity. 
However, one of the major concerns during the application of HPP is the deviations 
induced in the pressure vessels and are associated with the temperature increase due 
to adiabatic heating during pressure build-up and the heat transfer phenomena dur-
ing pressure holding time (Karwe et  al. 2015). Therefore, during industrial pro-
cesses, both pressure and temperature monitoring and control have to be considered 
and validated to ensure the efficacy of the process, that can be achieved by selecting 
an appropriate process index which may be either a resistant enzyme and/or micro-
organism (Gogou and Taoukis 2015).

Apart from the fact that the application of HP cold-pasteurization ensures mini-
mization of post-contamination while minimally affecting the nutritional and senso-
rial characteristics of HP-treated food products, it is also considered as an 
environmental friendly process, since it requires significant lesser energy consump-
tion than the corresponding thermal pasteurization processes. Additionally, the fact 
that HP-treated foods are processed in pack leads to even less water consumption 
and chemical reagents usage related to the sanitation of the industrial equipment 
and the packaging materials used, thus leading to lower environmental impact of the 
process (Wang et al. 2016).

2.2  Commercialization of HPP

The ongoing evolution on HPP equipment technology combined with the current 
consumers’ demand for “fresh” products have led several manufacturers in U.S.A, 
Spain, U.K, Japan, and China to advance the development of HPP equipment. 
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Current industrial HP equipment is designed to operate at pressures of up to 
700 MPa at maximum volumes of 525 L, at ambient or lower temperatures, provid-
ing inactivation of foodborne pathogens, spoilage microflora and deteriorative 
enzymes. Regarding laboratory scale HPP equipment, with capacities ranging from 
0.5 to 10 L, the main representatives include Avure, Resato International, Stansted 
Fluid Power, Baotou, Kobelco, and Toyo Koatsu, while Avure (now JBT) and 
Hiperbaric, are the main developers and suppliers of industrial scale HPP equip-
ment, representing an annual production capacity of up to 60 million tn (Tsevdou 
et al. 2019). The main food categories that are HP processed comprise meat (26%), 
juices and beverages (14%), fruits and vegetables (29%), toll processing (13%), 
seafood (13%), ready meals (4%), and dairy products (1%).

The industrial scale equipment is mostly of horizontal type due to the ability of 
loading and unloading containers in the production line, yet there is also available 
equipment of vertical type (Fig. 9.2a, b). In 2018, the Spanish company Hiperbaric 
launched the new In-Bulk technology (Fig. 9.2c) as well, represented by two new 
industrial machines, H525 Bulk and H1050 Bulk, in which liquid foodstuffs are 
processed in-bulk followed by aseptic packaging. This new industrial equipment 
can deliver a production of up to 8000 L/h, while achieving 90% of vessel filling. 
The main advantages of these machines are based on reduced processing costs and 
energy requirements, while at the same time can be merged into existing production 
lines, allowing the use of any kind of aseptic packaging after HP processing.

2.3  HP-Assisted Extraction Technology

The key idea of the application of HP for assisting the extraction of intracellular 
compounds was firstly introduced by Shouqin et al. (2004), who reported the appli-
cability of high pressure for the extraction of essential components from herbs, 
based on results from preliminary pilot trials. Since then and up to now, there is an 
ongoing and increasing research interest on the HP assisted extraction (HPE) of 
proteins, polysaccharides and bioactive compounds, and other components from 
plant and animal tissues, herbs and spices, algae, as well as from food by-products 
and side streams. The process of HPE includes mixing the raw material with the 

Fig. 9.2 Horizontal (a), Vertical (b) and In-Bulk (c) type of HPP industral equipment. (Source: 
Hiperbaric and Avure/JBT Technologies websites)
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appropriate solvent, treating the mixture with HP, and then recovering the target 
compound from the solvent mixture. The mixture of raw material/solvent can be 
further concentrated, dried, or purified in order to obtain a single, clear compound, 
which can be used either as an ingredient in a food or for the preparation of films 
and coatings.

The application of HPE has been investigated by numerous authors for the 
extraction of high value compounds, including polyphenols and caffeine from tea 
leaves (Jun 2009; Jun et al. 2011; Xi et al. 2009), carotenoids from tomato waste 
(Strati et  al. 2015), pectins and polyphenols from orange (Guo et  al. 2012) and 
tomato peel (Ninčević Grassino et al. 2020), phenolic compounds from watercress 
(Pinela et  al. 2018), grape pomace (Cascaes Teles et  al. 2021), olive pomace 
(Andreou et  al. 2020b), açai (de Jesus et  al. 2020), cape gooseberry (Torres- 
Ossandón et al. 2018), pomegranate peel (Trigo et al. 2020), stinging nettle leaves 
(Moreira et  al. 2020), palm dates (Sedraoui et  al. 2020), and fermented fig by- 
product (Alexandre et al. 2017), flavonoids and lycopene from tomato pulp (Briones- 
Labarca et  al. 2019), B-phycoerythrin, polyphenols and carotenoids from algae 
(Tran et al. 2019; Suwal et al. 2019; Bueno et al. 2020; Gallego et al. 2021), tocoph-
erols from pepper seed oil (Ma et al. 2019), chitosan form squid pen waste (Huang 
and Tsai 2020), cadmium decontamination of long rice grain (Luo et  al. 2021), 
xyloglucan from tamarind (Limsangouan et al. 2020), gelatin from fish skin (Zhang 
et al. 2011), polysaccharides from longan pulp (Bai et al. 2016) and Umbilicaria 
(Sun and Jiang, 2020), high molecular weight melanoidins from black garlic (Zhao 
et al. 2019), and procyanidins from lychee pericarp (Zhang et al. 2017).

The main mechanism of HPE involves the increase in the cell permeability and 
enhanced diffusion of metabolites from the inside to outside of the cells, according 
to the phase behaviour theory, i.e. that the solubility of the compound is greater 
when the pressure increases. Consequently, the main function of pressure holding 
time is to achieve the equilibrium between intra and extracellular solutions and 
complete contact between the target compounds and the solvent. The large differ-
ence of pressure between inner and outer cell membrane leads to “instant” perme-
ation (Jun 2009). As the applied pressure is found to promote the disruption of 
tissues, cell walls and organelles, and increases the mass transfer of the solvent into 
the sample and of compounds to the solvent, it is suggested that the higher the 
applied pressure is, the more solvent can enter into the cells, and hence the more 
compounds can permeate out to the solvent (Prasad et al. 2009). Moreover, since HP 
leads to denaturation of cell membrane protein, they become less selective and other 
compounds such as phenolic compounds are more accessible for extraction (Cascaes 
Teles et al. 2021), offering the additional benefit of selective extraction while keep-
ing the extraction of impurities low. Similar results have been also reported depend-
ing on the solvent used where by using different solvent, extracts compound with 
different polarities can be obtained (Alexandre et al. 2017).

Apart from the disruption of cell membrane, Chen et al. (2009) reported that the 
release of cell compounds is improved by the mechanical effects of high pressure 
that enhance the penetration of solvent into the cell membranes. As it was observed 
through scanning electron microscopy, ginseng root treated with HP at 200 MPa for 
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5 min exhibited a big destruction of cell tissues with hollow breaks and smaller 
particles compared to untreated or ginseng root treated with heat reflux extraction, 
confirming that HPP induced considerable changes in the surface tension of the 
cells that facilitate the diffusion and osmotic process and significantly improve 
extraction of the target compounds (Zhang et al. 2012). This observation further 
confirmed that through HPE the elimination of impurities can be achieved and that 
finally the quality of the extract is improved (Wang et al. 2018).

It is evident that the time needed for the extraction is the same to the HP process-
ing time, which lasts up to few minutes, and the temperature is usually low while no 
additional energy than that for increasing pressure is needed, suggesting that HPE 
can be applied in cases where thermosensitive compounds are extracted and it 
requires less energy consumption than that of thermal extraction processes. In addi-
tion to the aforementioned advantages, during HPE, high extraction yields and, in 
some cases, extraction selectivity are achieved (Tsevdou et al. 2019). Regarding the 
energy requirements, it is reported that the required energy in HPE is <50 kJ/kg of 
raw material (Andreou et  al. 2020b), and that in order to pressurize water up to 
800 MPa the required energy does not exceed 55 kJ/kg (Toepfl et al. 2006) while the 
heating of water requires approximately 42 kJ/kg for every 10 °C of temperature 
increase. In addition to short processing time and low temperatures used, HPE is 
considered, and since 2014 is recognized by the FDA, as an environmental friendly 
extraction method owing to its lower energy consumption and decreased amounts of 
solvent that are volatilized.

Table 9.1 summarizes the most recent findings on the extraction of proteins, 
polysaccharides and bioactive compounds through HPE from plant and animal tis-
sues, and algae.

2.4  HPP Combined with Other Nonthermal Technologies

Over the last decade, several studieshave been published acknowledging the com-
bined effect of HP application with other nonthermal technologies, including Pulsed 
Electric Fields (PEF), Ultrasonication (US), Ultrafiltration (UF), Microwave (MW) 
and Ohmic Heating (OM), mainly targeted to the microbial inactivation of patho-
gens and spoilage microflora of foods (Bermúdez-Aguirre et al. 2016), whereas few 
studies have addressed their effect on the quality attributes of foods.

Regarding the inactivation of food pathogens and spoilage microflora, HP tech-
nology has been combined with either sonication, PEF or microwave, and inactiva-
tion is attributed to the induced collapse of the vegetative cells. Abid et al. (2014) 
showed that the sequential treatments of US (25 kHz/70% amplitude/20 °C/60 min) 
and HP (450  MPa/10  min) led to inactivation of total aerobic bacteria by 4 log 
cycles, and of yeasts and molds by 3.7 log cycles in apple juice, compared to those 
obtained from the single treatment of HP or US, where only 2 or 1 log reduction, 
respectively, was achieved. A single treatment of US (2 min) or HP (200 MPa/20 min 
or 400  MPa/5  min) resulted in 1 log reduction of Listeria innocua, while the 
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sequential HP-US treatment showed a synergistic effect achieving more than 2.5 log 
reduction, and the sequential US-HP treatment exhibited an additional reduction by 
1.5–2 log cycles (Pyatkovskyy et  al. 2018). In the same study, a single HP 
(200 MPa/20 min) or PEF (20 kV/cm/1 ms) treatment reduced microbial load of 
L. innocua by 1 log cycle, however more than 3 log reduction was achieved by 
simultaneous application of HP and PEF, indicating the existence of synergy, and 
sequential HP-PEF or PEF-HP exhibited an additional microbial reduction by 2 log 
cycles. The combined effect of HP and UF treatment in fruit and vegetable juices 
has been also investigated, as an alternative to thermal pasteurization in order to 
achieve desirable reduction of spoilage microbial populations. The total aerobic 
bacteria and yeasts and molds of pear juice were reduced by 3.0 and 3.4 log cycles, 
respectively, after UF treatment, and an additional reduction below the detection 
limit by 1.7 and 0.68 log cycles, respectively, was achieved after sequential HP 
treatment (500  MPa/25  °C/10  min) (Zhao et  al. 2016). Likewise, in the case of 
cucumber juice, under similar UF and HP conditions, a reduction by 1.3 and 1.9 log 
cycles, respectively, for total aerobic bacteria and yeasts and molds after UF treat-
ment was observed, and an additional reduction below the detection limit by 3.2 and 
2.5 log cycles, respectively, was achieved after sequential HP treatment (Liu 
et al. 2016).

Even though nonthermal technologies are recognized to minimally affect the 
nutritional and quality properties of foods, an additional consideration in their 
application is the enhancement of biofunctionality to satisfy the consumers’ demand 
for health promoting foods. In this context, the effect of nonthermal technologies on 
several bioactive compounds of foods (e.g. probiotics, prebiotics, antioxidants, bio-
active peptides, etc.) has to be considered, since it is recognized that their function-
ality may be negatively affected mostly due to the instant increase in the temperature 
of the food matrix induced during the application of the above mentioned 
technologies.

On the effect of combined HP and US treatment on the quality and biofunctional 
attributes of prebiotic cranberry juice, both the applied technologies were reported 
not to alter the bioactive compounds and antioxidant capacity of the product, with a 
slight decrease yet good preservation of fructooligosaccharides. It was observed 
that the sequence of the applied technology impacted differently, with US prior to 
HP treatment leading to significant decrease of antioxidant capacity of the juice 
(Gomes et al. 2017).

In a recent study on the combined effect of ultrasound-assisted extraction and HP 
of Gac leaves results showed that the combined application of US (150 W, 20 min) 
and HP (300 MPa, 3 min) was in general more efficient compared to either conven-
tional extraction or the single application of each emerging technology, and positive 
synergistic effects were observed in terms of total phenolic compounds, antioxidant 
capacity and anti-diabetic activity of the extract (Nguyen et al. 2021).
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2.5  HPP Combined with Osmotic Dehydration (OD)

Osmotic dehydration (OD) is an alternative process primary used for the partial 
dehydration of plant-based foods by immersing them into a hypertonic solution. 
During OD two main phenomena are observed, i.e. diffusion of water from the plant 
tissue to osmotic solution and diffusion of solutes from the hypertonic solution into 
the plant tissue, reaching to an equilibrium after certain time. These phenomena are 
controlled by several parameters, including the temperature and the concentration 
of the osmotic solution, the size and geometry of the plant tissue, the osmotic solu-
tion to food mass ratio, the permeability of the plant cells, and the level of agitation 
of the system (Rastogi et al. 2002). Compared to other drying methods, the main 
advantages of OD are the low energy consumption and temperature requirements, 
as well as the prevention of loss of volatile compounds, the elimination of appear-
ance and texture damages of the tissue occurring due to heat treatment, and the 
ability to recycle the osmotic solution in the production lines. However, inherently 
OD is a slow process, and additional ways to accelerate the mass transfer without 
affecting the quality of the food need to be sought. In this view, various nonthermal 
technologies have been suggested for enhancing mass transfer including High 
Pressure Processing, Pulsed Electric Fields, Ultrasounds, etc. (Rastogi et al. 2002). 
The effect of HP technology on osmotically dehydrated food products has been 
studied as a permeability inducing treatment prior to osmodehydration (Rastogi and 
Niranjan 1998; Rastogi et al. 2000a, b; Verma et al. 2014), as a post OD cold pas-
teurization technology (Dermesonlouoglou et  al. 2017a, b; Andreou et  al. 2018) 
and, as a process simultaneously applied to OD (Nuñez-Mancilla et al. 2011, 2013a, 
b; Dash et al. 2019).

The application of high pressures is well established that lead to cell structure 
damages, and thus to more permeable cells, and this is related to increased mass 
transfer rates during OD as compared to untreated samples. As a result the diffusiv-
ity values, as determined by the Fick model, increased by four-fold for water and 
two-fold for sugar, at applied pressures of 100–800 MPa (Rastogi et al. 2002). In 
fact, during HP pre-treatment of plant tissues, both compression and decompression 
that occur, effect the cells permeability and enhance both water removal and solid 
gain from and into the tissue during a subsequent osmotic dehydration. The enhance-
ment of water removal during osmotic dehydration of HP pre-treated samples has 
been studied in several plant tissues, including pineapple (Rastogi and Niranjan 
1998; Rastogi et al. 2000a, b) and banana slices (Verma et al. 2014). It is worth 
noticing that under the same mechanism of action during HP pre-treatment, Belmiro 
et al. (2018) found that the hydration process of common beans was enhanced after 
applying pressures in the range of 50–600 MPa for 1 min. Moreover, drying was 
accelerated significantly exhibiting 27% higher water diffusivity for samples treated 
at 600 MPa compared to HP untreated samples. HP treatment has also been applied 
to infuse bioactive compounds in foods without altering their matrices. Recent stud-
ies have shown that there is higher infusion of bioactive compounds as compared to 
infusion at atmospheric pressure, as in the case of anthocyanins infusion into apple 
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(George et al. 2015), and this is directly related to the concentration of the osmotic 
solution used.

The application of HP subsequently to OD has been studied on plant tissues such 
as grapefruit jam (Igual et al. 2013), fresh-cut strawberry cubes (Dermesonlouoglou 
et al. 2017a) and fresh-cut tomatoes (Dermesonlouoglou et al. 2017b), and also on 
animal tissues such as chicken breast fillets (Andreou et al. 2018), mainly targeting 
to the improvement of microbial and enzymatic stability, the retention of the quality 
properties and the extension of the shelf life of the final product. Results showed 
that HP was not capable to completely inactivate pectin methylesterase (PME) and 
peroxidase (POD) in osmodehydrated plant tissues, yet it was able to improve the 
enzymatic stability of grapefruit jam obtained by OD without affecting the bioactive 
content as expressed by the antioxidant capacity in %DPPH and mM Trolox (Igual 
et al. 2013). Moreover, it has been reported that HP treatment of both osmotically 
dehydrated plant and animal tissues at 600 MPa (5 min – ambient temperature) led 
to an increased shelf life of up to 7–10 months at 5 °C in the case of plant tissues 
(Dermesonlouoglou et al. 2017a, b), and to 25 days at the same storage temperature 
for animal tissues (Andreou et al. 2018), while at the same time the sensorial prop-
erties of the food product in terms of appearance and texture were enhanced in the 
cases where HPP was applied.

As mentioned before, besides the inactivation of microorganisms and enzymes 
and the retention of quality and nutritional properties of foods, HP technology has 
been reported to enhance mass transfer rates by increasing cell permeability and 
secondary metabolites diffusion (Corrales et al. 2008). HP-assisted osmotic dehy-
dration has been studied in several plant-based products, e.g. potato (Sopanangkul 
et al. 2002), strawberries (Nuñez-Mancilla et al. 2011, 2013a, b), and ginger slices 
(Dash et al. 2019), indicating that the application of HP-assisted osmotic dehydra-
tion in the pressure range of 200–400 MPa led to improved diffusion coefficients of 
water and soluble solids compared to those obtained after treatment at atmospheric 
pressure, and that the kinetics of water loss and solute uptake can be efficiently 
described by Weibull model (Nuñez-Mancilla et  al. 2011; Dash et  al. 2019). 
Moreover, it was shown that the application of high pressures up to 600 MPa can 
enhance diffusion and accelerate the mass transfer rates of ingredients into food 
matrices due to the increase in plant cells permeability in the temperature range of 
20–40 °C, however the diffusion may be hindered to some extent in pressures above 
400 MPa as a result of the occurrence of other phenomena under HP conditions 
such as starch gelatinization (Sopanangkul et al. 2002). The same pressure range is 
suggested for HP-assisted osmotic dehydration of strawberries, since a high level of 
nutrients and antioxidant capacity is retained after treatment, and no reduction of 
vitamin C is observed (Nuñez-Mancilla et al. 2013a, 2013b).
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2.6  HP-Assisted Enzymatic Treatments

A pre-treatment with microbial transglutaminase (mTGase, EC 2.3.2.13) is been 
extensively used in order to achieve improved textural and sensorial properties in a 
wide range of food products, e.g. meat, poultry, fish, pasta, and dairy products. This 
transferase catalyzes the reaction between the γ-carboxyamide groups of peptide 
bound glutamyl residues (acyl donor) and several primary amines including ε-amino 
group of lysine, resulting in protein cross-linking through the formation of both 
inter- and intramolecular isopeptide linkages (Motoki and Seguro 1998). The pre- 
treatment with mTGase could be combined with HP technology, as both processes 
have an excessive effect on the modification and functionality of food proteins. 
Therefore, their combination may lead to products with enhanced techno-functional 
properties due to the compact protein networks that are formed. Most research on 
the combined effect of mTGase and HP on food quality characteristics is focused on 
animal origin foods, where it is indicated that the application of HP results in 
increase in mTGase affinity to proteins, and thus in products with enhanced physi-
cochemical characteristics and firmer gel structures (Herranz et al. 2013; Zhu et al. 
2014; Cando et  al. 2016). Similar results have been observed in the case of 
HP-assisted mTGase treatment in poultry meat (Trespalacios and Pla 2007a, b), 
dry-cured ham (Fulladosa et  al. 2009) and porcine plasma (Fort et  al. 2009). 
Regarding dairy products, several authors have reported that both the TGase treat-
ment under HP conditions (Anema et al. 2005) and/or the subsequent to HP pro-
cessing TGase treatment (Tsevdou et al. 2013a, b, 2020) of milk cause extensive 
denaturation of whey proteins and dissociation of casein micelles, reforming new 
intra- and inter-molecular cross-links, resulting in strengthened networks with con-
tiguous protein molecules. Consequently, yoghurt- and cheese-making properties 
are improved and negative effects, such as whey separation phenomena, post- 
acidification and sensorial disaffects, are minimized, while other characteristics, 
such as the textural and rheological attributes, flavour evolution and release, and 
biofunctional profile of the product, are improved.

Apart from the combined effect of HP and enzymes on animal origin proteins in 
order to achieve products with enhanced mechanical properties, HP-assisted hydro-
lysis have gained significant interest by several researchers. Since the 90s it is well 
recognized that the hydrolysis of whey proteins by pepsin, trypsin and chymotryp-
sin is enhanced under HP conditions (Dufour et  al. 1995; Maynard et  al. 1998; 
Peñas et al. 2004). Later studies have indicated that HP pre-treatment of chickpea 
protein isolate in the pressure range of 100–600 MPa led to increased hydrolysis 
rate in pressures above 300 MPa, while a pre-treated above 400 MPa led to signifi-
cantly reduced hydrolysis time accompanied with the release of antioxidant pep-
tides (Zhang et al. 2012). At the same pressure level of 400 MPa, it is observed that 
the highest value of whey protein unfolding is induced, and that the degree of hydro-
lysis is increased not only with pressure level applied but also with processing time. 
As a result, HP-assisted hydrolysis of whey proteins could be a useful tool for the 
modification of whey proteins antigenic sequences, and thus their antigenic activity 
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(Ambrosi et al. 2016). Likewise, HP-assisted enzymatic hydrolysis of proteins have 
reported to be an innovative approach for the production of low-allergen food ingre-
dients with improved functional properties. In particular, the application of HP prior 
or during enzymatic hydrolysis of soy protein isolate results in completely inhibited 
or significantly impaired up to 99% of residual immunoreactivity of β-conglycinin 
(Gly m5) in the pressure range of 400–500 MPa for 15 min processing time. At the 
same time, the resulting hydrolysates possess improved functional properties, with 
protein solubility, foaming activity and oil-binding capacity to be increased by 45%, 
66% and 210%, respectively (Meinlschmidt et al. 2017). Application of HP-assisted 
hydrolysis of kidney beans protein isolate at 300 MPa resulted in higher degree of 
hydrolysis compared to hydrolysis in atmospheric pressure, while at the same time 
the produced hydrolysates exhibited better rheological and biofunctional (in terms 
of antioxidant activity and bioactive peptides) properties (Al-Ruwaih et al. 2019).

3  Pulsed Electric Fields Processing

3.1  Introduction

Along with High Pressure Processing, Pulsed Electric Fields (PEF) constitutes one 
of the most widespread nonthermal processes applied in the food industry. Although 
the process has a much more recent history compared to other nonthermal pro-
cesses, it still remains in the spotlight of both research and industrial practice. Apart 
from its development as a nonthermal pasteurization method for liquid foods, recent 
applications have highlighted its potential as a pretreatment to conventional mass 
transfer processes such as extraction, juice expression and dehydration. In this 
sense, the process lends itself to the valorization of both plant-based and microbial 
waste streams.

3.2  Mechanism of Action, Equipment 
and Traditional Applications

PEF processing is based on the exposure of a cellular material (plant, animal or 
microbial) to pulses of a high-strength (1–80 kV/cm), external electric field which 
is typically delivered in short duration pulses (time scale ranging from ns to ms). 
The exposure of the cells to this electric field leads to the formation of a transmem-
brane potential across the cell membrane. When the transmembrane potential 
exceeds a certain critical value, pores are formed on the cell membrane. This phe-
nomenon is known as electroporation or electropermeabilization and leads to loss of 
intracellular contents and death of the cell. The efficiency of electroporation depends 
on a variety of parameters, mainly electric field strength, pulse characteristics such 
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as pulse width, frequency, shape and polarity, treatment temperature and electrical 
characteristics of the treated medium. Effective electroporation also depends on the 
size, shape and physiological characteristics of the treated cells. The effects of elec-
troporation can be harnessed both to inactivate microbial cells and to improve mass 
transfer of intracellular materials. Typically, because plant and animal cells are 
larger than microbial cells, their electroporation and cell leakage can occur at field 
strengths as low as 0.7–3.0 kV/cm (energy input 1.0–20 kJ/kg), as opposed to the 
inactivation of microbial cells which requires electric field strengths upwards of 
15 kV/cm (energy input 40–1000 kJ/kg) (Toepfl et al. 2007). The most common 
application of PEF is the nonthermal pasteurization of liquid foods. Although 
microbial inactivation requires intense processing conditions, the benefits of PEF 
treatment are reflected both in cost savings and preservation of quality characteris-
tics of the pasteurized products. PEF pasteurization of liquid foods has been reported 
for a wide variety of products including fruit juices such as apple, orange, straw-
berry, tomato, watermelon (Sampedro et al. 2013; Charles-Rodríguez et al. 2007; 
Aguilar-Rosas et al. 2007; Yildiz et al. 2019; Aganovic et al. 2017) and other prod-
ucts such as beer (Milani et al. 2015) and milk (Bendicho et al. 2002; Sepulveda 
et al. 2005). Apart from the benefits of PEF processing as a nonthermal pasteuriza-
tion technique, the process has exhibited several useful synergies as a pretreatment 
to other conventional processes such as pressing, extraction and dehydration. Owing 
to the particular effects of the imposed electric field to cellular materials through 
electroporation, PEF has the potential to enhance mass transfer phenomena to and 
from cells, allowing for the improvement of these conventional processes.

3.3  Pulsed Electric Field Assisted Extraction

Compared to other pretreatment methods, PEF treatment has the potential to 
enhance mass transfer with minimal energy consumption while allowing the preser-
vation of the quality characteristics of the extracted materials. The low treatment 
temperatures associated with PEF processing enable the preservation of thermola-
bile compounds during extraction. The process has proven its effectiveness as a cell 
disintegration pretreatment for microbial, plant and animal cells. Since PEF treat-
ment does not cause cell fragmentation, it also allows for selective extraction of 
target compounds and facilitates the downstream processing for their separation 
(Puértolas and Barba 2016).

3.3.1  PEF Assisted Juice and Oil Extraction

Treatment of plant cells with PEF leads to loss of intracellular water due to electro-
poration, accompanied by a loss in turgor pressure and tissue softening. These 
effects are especially relevant to plant materials from which juice is expressed such 
as fruits, vegetables and tubers. Enhancing the pressing efficiency of sugar beet is 
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particularly important, as the sugar beet industry is one of the most energy intensive 
sectors (Toepfl et al. 2007). Due to the ligneous structure of sugar beet, juice expres-
sion is usually preceded by a thermal treatment which, although increases subse-
quent yield, also leads to the extraction of undesirable compounds such as pectins 
(Loginova et  al. 2011). As shown in Table  9.2, PEF treatment has been demon-
strated to increase pressing yields of various plant tissues, including sugar beets. In 
most reported cases juice yields are significantly increased after PEF treatment, 
while the electric field strength seldom exceeds 3  kV/cm. Compared to thermal 
pretreatments, PEF carries the advantage of a very short treatment duration and 
preservation of the quality of resulting juice (Eshtiaghi and Knorr 2002; Praporscic 
et al. 2005). Gachovska et al. (2006) also reported that alfalfa juice resulting from 
PEF treated stems exhibited increased sedimentation rates, which may contribute to 
an improved separation of solids from the juice. A reduction in juice turbidity was 
also reported by Praporscic et al. (2007) and was attributed to improved filter cake 
properties of PEF treated grapes.

Similar to the effectiveness of PEF for juice expression, the process has been 
demonstrated to positively affect the extraction of oil from oleiferous seeds and 
fruits (Table 9.2). Oil extraction is usually achieved through pressing, centrifugation 
or solvent extraction. In the case of olive oil, the ground olive paste is subjected to 
mechanical agitation at elevated temperatures before centrifugation, known as 
malaxation. Although malaxation improves the yield of olive oil, it increases oxida-
tion due to the elevated temperatures involved. It has been demonstrated that through 
the use of PEF as a pretreatment, the process can be performed at temperatures as 
low as 15 °C, leading to improved oil quality and energy savings (Abenoza et al. 
2013; Andreou et  al. 2017). Oftentimes, oleiferous plant materials contain high 
amounts of bioactive compounds such as polyphenols, tocopherols, sterols and 
chlorophylls. PEF pretreatment leads to the extraction of these compounds from the 
cake to the oil, improving its nutritional value and overall quality attributes such as 
sensorial characteristics or oxidative stability (Guderjan et al. 2007; Andreou et al. 
2017; Puértolas and de Marañón 2015; Shorstkii et al. 2020; Zeng et al. 2010). At 
the same time, the electrical pretreatment has not been found to negatively affect the 
produced oils.

3.3.2  PEF Assisted Extraction of Bioactive Compounds

Extraction of bioactive compounds from plant-based materials involves the use of 
solvents such as water, ethanol, methanol or hexane which remain in contact with 
the solid materials for prolonged amounts of time and often at elevated temperatures 
(exceeding 40  °C). During solid-liquid extraction, bioactive compounds are 
extracted into the solvent and further recovered by its removal. However, in many 
cases the target compounds are thermolabile and the elevated temperatures also 
damage the plant tissue structure, releasing contaminants into the solvent and thus 
making further separation difficult (Puértolas and Barba 2016). Reduction in the 
extraction time and volume of solvent used as well as an increase in the extraction 
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Table 9.2 Application of PEF pretreatment for juice and oil extraction from plant tissues

Plant tissue
PEF treatment 
conditions Extraction method Key conclusions Reference

Juice expression
Sugar beet 20–100 μs pulses

100–1000 Hz
1 kV maximum 
voltage

Multi-plate and 
frame pressing 
equipment 
(5–15 bar) with 
simultaneous pulse 
delivery

Juice yield increase 
from 29% up to 80%
PEF treatment 
increased juice purity

Jemai and 
Vorobiev 
(2006)

Sugar beet 1.2–2.5 kV/cm field 
strength
1–200 pulses at 
1–6 Hz

Uniaxial press at 2 
or 5 MPa

Twofold increase in 
sugar yield
Reduction in overall 
processing time

Eshtiaghi 
and Knorr 
(2002)

Sugar beet 1.5 kV/cm field 
strength
400 monopolar 
pulses with a 
duration of 100 μs 
combination with 
ohmic heating 
(30–70 °C, 
10–30 min)

Ohmic heating -PEF 
treatment cell with 
compression 
capability (25 bar)

Juice yield increase 
from 40% to 65% 
combined with ohmic 
heating (10 min, 60 °C)

Praporscic 
et al. (2005)

Apple 0.1–0.52 kV/cm 
field strength
50 pulses of 100 μs

Pressing cell fitted 
with mobile 
electrode
Expression at 3 bar

Synergistic effect of 
pressure and electric 
field to increase juice 
yield

Bazhal et al. 
(2001)

Apple 0.65 kV/cm field 
strength
23.2 ms treatment 
time

Continuous belt 
filter press

Juice yield increase 
from 71.1% to 76.3% 
due to PEF
Increased polyphenol 
content in final juice
Decreased juice 
turbidity

Turk et al. 
(2012)

Citrus fruits 
(orange, 
lemon, 
pomelo)

3 kV/cm field 
strength
10–250 pulses of 
70 μs

Laboratory 
compression 
chamber at 4 bar

Juice yield increase up 
to 25% (orange), 37% 
(pomelo) and 59% 
(lemon) for PEF 
treated samples

El Kantar 
et al. (2018)

White 
grapes

0.25–1.0 kV/cm 
field strength

Laboratory filter 
press system with 
mobile electrode at 
5 bar

Juice yield increase 
from 49–54% up to 
76–78%
Juice of superior 
quality in terms of 
turbidity and 
absorbance due to 
improved filter cake 
properties

Praporscic 
et al. (2007)

(continued)
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Table 9.2 (continued)

Plant tissue
PEF treatment 
conditions Extraction method Key conclusions Reference

Alfalfa 1.5 kV/cm field 
strength
200 pulses delivered 
at 1 Hz

Cylindrical PEF 
chamber with built 
in pressing plate (20 
and 40 bar)

Inreased juice yield 
from 27.3% to 37.8%
Increased 
sedimentation in PEF 
treated samples

Gachovska 
et al. (2006)

Tomato 0.5–2.5 kV/cm 
electric field 
strength, 0–4000 
pulses of 15 μs 
width at 20 Hz

Lab scale paddle 
type extractor

Up to 20% juice yield 
increase
Up to 90.2% overall 
juice yield (compared 
to untreated 82.2%)

Andreou 
et al. 
(2020a)

Oil extraction
Olive 0–2 kV/cm field 

strength, 50 pulses 
of 3 μs at 125 Hz

Malaxation (0,15 
30 min at 15 and 
26 °C)/
centrifugation 
(1370 g, 2 min)

Oil yield increase by 
54% without 
malaxation and by 
14.1% with malaxation 
at 15 °C
No detrimental effect 
of PEF on oil quality 
parameters

Abenoza 
et al. (2013)

Olive 1.8 kV/cm field 
strength with pulses 
of 15 μs width at 
300 Hz

Malaxation (30 min, 
30 °C)/
Centrifugation 
(3000 g, 4 min)

Oil yield increase up to 
18% after PEF 
treatment
Produced oils with 
increased polyphenol 
content and oxidative 
stability

Andreou 
et al. (2017)

Sunflower 
seeds

1–7 kV/cm electric 
field strength with 
10–120 s of 
treatment time with 
pulses of 10–50 μs 
width at 0.5–10 Hz

Solvent extraction 
with hexane (3 h at 
room temperature)

Oil yield increase from 
39.14% to 48.04% at 
7.0 kV/cm

Shorstkii 
et al. (2017)

Rapeseed 5–7 kV/cm electric 
field strength with 
60–120 pulses of 
30 μs pulse width

Mechanical screw 
press with a 
capacity of 5 kg/h at 
100 °C
Soxhlet extraction 
with hexane

Oil yield increase from 
48% to 51% for hulled 
seeds after treatment at 
7 kV/cm
Oils with increased 
chlorophyll, tocopherol 
and polyphenol content

Guderjan 
et al. (2007)

Sesame 20 kV/cm electric 
field strength, 
0–2000 exponential 
pulses at 0.33 Hz

Pressing for 1 h at 
100 bar with a 
texture analyzer

Oil yield increase from 
65% to 72%
No significant effects 
of PEF on 
physicochemical 
parameters
No oil loss in the 
treatment water

Sarkis et al. 
(2015)
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yield are key requirements during extraction and can reduce processing costs as 
well as overall solvent use. Pulsed Electric Fields have demonstrated significant 
benefits in the pretreatment of plant materials for the extraction of bioactive com-
pounds. The effects of the process on the cellular structures can increase the extract-
ability of intracellular compounds. The food sector has been recognized as a major 
producer of plant-based food wastes and by-products (Arshad et al. 2021). These 
wastes are discarded when their valorization could result in the efficient extraction 
of residual bioactive compounds.

Several authors have reported significant yield increases in bioactive compounds 
extracted from plant materials when PEF was used as a pretreatment (Table 9.3). In 
certain cases, this yield increase enables the substitution of organic solvents such as 
methanol and ethanol with greener alternatives such as water and the reduction of 
the extraction temperatures, due to the yield increase brought about by the pretreat-
ment (Puértolas et al. 2013; Loginova et al. 2011). Extraction can also be signifi-
cantly accelerated (Pataro et  al. 2020; Andreou et  al. 2020b). PEF treatment of 
microbial suspensions has also been demonstrated to effectively increase the 
extractability of intracellular compounds. As shown in Table 9.3, compared to plant 
cells, the electric field strength required for electroporation of microbial cells is 
markedly higher compared to that for plant cells. Nevertheless, the benefits of PEF 
treatment include increased extraction yields of bioactive compounds while no del-
eterious effects on the extracted compounds have been reported. On the contrary, 
compared to other cell disintegration processes, PEF has the advantage of allowing 
for the electroporated cell envelope to act as a sieve, thereby selectively extracting 
the intracellular contents (Martínez et al. 2017; Corrales et al. 2008). The selectivity 
of PEF for the extraction of compounds can be modulated by altering the post- 
pulsing extraction regimes in terms of pH, temperature or solvent composition 
(Ganeva et al. 2020; Parniakov et al. 2015a, b; Postma et al. 2016).

3.4  PEF-Assisted Dehydration Processes

The removal of water from foods has always been, and still remains, one of the most 
critical methods of preservation. The removal of moisture from foods is commonly 
achieved by air drying, where foods remain in an air stream at elevated temperatures 
for prolonged periods until the required moisture reduction is achieved. In such 
processes food materials, especially plant tissues, undergo quality deterioration in 
terms of colour, shrinkage, sensorial attributes and nutritional value. This fact, along 
with the high energy demands of drying processes, have led to the emergence of 
suitable pretreatments that can potentially accelerate water transfer rates thereby 
reducing the food’s exposure to high temperatures. Osmotic dehydration (OD) 
removes water from food materials by immersion in suitable hypertonic solutions 
and has emerged as a gentle dehydration method suitable for processing fruits and 
vegetables (Ade-Omowaye et  al. 2001). However, even though OD involves the 
exposure of foods to lower temperatures compared to air drying, the process is slow 
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Table 9.3 PEF-assisted extraction from plant and microbial cells

Target system
Target 
compounds

PEF treatment 
conditions Key conclusions Reference

Plant and animal cells
Grape and plum 
peels

Anthocyanins, 
flavonoids, 
polyphenols

9.6–25 kV/cm 
field strength 6 μs 
pulse width 
delivered at 10 Hz 
at a flowrate of 
290 L/h

2–4 times increased 
anthocyanin extraction 
yield
Up to 70% increased 
flavonoid extraction 
yield
Up to 200% yield 
increase in extracted 
polyphenols

Medina-Meza 
and Barbosa- 
Cánovas 
(2015)

Orange peels Polyphenols 1–7 kV/cm field 
strength, 20 
pulses of 3 μs 
width

Polyphenol pressing 
yield increase up to 
159%
Antioxidant capacity 
increased up to 192%

Luengo et al. 
(2013)

Purple-fleshed 
potatoes

Anthocyanins 1–5 kV/cm field 
strength, 5–35 
pulses of 3 μs 
width

Possible to replace 
ethanol with water for 
anthocyanin extraction 
(yield increase from 
42% to 55% at 25 °C)

Puértolas 
et al. (2013)_

Grape 
byproducts

Anthocyanins, 
polyphenols

3 kV/cm field 
strength, 30 
exponential decay 
pulses at 2 Hz

Up to four-fold 
increase in antioxidant 
capacity
Up to 17% 
anthocyanin yield 
increase
Selective extraction of 
anthocyanins 
dependent on sugar 
moieties

Corrales et al. 
(2008)

Red beet Pigments 
(betalains)

0.375–1.500 kV/
cm field strength, 
trains of 20 pulses 
of 100 μs width 
with a total 
treatment time of 
0.1 s

Increased colorant 
diffusion at lower 
temperatures
Possible to extract 
colorants avoiding 
thermal degradation

Loginova 
et al. (2011)

Flaxseed hulls Polyphenols 10–20 kV/cm 
field strength, 
1000 exponential 
decay pulses at 
0.33 Hz

Up to 37% polyphenol 
yield increase
Up to 80% of total 
polyphenols extracted

Boussetta 
et al. (2014)

Tomato wastes Phenolic 
compounds, 
carotenoids

0.5–2.5 kV/cm 
electric field 
strength, 0–4000 
pulses of 15 μs 
width at 20 Hz

Up to 56.4% increased 
carotenoid extraction
Up to 43.6% increased 
phenolic compound 
extraction

Andreou et al. 
(2020a)

(continued)
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Table 9.3 (continued)

Target system
Target 
compounds

PEF treatment 
conditions Key conclusions Reference

Tomato 
processing 
byproducts

Lycopene 1–5 kV/cm field 
strength, pulses of 
20 μs width at 
10 Hz

Up to 18% increased 
lycopene extraction 
yield and 37% 
increased extraction 
rate
No lycopene 
degradation due to 
treatment

Pataro et al. 
(2020)

Olive pomace Polyphenols, 
proteins

1.0–6.5 kV/cm 
field strength, 
1–6000 pulses of 
15 μs width at 
20 Hz

Up to 91.6% increase 
in extracted phenolic 
compound yield and 
twofold increase in 
protein extraction 
yield
Extraction time 
reduced to 12 min and 
1 min compared to 
60 min for untreated

Andreou et al. 
(2020b)

Microbial cells
Saccharomyces 
cerevisiae

Yeast extract 5–20 kV/cm field 
strength, 1–2000 
pulses of 15 μs 
width

Increase of amino acid 
and total solids in 
extract by 37% and 
20%, respectively
Up to 78% 
acceleration of yeast 
extract production via 
autolysis

Dimopoulos 
et al. (2018)

Saccharomyces 
cerevisiae

Protein, phenolic 
compounds, 
glutathione

2.5–5.5 kV/cm 
field strength, 15 
pulses of 
0.5–0.8 ms width 
at 7.5–82.3 Hz

Release of 90% of 
free amino acids, 80% 
of intracellular 
glutathione and 40% 
of total phenolic 
compounds extracted 
at 2 h after treatment

Ganeva et al. 
(2020)

Saccharomyces 
cerevisiae

Yeast extract/
amino acids

3–7 kV/cm field 
strength, 40 
pulses of 100 μs 
width at 1 Hz

Increased aspartic and 
glutamic acid content 
of extracts by 
232.55% and 
209.40%, respectively

Yang et al. 
(2021)

Rhodotorula 
glutinis

Carotenoids 
(torularhodin)

15 kV/cm field 
strength, 400 
exponential decay 
pulses of 6.8 μs 
width at 3 Hz

Up to 80% of total 
carotenoid recovery in 
subsequent ethanol 
extraction

Martínez et al. 
(2020)

(continued)
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Table 9.3 (continued)

Target system
Target 
compounds

PEF treatment 
conditions Key conclusions Reference

Chlorella 
vulgaris

Carbohydrates, 
proteins

10–30 kV/cm 
field strength, 
pulses of 5 μs 
width

Selective extraction of 
36% of total 
carbohydrates and 
5.2% of total proteins

Carullo et al. 
(2018)

Auxenochlorella 
protothecoides

Lipids 40 kV/cm field 
strength, pulses of 
1 μs width at 
3 Hz and a 
flowrate of 
0.1 mL/s (2.1 mL 
chamber volume)

Lipid extraction yields 
up to 97% with 
ethanol/hexane 
mixtures
No effects of PEF on 
fatty acid composition

Silve et al. 
(2018)

Chlorella 
vulgaris

Carotenoids, 
chlorophylls

10–25 kV/cm 
field strength, 
0–50 pulses of 
3 μs width at 
0.5 Hz

Up to twofold 
increase of pigment 
extraction after PEF 
treatment

Luengo et al. 
(2014)

Arthrospira 
platensis

C-phycocyanin 15–25 kV/cm 
field strength, 
15–50 pulses of 
3 μs width at 
0.5 Hz

Selective extraction of 
phycocyanin up to 25 
times higher
Higher phycocyanin 
purity compared to 
bead milling

Martínez et al. 
(2017)

as it relies on the passive diffusion of water towards the osmotic solution. Osmotic 
dehydration can also benefit from pretreatments that accelerate water diffusion 
rates. The mechanism that drives the improved extraction of intracellular com-
pounds due to PEF treatment can be extended to include intracellular water. 
Electroporation-mediated permeabilization of cells causes the outflux of intracel-
lular water and solutes. This phenomenon is harnessed for the enhancement of 
dehydration processes such as air-drying and osmotic dehydration.

Osmotic dehydration of PEF-pretreated plant tissue samples is enhanced both in 
terms of water loss as well as uptake of solids from the osmotic solution. A direct 
relationship between the cell disintegration index and the moisture effective diffu-
sion coefficient has been established. The benefit of solids uptake from the osmotic 
solution can be seen as a major benefit, as auxiliary compounds of the osmotic for-
mulation contribute to the prevention of quality deterioration or improvement. 
Several reports exist on the enhanced uptake of calcium chloride of PEF-treated OD 
samples (Table 9.4), which helps to counteract the loss of firmness caused by elec-
troporation (Tylewicz et al. 2017; Dermesonlouoglou et al. 2016). Uptake of other 
compounds such as ascorbic acid have also been reported (Dermesonlouoglou et al. 
2016, 2018).

Freeze drying is also influenced by PEF pretreatments (Table 9.4). Apart from 
the reduction of drying time, prevention of tissue shrinkage also appears to be an 
important benefit of PEF prior to freeze drying. Fauster et al. (2020) reported the 
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Table 9.4 Application of PEF as a pretreatment to dehydration processes

Target 
system

PEF treatment 
conditions

Dehydration 
method Key conclusions Reference

Strawberry 0.1–0.4 kV/cm 
field strength, 
100 pulses of 
100 μs width at 
100 Hz

Osmotic 
dehydration 
(sucrose, 40% 
trehalose)

12% water loss 
reduction
Preservation of cell 
viability at 10 kV/
cm
Slight loss of color 
due to peroxidase 
activity
Recovery of lost 
firmness at long OD 
times due to the 
presence of calcium

Tylewicz et al. 
(2017)

Red bell 
pepper

1–2 kV/cm field 
strength, 10–80 
pulses of 400 μs 
width

Osmotic 
dehydration 
(sucrose/NaCl 
21%/2%)
Fluidized bed 
drying (60 °C, 6 h, 
1 m/s air velocity)

Significant reduction 
of drying rates up to 
3 h of drying

Ade-Omowaye 
et al. (2003)

Goji berry 0.9–2.8 kV/cm 
field strength, 
0–32,000 pulses 
of 15 μs width 
at 20 Hz

Osmotic 
dehydration 
(glycerol 60%/
maltodextrin 20%) 
55 °C, 0–180 min)
Air drying (60 °C 
up to 400 min)

Up to 85% increased 
moisture diffusion 
coefficients for 
PEF + OD treatment
No significant color 
deterioration
Increased ascorbic 
acid uptake
Up to fivefold 
increase in drying 
rate of 
PEF + OD + air 
dried samples

Dermesonlouoglou 
et al. (2018)

Apple 0.8 kV/cm field 
strength, 10 
pulses of 1 ms 
delivered every 
100 ms

Vacuum freeze 
drying (10 mbar, 
−10 °C up to 6 h)

PEF treatment 
causes acceleration 
of cooling and water 
evaporation during 
freeze drying
PEF leads to 
shrinkage avoidance 
in the dried samples

Parniakov et al. 
(2016)

Carrot 5 kV/cm field 
strength, 
exponential 
pulses at 0.5 Hz

Convective air 
drying at 70 °C and 
an air velocity of 
2 m/s

PEF treatment 
increases both 
thermal and 
electrical 
conductivity
Reduction of drying 
time up to 8.2%

Wiktor et al. (2016)

(continued)
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Table 9.4 (continued)

Target 
system

PEF treatment 
conditions

Dehydration 
method Key conclusions Reference

Apple At 10 ms pulse 
width

Freeze drying at 
1 mbar, −55 °C up 
to 7 h

Reduction of freeze 
drying time by 57% 
after PEF treatment
Improved 
rehydration 
characteristics

Lammerskitten 
et al. (2019)

Strawberry, 
red bell 
pepper

1.0 kV/cm field 
strength, 
exponential 
decay pulses at 
100 μs width 
and 1 Hz

Freeze drying at 
−40 °C, 0.5 mbar 
for 72 h

Significant drying 
acceleration due to 
mass transfer 
enhancement
Reduced shrinkage 
due to drying
Enhanced water 
uptake during 
rehydration

Fauster et al. (2020)

Kiwi 0.7–1.8 kV/cm 
field strength, 
50 pulses of 
15 μs width at 
20 Hz

Osmotic 
Dehydration 
(glycerol, 
trehalose, 
maltodextrin) at 
1:5 food to solution 
ratio, 25–45 °C

Significant 
acceleration of water 
loss and solids gain
Increase in ascorbic 
acid uptake from the 
osmotic solution
Increased firmness 
due to calcium 
uptake

Dermesonlouoglou 
et al. (2016)

Sea bass 
fillets

1.6 kV/cm field 
strength, 
50–1500 pulses 
of 15 μs width 
at 20 Hz

Osmotic 
dehydration 
(40–60% glycerol, 
5% NaCl, 15 °C)

Up to 66% increase 
in the moisture 
effective diffusion 
coefficient
Abrupt increase of 
Deff above 5 kJ/kg 
energy input

Semenoglou et al. 
(2020)

implementation of PEF for the improved freeze drying of strawberries and red bell 
peppers. At specific energy inputs as low as 0.3 kJ/kg significantly improved drying 
rates. Moreover, the authors reported significantly reduced plant tissue shrinkage 
for PEF treated samples and improved rehydration characteristics of the final prod-
ucts. Similar results were reported for freeze dried apple tissue by Lammerskitten 
et  al. (2019). Shrinkage reduction at high values of cell disintegration is mainly 
attributed to the facilitated water removal from the individual cells during dehydra-
tion. The increased cell permeability caused by PEF is a result that persists even 
after the food is dried. As such, apart from improved characteristics during drying, 
PEF treated food materials also exhibit accelerated rehydration kinetics. This obser-
vation is particularly important when dried products are produced with the aim of 
being rehydrated before use.
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3.5  PEF as a Pretreatment to Other Food Processes

In recent years, PEF has proven its suitability as a pretreatment to other food related 
processes such as frying and peeling. The application of the process in the potato 
processing industry is one of the most successful industrial implementations of the 
process. PEF pretreated potatoes, even at low intensity processing conditions (1 kV/
cm field strength, 0.2 kJ/kg energy input) exhibit significant reductions in required 
energy for cutting. Also, cuts exhibit a smoother surface and significantly reduced 
feathering and cutting losses (Fauster et al. 2018). Subsequent frying of potatoes 
also benefits from PEF pretreatment, as fries resist browning and absorb decreased 
amounts of fat, effects attributed to loss of reducing sugars and increased water 
vapor barrier properties, respectively (Fauster et al. 2018; Ignat et al. 2015; Liu et al. 
2020; Ostermeier et al. 2020). Genovese et al. (2019) have also reported the loss of 
free asparagine from potato cuts due to PEF treatment, which contributes to the 
significant reduction of acrylamide formation during frying. Meat processing has 
also been found to benefit from a PEF pretreatment. Traditional processes such as 
curing, salting, tenderization and aging of meat cuts heavily rely on endogenous 
enzymatic activity, cell structure and are often carried out under refrigeration for 
prolonged storage periods. PEF treatment of meat has been reported to accelerate 
tenderization due to the instantaneous release of intracellular proteases and assist 
processes such as brining and drying (Bhat et al. 2019).

4  High Pressure Homogenization

4.1  Introduction

Homogenization has become an integral part of the food industry, as it has allowed 
the production of dairy products with improved stability and textural properties. The 
requirements for increasing the shelf life of food in the context of nonthermal pro-
cesses have led to significant developments in homogenization. Unlike earlier 
equipment that could achieve maximum pressures of around 30  MPa, technical 
developments in the 1990s enabled the manufacturing of equipment capable of 
achieving significantly higher treatment pressures upwards of 100 MPa, thus paving 
the way for innovative process applications. These modern systems have led to the 
process being termed High Pressure Homogenization (HPH). When the processing 
pressures are in the range of 300–400 MPa, the process is often referred to as Ultra 
High Pressure Homogenization (UHPH) (Diels and Michiels 2006). Although 
homogenization is often associated with dairy processing, it is now an integral part 
of a range of industrial processes such as the formation and stabilization of emul-
sions and suspensions, microbial inactivation and cell rupture in order to obtain 
intracellular products from cell suspensions. The high operating pressures of mod-
ern systems have also provided new perspectives for the implementation of the 
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process for sterilization and inactivation of bacterial spores (Patrignani and Lanciotti 
2016). In recent years, the process has found its place as a pretreatment in order to 
improve further processing in applications such as the enhancement of mass trans-
fer, enzymatic treatment and the encapsulation of bioactive compounds.

4.2  Mechanisms of Action and Traditional Applications

The most widespread application of HPH is perhaps that of milk homogenization. 
The underlying physical mechanisms lead to the size reduction of milk fat globules, 
rendering the processed milk stable against cream separation, a phenomenon mostly 
undesirable by the modern consumer. High Pressure Homogenization equipment, 
both on industrial and laboratory scales, consists of a positive displacement pump 
which forces the fluid to be processed to pass through a valve which is usually made 
of high abrasion-resistant materials (e.g. ceramics, tungsten carbide, zirconium or 
synthetic gemstones) (Berk 2018). The valves used in HPH usually consist of a 
needle-seat or needle- ball-seat combination. The pressure exerted on the fluid pass-
ing through the valve is controlled by the force applied to the needle. Some homog-
enizers feature a nozzle instead of a needle and a seat, with the pressure controlled 
by the reduction of the cross section along the nozzle and the capacity of the posi-
tive displacement pump (Harte 2016). Industrial HPH systems are fitted with cool-
ing or preheating circuits for the treated liquid (Levy et al. 2020). A major challenge 
in HPH treatments is to achieve a constant pressure during processing, especially in 
smaller scale systems where the positive displacement pump has a single piston. 
The reciprocating motion of the piston causes pressure fluctuations with a variation 
of around 10–15%. This problem is usually solved by using pumps with two or 
more pistons.

Despite the widespread application of the process, its precise mechanisms of 
action are still under investigation (Diels and Michiels 2006). The exact mechanism 
by which HPH causes cell rupture is a combination of natural phenomena with 
overlapping effects (Brookman 1975; Doulah et  al. 1975; Engler and Robinson 
1981; Kumar and Pandit 1999). At processing pressures greater than 100 MPa a 
variety of physical phenomena affect the microorganisms and biomolecules con-
tained in the processed fluid. These include high hydrostatic pressure buildup before 
the valve, shear stress that develops between the needle and the seat, the intense 
turbulent flow immediately after the valve, and finally the impingement of the 
stream following its exit from the valve. The temperature rise during processing 
falls in the range of 2–2.5  °C per 10  MPa processing pressure (Engler 1990). 
Commercially available homogenizers achieve pressures up to 400 MPa however 
with low volumetric flow usually less than 100 L/h. The efficiency of HPH process-
ing depends on processing parameters such as treatment pressure, treatment tem-
perature and number of passes through the valve and valve geometry but also on the 
characteristics of the treatment medium such as fluid viscosity. In the case of cell 
treatment, disruption efficiency greatly relies on factors such as the morphology and 
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physiology of the target microbes (size, shape, cell wall presence and structure), 
their growth state and any pretreatments that might affect the cell’s susceptibility to 
disruptive phenomena.

4.3  HPH Assisted Extraction

The potential of using HPH as a cell disruption method was recognized relatively 
early in the history of the process. In the following years the process became a staple 
in laboratory equipment, mainly for the disruption of microbial cells with the aim of 
obtaining intracellular products. The extraction of intracellular compounds from 
microbes that typically do no secrete them into the extracellular medium dictates the 
use of a cell disruption pretreatment in order to increase the yield of obtained com-
pounds. Such microbial cells often include yeasts and bacteria (Saccharomyces 
cerevisiae, Escherichia coli) (Middelberg 2000). HPH has therefore evolved into a 
pretreatment process prior to extraction of microbial products. More recent studies 
have undertaken the task to demonstrate the applicability of the process for the pre-
treatment of plant cells.

HPH has found a widespread application in the context of biorefineries with the 
aim of extracting lipids from microalgae for the production of biofuels. As microal-
gae have been recognized as important sources of bioactive compounds related to 
food applications, more recent works explore the application of the process as a 
pretreatment for their efficient extraction. The structure of most microalgae is char-
acterized by a thick, external cell wall comprising mainly of polysaccharides 
(Alhattab et al. 2019). The extraction of intracellular compounds, mainly pigments, 
proteins, fatty acids and antioxidants requires the cell wall be rendered permeable 
before extraction. Compared to other extraction procedures, HPH has significant 
advantages in energy savings and allows for the reduction of solvent use. Yeasts 
have also been a target organism for the application of HPH. Similarly to microal-
gae, yeasts feature a thick cell wall which is notoriously resistant to disruption. 
Products such as intracellular proteins, amino acids and enzymes are commonly 
extracted by first disrupting the cells by HPH (Table 9.5). More recent works have 
explored the potential of HPH disruption for the enhancement of yeast extract pro-
duction by autolysis, as well as the improved extraction of β-glucans from the cell 
walls (Dimopoulos et al. 2020; Thammakiti et al. 2004; Verduyn et al. 1999; Liu 
et al. 2008). Both these applications benefit from the intense mechanical disruption 
of the cells.

Apart from the treatment of microalgae, HPH has recently become a valuable 
process for the valorization of plant-based waste materials. Food processing byprod-
ucts are often rich in compounds which remain unvalorized. HPH has shown the 
potential to assist with the valorization of such waste streams by disrupting plant 
cells and allowing for increased extraction yields. These byproducts are usually 
treated in the form of aqueous suspensions, where the disruption of the plant cells 
causes profound leakage of water soluble compounds such as polyphenols and 
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Table 9.5 Application of HPH pretreatment for extraction of intracellular compounds

Target system
Target 
compounds

HPH 
conditions

Extraction 
method Key results References

Microbial cells
Saccharomyces 
cerevisiae

Cell wall 
β-glucans

200–
800 bar, 
1–3 passes

Cellular 
autolysis 
(52 °C, 
pH = 5.5)
Extraction with 
1 N NaOH and 
acetic acid 
(80 °C, 1–2 h)

Increased 
β-glucan yields 
in combination 
with autolysis
Increased 
cellular protein 
loss due to 
mechanical 
disruption

Dimopoulos 
et al. (2020)

S. cerevisiae 
(spent brewer’s 
yeast)

Cell wall 
β-glucans

600 bar, 6 
passes

Alkaline 
extraction (1 N 
NaOH, 80 °C, 
2 h)
Acidic 
extraction 
(acetic acid 
0.5 M, 70 °C, 
1 h)

Increased 
viscosity, 
emulsion 
stabilizing 
capacity and 
water holding 
capacity of 
homogenized 
glucans

Thammakiti 
et al. (2004)

S. cerevisiae Yeast extract 600–
1000 bar, 
1–6 passes

Cellular 
autolysis

Up to 80% and 
85% total solids 
and nitrogen 
release after 
treatment
Development of 
intense turbidity 
of extracts

Verduyn 
et al. (1999)

S. cerevisiae Yeast extract, 
β-glucans

200–
800 bar, 
1–3 passes

Cellular 
autolysis 
(52 °C, 
pH = 5.5)

Significant 
acceleration in 
yeast extract 
production

Dimopoulos 
et al. (2020)

S. cerevisiae Cell wall 
β-glucans

400–
800 bar, 
1–4 passes

Hot water 
extraction 
(121 °C, 4 h)

Hot water 
extraction 
improves the 
extraction of 
β-glucan due to 
mannoprotein 
removal
HPH improved 
the purity of 
β-glucan from 
91% up to 95%

Liu et al. 
(2008)

(continued)
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Table 9.5 (continued)

Target system
Target 
compounds

HPH 
conditions

Extraction 
method Key results References

Arthrospira 
platensis

Polysaccharides, 
proteins

500–
1500 bar, 
1–7 passes

Determination 
of 
polysaccharides 
and proteins 
immediately 
after treatment

Increased yields 
in protein 
(70%) and 
polysaccharides 
(12%) 
compared to hot 
water 
treatments
Concomitant 
release of 
compounds 
unselectively

Elain et al. 
(2020)

Chlorella 
vulgaris

Ionic 
substances, 
proteins, 
carbohydrates

1500 bar, 
1–10 
passes

Aqueous 
extraction 
(shaking at 
160 rpm, 
25 °C)

41.9% and 54.1 
of total 
carbohydrate 
and protein, 
respectively 
after 5 passes

Carullo 
et al. (2018)

Yarrowia 
lipolytica

Total oil 500–
1500 bar, 
1–10 
passes

Extraction with 
n-hexane (dry 
and wet cells)

Up to 100% of 
total oil 
recovery after 
HPH 
pretreatment

Drévillon 
et al. (2018)

Desmodesmus 
sp.

Carotenoids 2760 bar, 4 
passes

Extraction with 
diethyl ether

No effect of cell 
suspension 
density (up to 
90 g/L)
Up to eight-fold 
increase in 
carotenoid 
concentration 
compared to 
untreated 
samples

Xie et al. 
(2016)

Plant cells
Tomato peels Proteins, 

polyphenols, 
lycopene

1000 bar, 
up to 10 
passes

Determination 
in aqueous 
extracts
Extraction with 
acetone or ethyl 
lactate 
(lycopene)

Significant 
increase in 
extraction of 
protein and 
polyphenols
Twofold 
increase in 
lycopene 
concentration 
extracted in the 
aqueous phase

Jurić et al. 
(2019)

(continued)
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Table 9.5 (continued)

Target system
Target 
compounds

HPH 
conditions

Extraction 
method Key results References

Fringed rue 
(Ruta 
chalepensis)

Flavonoids, 
alkaloids

1000 bar, 
up to 10 
passes

Determination 
in the aqueous 
extract

Rutin and 
quercetin 
concentrations 
increased by 
452.7% and 
29.8%, 
respectively in 
the aqueous 
extract
Improved 
extraction of 
water insoluble 
alkaloids

Gali et al. 
(2020)

Potato peels Phenolic acids 1585.8 bar, 
2 passes

Alkaline 
extraction 
(0–0.4 M 
NaOH, 40 °C, 
0–24 prior to 
HPH)

Significant 
increase in 
extracted 
phenolic acids 
with HPH 
treatment

Zhu et al. 
(2016)

Broccoli seeds Sulphoraphane 200–
1600 bar, 
1–5 passes

Determination 
of 
sulphoraphane 
in aqueous 
extract

Threefold 
increase in 
sulphoraphane 
content of HPH 
treated samples

Xing et al. 
(2019)

antioxidants into the medium. Some authors have also reported increased extraction 
yields in less water soluble compounds such as lycopene, rutin, quercetin and water 
insoluble alkaloids (Jurić et al. 2019; Gali et al. 2020). This can significantly reduce 
the use of organic solvents for the extraction or even eliminate it altogether.

4.4  HPH Prior to Conventional Dairy Processes

The effect of HPH on particle size reduction has a profound effect on milk structure 
and functional properties. During HPH treatment, the size distribution of fat glob-
ules is shifted towards lower sizes, which contributes to the stability of milk against 
creaming without significantly affecting the free fatty acid profile of treated milk 
(Rodríguez-Alcalá et  al. 2009). Evidence also exists that homogenization has an 
effect on the structure of both caseins and whey proteins. The partial unfolding of 
micellar caseins has been proposed to alter their hydrophobicity, leading to increased 
solubility (Han et al. 2020; Sandra and Dalgleish 2005; Guerzoni et al. 1999). The 
beneficial effects of HPH on caseins has been reported for treatment pressures 
below 2000 bar, while at higher pressures aggregation of the micelles occurs lead-
ing to an increase in their size (Roach and Harte 2008; Escobar et al. 2011). The 
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effect of HPH on whey proteins has been mainly reported for lactalbumins, lacto-
globulins and immunoglobulins (Massoud et  al. 2016; Serra et  al. 2008, 2009). 
Partial denaturation of these proteins leads to their retention during cheese curd 
formation thus preventing their loss in the cheese whey (Vannini et al. 2008; Zamora 
et al. 2007). This increases the cheese yield of HPH treated milk. Other effects that 
have been reported are the increased binding capacity of whey proteins to caseins 
and milk fat globules (Massoud et  al. 2016). Serra et  al. (2009) also reported 
decreased syneresis, increased water holding capacity and firmness in set-type 
yoghurt produced from HPH treated milk (2000 and 4000 bar) but concluded that 
the process is not suitable for stirred-type yoghurt production, due to the disruption 
of the protein network. The effects of HPH on the structure of all milk proteins can 
also lead to an increased moisture retention in the cheese curd, contributing to the 
increased cheese yield (Vannini et al. 2008; López-Pedemonte et al. 2006; Guerzoni 
et al. 1999). Zamora et al. (2007) also reported improved rennet coagulation behav-
iour of milk treated at 2000 and 3000 bar, attributed to both protein denaturation and 
particle size reduction. The effect of HPH on the structure of milk proteins is mainly 
responsible for the formation of a denser protein network which in turn leads to the 
production of firmer gels (Guerzoni et al. 1999; Massoud et al. 2016; Serra et al. 
2009; Hernández and Harte 2008). Generally, HPH improves the yield, increases 
the moisture content and the firmness of the produced cheese.

Apart from the effect of HPH in curd formation immediately after treatment, the 
process has also been shown to improve the sensorial characteristics of cheese dur-
ing ripening. This has been attributed mainly to two distinct mechanisms: the effect 
of HPH on lipolysis and proteolysis and the effect of HPH on the microbial popula-
tion of treated milk (Massoud et al. 2016; Lanciotti et al. 2007; Vannini et al. 2008; 
Juan et al. 2015; Guerzoni et al. 1999). Processes crucial to ripening such as lipoly-
sis and proteolysis are enhanced in part due to milk fat size reduction (and therefore 
increased accessibility to microbial lipases) and due to protein denaturation which 
increases their susceptibility to proteolysis. Enhanced lipase activity promotes the 
production of free fatty acids and contributes to accelerated ripening and improved 
sensorial characteristics. Several authors have reported the shift in the microbial 
makeup of the milk before cheese ripening. The varying sensitivity of microbes dur-
ing HPH treatment contributes to the shift in the microbial makeup that contributes 
to ripening. It has also been suggested that the increased production of free fatty 
acids and amino acids contributes towards the sustenance of probiotic microflora.

4.5  Enzymatic Treatment Assisted by HPH

The effect of HPH treatment on protein and polysaccharide structure enables the 
process to be used as a pretreatment prior to enzymatic hydrolysis. Protein and 
polysaccharide unfolding can enhance the accessibility of macromolecular sub-
strates to hydrolytic enzymes and promote the kinetics of hydrolysis. This also has 
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Table 9.6 Applications of HPH combined with enzymatic treatment

Target 
system

Enzymatic 
treatment

HPH 
conditions Key findings References

Bovine 
serum 
albumin 
(BSA)
Whey 
Protein 
Isolate 
(WPI)

Hydrolysis by 
trypsin and 
α-chymotrypsin

1000–
2000 bar, 1–5 
passes

Changes in BSA 
conformation led to more 
efficient hydrolysis
Changes in WPI structure 
impaired hydrolysis due to 
formation of disulfide 
bridges upwards of 200 MPa

Carullo 
et al. (2020)

Soybean 
protein 
isolate (SPI)

Hydrolysis with 
pepsin

300 bar, 1 
pass (post 
treatment)

Increased protein solubility 
and foaming capacity for 
combined treatments
Formation of flexible 
aggregates

Yuan et al. 
(2012)

Soybean 
protein 
isolate (SPI)

Hydrolysis with 
bromelain

100–900 bar 3 
passes

Increased degree of 
hydrolysis for combined 
treatment
Increased antioxidant activity 
of resulting hydrolysates
Reaggregation upwards of 5 
passes at 300 bar

Zhao et al. 
(2018)

Crayfish 
shell wastes

Hydrolysis with 
chitinase

200–800 bar, 
1–9 passes

Dispersion of chitin into a 
netted structure in suspension
Increased degree of 
hydrolysis due to treatment

Wei et al. 
(2017)

Brown rice 
bran

Hydrolysis with 
cellulase

1200 bar, 3 
passes 
(post- 
treatment)

Improved functional 
properties of rice bran 
dietary fiber as a result of 
combined enzymatic and 
HPH treatment

Xie et al. 
(2019)

Sugarcane 
bagasse

Hydrolysis with 
xylanase

1034 bar, 30 
passes 
(post- 
treatment)

Reduction of bleaching 
chemicals for the production 
of cellulose nanofibrils

Saelee et al. 
(2016)

a profound impact on the functional properties of the produced systems. Table 9.6 
summarizes reported synergies between HPH and enzymatic treatment.

In most reported cases, an HPH treatment prior to enzymatic hydrolysis of pro-
teins was able to increase the process efficiency. This is mainly attributed to the 
partial unfolding of proteins and changes in secondary and tertiary structures. 
However, for certain proteins and treatment conditions studied, reaggregation of 
proteins was reported, leading to a decrease in the efficiency of hydrolysis. Carullo 
et  al. (2020) reported increased hydrolysis (trypsin and chymotrypsin) rates of 
bovine serum albumin treated at 2000 bar for 1 pass but the opposite for whey pro-
tein isolate. This was attributed to the formation of disulfide bridges in the latter 
case, which caused structural compaction and impaired the access of the enzymes 
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to the proteins. A similar trend was reported for the hydrolysis of soy protein isolate 
by bromelain following an HPH treatment at 300 bar for 5 passes (Zhao et al. 2018).

The effect of HPH on the unfolding of polysaccharides can also assist with their 
enzymatic treatment. Wei et al. (2017) reported significantly increased hydrolysis of 
crayfish shell chitin to acetylglucosamine by chitinase. HPH treatments at 
200–800 bar caused significant conformational changes in the typically compact 
structure of chitin, leading to a dispersed, netted structure. This increased dispersion 
of the polysaccharide also caused the improved access of the enzyme in the poly-
meric matrix.

The combination of HPH with enzymatic treatment has also been reported to be 
effective when used in reverse i.e. when HPH follows enzymatic treatment. Xie 
et al. (2019) reported improved functional properties of rice bran dietary fiber by 
treating it with HPH after the application of cellulase. Similarly, Saelee et al. (2016) 
combined HPH with a xylanase pretreatment to reduce the amount bleaching chem-
icals required for the production of cellulose nanofibrils from sugarcane bagasse. 
Panyasiri et al. (2018) also applied HPH for the formation of cellulose nanofibrils 
from cassava bagasse pretreated with amylase for the removal of starch.

5  Cold Plasma Technology

5.1  General Aspects and Equipment

Cold Plasma (CP) is an innovative technology which has gained significant scien-
tific interest over the last decade in the agro-food sector as a promising processing 
technology for food preservation, maintaining food safety and minimally affecting 
the quality attributes of foods. The main advantages of this technology can be sum-
marized in its effectiveness in microbial inactivation, including pathogens, spoilage 
fungi and bacterial spores, its simple design and ease of use, cost-effective opera-
tion, short processing times of up to few minutes, lack of toxic effects, and signifi-
cant reduction of water consumption (López et al. 2019).

Generally, it is recognized that matter exists in three natural forms, i.e. solid, 
liquid, and gas, though a fourth form of matter also exists, namely plasma. Plasma 
is referred to a mixture of different species comprising of ions – atoms or molecules 
which have one or more orbital electrons stripped (or, rarely, an extra electron 
attached), and free electrons, carrying a net neutral charge (Thirumdas et al. 2015). 
In order plasma to be produced, it is necessary that energy should be supplied to a 
gas to cause its ionization. Based on the thermodynamic equilibrium, plasma can be 
classified into two groups, thermal and nonthermal/cold plasma. Among these two 
groups, scientific interest is focused on cold plasma for food applications since the 
kinetic energy acquired by electrons from the external electric field is not passed 
onto the massive species, thus they prevail in a non-equilibrium state (Shaghaleh 
et al. 2019). In the food processing sector, plasma applications are related to the 
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extension of the shelf life of food products, denaturation of proteins and inactivation 
of food enzymes that causes quality degradation, structural modification of food and 
packaging material, as well as degradation of pesticide residues in the horticultural 
fresh produces (Gavahian et al. 2020).

Nonthermal plasma can be generated by radio frequency power sources such as 
cold atmospheric pressure plasma (CAPP), radio frequency-discharge atmospheric 
pressure glow plasma, and one atmosphere uniform glow discharges plasma (Kim 
et al. 2011). Nonthermal plasma at low pressure is typically generated by an electric 
discharge in a gas or by microwaves. Generation of CAPP includes corona dis-
charge, dielectric barrier discharges, radio-frequency plasma, and the gliding arc 
discharge (Guo et al. 2015). However, the most preferred treatments in food pro-
cessing include dielectric barrier discharge (DBD) and jet plasma (Fig. 9.3), due to 
their simple designs, the availability of configurations, and ease in handling (Pankaj 
et al. 2015).

Plasma can be generated by various types of gases, simple such as air or nitro-
gen, or a mixture of noble gases, i.e. helium, argon, or neon. However, it is showed 
that the efficacy of operating gas is improved when oxygen is added to the mixture 
used (Scholtz et al. 2015; Han et al. 2016). As a result of gas generation, several 
reactive species, e.g. O, O3, OH, NO, NO2, and OH are produced, which subse-
quently can react with cell components, leading to either food modification and/or 
microbial inactivation and decontamination, via a mechanism that includes the ion-
ization of neutral, ground-state atoms, molecules, or radicals by electron impact 
(Mir et al. 2016).

In the following sections, the synergies of CAPP application with conventional 
food processes and quality preservation procedures in food products will be dis-
cussed, mostly focusing on extraction and packaging technologies, that represent 
the commonest research and industrial applications of CAPP.

Fig. 9.3 Schematic presentation of (a) jet plasma, and (b) dielectric barrier discharge (DBD) 
equipment
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5.2  In-Package Cold Plasma

Cold plasma has been recognized as an antimicrobial agent comprising a variety of 
reactive chemical species. These reactive species are effective in inactivating a wide 
range of microorganisms, including bacteria, fungi, spores and viruses, as well as 
pesticides and mycotoxins. In-package cold plasma, that can be considered as a 
combined technology of CAPP and active packaging, allows to localize and extend 
the action time of reactive species against microorganisms, while eliminating any 
post-process contamination.

The concept of in-package plasma is that plasma generates localized reactive 
species into the package where they can directly act with the food matrix to be dis-
infected. For this purpose, food products are packed usually in plastic/polymer and 
rarely in glass containers where the headspace is occupied either with air or a modi-
fied atmosphere, and then the package is sealed. When the package is exposed to an 
electric field, as in the case of plasma, then the gas inside the package is ionized, 
thus reactive species are generated and consequently act as antimicrobial agents, 
while the packaging is not affected (Park et al. 2018). The reactive species have a 
certain long-life up to few hours, and present high diffusivity coefficients that pro-
mote the uniformity of the treatment. Then, as there are unreacted plasma species 
inside the package, they contribute to the transformation of the gas into its original 
concentration, depending on several parameter, e.g. the energy of the species, tem-
perature and pressure, package characteristics (type, size, volume), the food matrix, 
etc. As a result, the food product is stored under the same atmosphere (air or modi-
fied) as the one initially been packed. Among the different in-package plasma been 
configurated, the most commonly used include (a) volumetric DBD plasma, (b) 
surface DBD (SDBD) plasma inside the package, and (c) on package SDBD plasma 
(Misra et al. 2019), as shown in Fig. 9.4.

Fig. 9.4 Schematic presentation of (a) in-package DBD plasma, (b) SDBD plasma inside the 
package, and (c) on package SDBD plasma configurations
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As expected most of the studies conducted in in-package plasma concern the 
inactivation of food pathogens and spoilage microorganisms. The mechanism of the 
inactivation is related to cell damage due to plasma ions and cell interactions and is 
associated with the direct oxidative effects on the outer surface of microbial cells 
(Thirumdas et al. 2015). Min et al. (2016) applied DBD plasma at 35 kV for 5 min 
in romaine lettuce packed in nylon/PE packaging with 30 mm gap and either air or 
mixture of N2-O2 and found that the counts of E.coli, Salmonella spp., L. monocy-
togenes and TV-virus exhibited a reduction of 4.5–5.5 log cycles. Similar results 
were obtained under the same processing conditions when romaine lettuce was 
packed in PET (Hertrich et al. 2017). When mackerel or herring was packed in PET/
film and DBD plasma at 80 kV for 5 min was applied, a reduction of 4.0–4.5 log 
cycles was observed for both total psychrotrophs, lactic acid bacteria, Pseudomonas 
spp. and Enterobacteriaceae (Albertos et al. 2017). SDBD inside package plasma 
has been applied at 250 W for 10 and 15 min in whole milk (Kim et al. 2015) and 
cheese (Yong et al. 2015), respectively, packed in plastic containers with air and 
53 mm, where a reduction by 3.5–4.0 log was observed for E. coli, S. Typhimurium, 
and L. monocytogenes. Diver and Potts (2015) investigated the effect of in package 
SDBD plasma applied at 8 kV for half a minute on the inactivation of microorgan-
isms in chicken packed in PE with either air or a mixture of CO2-O2 and even though 
Enterobacteriaceae, E. coli and Campylobacter were found below the detection 
limit (reduction by 4.0, 3.0, and 2.5 log cycles, respectively) after processing, total 
aerobes exhibited only a slight reduction by 1.7 log cycles from their initial level of 
6.0 log cycles.

It is evident that the inactivation of microorganisms under in-pack conditions 
have several advantages, including the reduction of post-process contamination, 
reduction of the spoilage microflora of the packaging material thus less need for 
disinfection of the packaging materials, use of several types of packaging materials 
and modified gas atmospheres inside the package, as well as enhancement of the 
release of antimicrobials and bioactive compounds incorporated to the packaging 
materials. However, for sake of safety and quality, it is essential to be investigated 
whether the generation of plasma may lead to changes of the packaging material, 
including migration limits of additives, monomers, oligomers and low molecular 
weight substances into the food, as well as water and oxygen permeability (Misra 
et al. 2019). Biodegradable packaging materials, such as polylactic acid (PLA) films 
have been tested for their applicability in in-package plasma and no significant 
changes has been observed (Pankaj et al. 2014a, b, c, d, e). Additionally, natural 
antimicrobials have been successfully incorporated into biofilms and plasma has 
been reported to effectively lead to release of the bioactive compound (Pankaj et al. 
2017). Therefore, it seems that if appropriate industrial configurations are devel-
oped, in-package plasma may be efficiently adapted in food manufacturing.
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5.3  CAPP-Assisted Extraction Technology

Apart from the inactivation of food pathogenic and spoilage microflora, in scientific 
level, CAPP technology is commonly used for polymers’ modification and func-
tionalization since it has been recognized that modulates surface wettability and 
roughness. These characteristics are known to be directly related to the migration 
tendency of their containing substances from the interior to the surface during 
extraction process (Van Deynse et al. 2016).

Scientific findings have demonstrated that the application of CAPP lead to modi-
fication of both availability and antioxidant capacity of bioactive compounds. 
Bursać-Kovačević et  al. (2016) studied the effect of CAPP on anthocyanins and 
colour in pomegranate juice, in relation with CAPP treatment time (3, 5, 7 min), 
sample treated volume (3, 4, 5 cm3), and gas flow (0.75, 1, 1.25 dm3/min), and 
found that the greatest anthocyanin stability was observed after 3 min, when 5 cm3 
sample volume was processed in 0.75 dm3/min gas flow, yielding in higher antho-
cyanin content from 21% to 35% compared to untreated samples, followed by 
increase in the total colour of the CAPP-treated sample. Won et  al. (2017) also 
indicated that CAPP treatments increased the bioactive profile of whole mandarin 
fruits or peels when treated at 0.7 kPa using a microwave CPT system, in a study 
where different plasma-forming gases (N2, He, N2-O2 mixture of 4:1), variable 
plasma generation power (400, 650, and 900 W), and different process time (2, 5, 
and 10 min) were used. They concluded that nitrogen (N2)-CPT at 900 W for 10 min 
significantly increased the total phenolic content and antioxidant activity of manda-
rin peel after the treatment and during storage at 4 and 25 °C.

In a recent study, Rashid et  al. (2020) applied high voltage atmospheric cold 
plasma as a pretreatment during extraction of galactomannans from dry Fenugreek 
seeds and soaked in NaCl solution Fenugreek seeds, and investigated the physico-
chemical properties of the extracted polysaccharide. It was observed that plasma 
pretreatment with air at 80 kV for 30 min caused apparent structural disruption on 
seeds surface and decreased the pH of extracting solution, resulting in increased 
galactomannan extraction yields, by 67 and 122% from dry and soaked seeds, 
respectively. The polysaccharide treated with cold plasma exhibited improved attri-
butes of water-binding capacity, swelling index and viscosity, and lower melting 
enthalpy. Cold plasma pretreatment also led to modifications on the surface mor-
phology of galactomannan due to plasma etching, yet no significant changes in the 
molecular and crystalline structures of the polysaccharide were observed.

In addition, Bao et al. (2020a) studied the effect of high voltage atmospheric cold 
plasma with different working gases (air, Ar, He and N2) on the modification of the 
surface of tomato pomace, aiming to facilitate the migration of phenolic compounds 
during extraction, and consequently increase their extraction efficiency. In addition 
to rupturing the epidermal cells of tomato pomace, cold plasma pretreatments found 
to decrease the water contact angle of tomato peels and accelerate the drying of 
tomato fruit, resulting in the enhancement of the hydrophilic character of the fruit 
surface. Tomato pomace treated by He- and N2-generated plasma exhibited slight, 
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yet significant, increased extraction yields of phenolic compounds by approximately 
10%. Cold plasma assisted extraction led to increased antioxidant capacity of 
tomato pomace extracts, while slightly altered the concentration profile of their phe-
nolic compounds. In another study, they found that the application of high voltage 
(60 kV) atmospheric cold plasma as a pretreatment on grape pomace for different 
processing times (5, 10 and 15 min) disrupt the epidermal cell structures of grape 
pomace, reduce the water contact angle of grape peels, and accelerate grape drying, 
and the effects became more intent as cold plasma treatment extended (Bao et al. 
2020b). The application of cold plasma also increased the extraction yield of pheno-
lic compounds, by 10.9–22.8%, and the extract contained a higher concentration of 
anthocyanins exhibiting an enhanced antioxidant capacity by 16.7–34.7%, indicat-
ing an improvement of the bioactive profile of the extract.

A method combining CAPP treatment and ultrasound to extract phenolic com-
pounds from sea asparagus Salicornia neei for application in Italian salami has been 
reported by Faria et al. (2020). The authors investigated the effect of the glow dis-
charge cold plasma pretreatment on the ultrasound-assisted extraction (UAE) of 
phenolic compounds from sea asparagus and they found that CAPP pretreatment 
(discharge power of 14 W for 5 min) prior to UAE increased the antioxidant activity 
by 22% and 19% measured by the DPPH and ABTS assays, respectively. 
Furthermore, when the extract was added to salami formulations, apart from a slight 
colour change, lipid oxidation and texture parameters were similar to the control 
samples at the end of the ripening period.

5.4  CAPP-Assisted Biomass Hydrolysis

Bioethanol is one of the renewable energies and is produced by fermentation of 
biomass such as corn, sugarcane, and sugar beets. It can be classified into different 
generations according to different kinds of raw materials, for example (i) first gen-
eration biomass which is mainly from food crops, and (ii) second-generation bio-
ethanol using agricultural byproducts such as sugarcane bagasse, wheat straw, and 
wood chops as substrates (Robak and Balcerek 2018). Those byproducts are mainly 
lignocellulosic materials that are composed of cellulose, hemicellulose, and lignin, 
and a pretreatment process in order to loosen the structure and release cellulose 
prior to hydrolysis and fermentation is usually needed (Jin et al. 2020). Nevertheless, 
during these pretreatments, several byproducts that may inhibit subsequent fermen-
tation efficiencies are generated, such as furfural and hydroxymethylfurfural 
(HMF), formic acid and acetic acid, and phenolic compounds, all of which exhibit-
ing toxicity due to either penetration of cell membranes and cell damage (Klinke 
et al. 2004), disruption of the ion balance within cells (Liu et al. 2019), and interac-
tion with enzymes to reduce the process efficacy (Qin et al. 2016). As a result, fur-
ther detoxification process should be conducted to enhance ethanol productivity in 
order to remove or degrade toxic compounds. CAPP-assisted enzymatic hydrolysis 
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for the production of bioethanol has gained considerably research interest as an 
alternative to degrade toxic compounds of the used biomass.

Shaghaleh et  al. (2019) investigated the effect of CAPP pretreatment on the 
enzymatic hydrolysis of wheat straw, applying different plasma gases (air, N2 and 
CO2) onto wet substrate environment for varying process times. The obtained results 
indicated that the composition, structure, and surface of the straw were considerably 
changed through CAPP pretreatment, promoting enzymatic hydrolysis. In the opti-
mal conditions (90 s, air plasma), high biomass/sugars recoveries as well as high 
conversion yield of glucan and xylan were achieved, with the overall production 
accounting 358.4 and 135.8 mg·g-1, respectively, following enzymatic hydrolysis 
for 24 h. Considering the feasibility of CAPP at the optimal conditions with subse-
quent enzymatic hydrolysis to glucose and xylose production process of wheat 
straw, CAPP pretreatment showed a positive impact on the energy balance of the 
process and low processing cost, demonstrating the significant potential of this tech-
nology to be scaled to industrial-level in the biorefineries.

In a recent study, CAPP was investigated as an alternative to degrade the toxic 
compounds within sulfuric acid-hydrolyzed sugarcane bagasse. After CAPP treat-
ment, significant reduction in toxic compounds (31% of the formic acid, 45% of the 
acetic acid, 80% of the hydroxymethylfurfural, and 100% of the furfural) were 
observed (Lin et al. 2020). After adopting optimal CAPP conditions (200 W power 
for 25 min), the bioethanol productivity improved from 0.25 to 0.65 g/L/h, indicat-
ing that CAPP-assisted enzymatic hydrolysis could effectively degrade toxic com-
pounds within the hydrolysate, thus enhancing bioethanol production.

6  Sonication

6.1  General Aspects

In the food industry, ultrasound is applied in food processing by either direct expo-
sure or using an instrument such as ultrasonic water bath. Ultrasound technology 
uses sound waves with a frequency range greater than 20 kHz. Sound waves applied 
through a medium i.e. liquid or solid food matrices generate compressions and 
decompressions in the particles producing high amounts of energy resulting in 
increased mass transfer phenomena. Ultrasound is among the emerging food tech-
nologies studied the last decade with regards the enhancement and efficacy of sev-
eral food process operations (Leong et al. 2017). Ultrasound applications (low and 
high-intensity ultrasound combined with temperature and pressure have a synergis-
tic effect.

Ultrasound processing spans over a wide range of acoustic frequencies, starting 
as low as 20 kHz, up to several MHz (Knoerzer 2016). High-intensity ultrasound 
uses lower frequencies between 20 and 100 kHz and has applications in emulsifica-
tion, cleaning, and extraction, improved drying, and defoaming. Low-intensity 
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ultrasound (megasonics) in higher frequencies (>400 kHz) are used as a nondestruc-
tive tool to evaluate the composition, structure or flowrate of foods.

The application of low-frequency high intensity ultrasound waves (20–100 kHz) 
impose significant changes in the mechanical and biochemical properties of food-
stuff. Basic food processes including drying, freezing, concentration, filtration, 
enzyme/microbial inactivation, extraction coupled with ultrasound (Bhargava et al. 
2021) can have beneficial effects with regards process efficiency and product qual-
ity. Thus US could be applied in almost all food industries covering categories of 
animal and plant origin products (Table 9.7).

Recently, Khouryieh (2021) published the results of a survey conducted to 
U.S. food experts to study the major reasons for using novel technologies, the limi-
tations for not implementing specific technologies, and the main drivers for innova-
tion of nonthermal food processing technologies. When the participants (N = 205) 
were asked to select the nonthermal food processing technologies that they had 
already been implementing in their organizations, ultrasound technology ranked 5th 
(3.4%) while high pressure (35.6%) and pulsed electric fields (20.0%) were the top 
two widely used novel nonthermal technologies.

It has been evidenced that the innovative technologies impact on the physico-
chemical and functional properties of food components depending on processing 
parameters and conditions. It is shown that low frequency/high energy ultrasound 
from 20 to 100 kHz, especially 20, 25, and 40 kHz, are preferred for modification of 
food components, according to cavitation effect and settings of the instrument. 
Moreover, it is indicated that ultrasound with frequency of 20–25 kHz is capable to 

Table 9.7 Ultrasound applications in food

Category Products Effect Reference

Meat Chicken, Beef, 
Pork

Texture modifications Caraveo et al. (2015), 
Wang et al. (2018)

Fruits & 
vegetables

Juices, Purees Enzyme and microbial 
inactivation

Chen et al. (2019), Azam 
et al. (2020)

Cereal Flour, Batters Textural and rheological 
properties

Fox et al. (2004). Zhu and 
Li  (2019)

Dairy Milk, Yoghurt, 
Cheese, Ice cream

Milk fat crystal size 
reduction, cheese yield 
increase, yoghurt/ice 
cream viscosity increase

Guimarães et al. (2019), 
Akdeniz and Akalin 
(2019), Gregersen et al. 
(2019), Carrillo-Lopez 
et al. (2020)

Emulsions Mayonnaise, 
Dressings

Emulsion stability 
enhancement

Carpenter and Saharan 
(2017); Albano and 
Nicoletti (2018)

Beverages Beverages Degassing Knoerzer (2016)
Herbs & 
neutraceuticals

Tea infusions, 
herbal extracts, 
bioactive 
compounds

Increased extraction yields, 
extraction time reduction

Vinatoru (2001), Albu et al. 
(2004), Xia et al. (2006)
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regulate the particle size and structural conformation of proteins and polysaccha-
rides, further optimizing their functional characteristics in food systems.

Published studies on ultrasound applications are focused on exploring the effi-
cacy of ultrasound in the enhancement and improvement of a wide range of food 
processing techniques in the food industry. However, broad commercial adaptation 
of ultrasound is yet to come with the main obstacle to be the required high amounts 
of energy. Therefore, commercialization and industrialization of ultrasound should 
be specifically focused on the implementation on an industrial scale. The synergic 
effect of ultrasound with treatments such as osmotic dehydration, blanching, PEF, 
extraction, freezing is being extensively studied the last years (Table 9.8).

6.2  Sonication Synergies with Other Food 
Processing Technologies

Recently studies have been published focusing on the potential of ultrasound appli-
cations to produce food products with high nutritional value and better quality and 
physicochemical properties (Gallo et al. 2018). The key principle of ultrasound is 
that it favors mass and energy transfer processes. Thus dehydration and drying 

Table 9.8 Benefits of ultrasound assisted food process operations

Process Benefit Reference

Drying Increased drying rates, shorted 
processing time

Zhang et al. (2020)

Osmotic 
dehydration

Mass transfer acceleration, 
functional compounds retention, 
increase dehydration rates

Nowacka et al. (2021)

Freezing Increased freezing rates Tian et al. (2020), Qiu et al. (2020)
Extraction Reduced extraction time, increased 

extraction yields
Dzah et al. (2020), Yang et al. (2017), 
Carrillo-Hormaza et al. (2020)

Filtration Increased permeation Naji et al. (2020), Aliasghari et al. 
(2015)

Thawing Process time reduction Li et al. (2020)
Foaming Enhanced foaming capacity Morales et al. (2015), Sheng et al. 

(2018)
Fermentation Reduced fermentation time Carrillo-Lopez et al. (2021), Munir 

et al. (2019), Barukcic et al. (2015),  
Zhang et al. (2020)

Emulsification Improved emulsion stability, 
improved the emulsifying capacity

Carpenter and Saharan (2017), 
Sarheed et al. (2020), Li et al. (2020)

Pasteurization Reduced pasteurization time 
enhanced temperature homogeneity

Baboli et al. (2020), Scudino et al. 
(2020), Vercet et al. (2002)

Chemical 
contaminants 
removal

Better decontamination effect Yuan et al. (2021)
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processes, the most commonly used techniques for food preservation, are processes 
in which ultrasound can reduce the loss of bioactive compounds and improve the 
colour of dehydrated products (Llavata et al. 2020). In the case of freezing, in addi-
tion to reducing processing times, US favors the formation of small ice crystals that, 
when thawed, reduce the loss of water, resulting in a product with high textural 
properties (Qiu et al. 2020; Cheng et al. 2015).

Numerous studies have focused on the study of US-assisted drying of fruits and 
vegetables and its effect on the physical (water activity, shrinkage, rehydration, 
colour, porosity, among others) and chemical (nutrients, antioxidants, vitamins) 
quality of the dried product. The combination of ultrasound especially with osmotic 
dehydration has been studied by many research groups for a wide range of plant 
tissues where ultrasound is used either as a pretreatment processing step, prior to 
osmotic dehydration, or used to assist during the osmotic dehydration. Ultrasound 
cavitation phenomenon and compression/ decompression of plant tissues lead to 
microchannels creation further facilitating the mass transfer between the product 
and osmotic solution. Ultrasound assisted osmotic dehydration have been proved to 
accelerate dehydration rates leading to increased water loss and solids gain while 
improving physicochemical properties and quality attributes of the final dehydrated 
products. The positive effect on physical properties of osmo-dehydrated plant prod-
ucts with the assistance of ultrasound has been demonstrated in a wide range of 
fruits and vegetables including blueberries (Spinei and Oroian 2021), cranberries 
(Nowacka et al. 2017), carrots (Alizehi et al. 2020), apples (Amanor-Atiemoh et al. 
2020) and bananas (Farhaninejad et al. 2017), among others. Apart from enhancing 
mass transfer phenomena and increasing dehydration rates the combination of US 
with osmotic dehydration has been found to favor functional compounds (polyphe-
nols, vitamins, minerals and fibres) retention.

Shape and distribution of ice crystals is of outmost importance with regards qual-
ity and post processing stability of frozen food products. Immersion freezing in 
ultrasonic baths can allow rapid freezing and the formation of small and numerous 
ice crystals within the food matrix. Many studies have shown that ultrasound 
assisted freezing promotes the initiation of nucleation, thus leading to an accelera-
tion of mass and heat transfer, improving key quality attributes of frozen food, i.e. 
weight loss, texture and microstructure. Ultrasound has been applicable in the crys-
tallization of food products such as ice cream and milk fat.

Ultrasound application enhances the foaming properties of proteins due to 
decreased particle size, better volume, and increased stability (Higuera-Barraza 
et al. 2016). Egg white’s foaming capacity improvement has been reported (Sheng 
et al. 2018) while foaming properties were mainly influenced protein structure vari-
ations. Increased foaming capacity and stability has been also reported in soy pro-
tein. Recent studies have also shown that ultrasound affect serum proteins functional 
properties, foaming capacity and solubility. Ultrasound combined with temperature 
in the case of soy protein isolate led to a modification in protein isolate particle size 
that was linked with improved foaming capacity but with no significant effect on 
foam stability (Morales et al. 2015).
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Ultrasound assisted thermal pasteurization has been found to be less detrimental 
to nutrients, protein content and functional properties of foods when compared to 
conventional thermal processing while being effective against vegetative cells. 
Ultrasound in combination with temperature and pressure has been found to be 
effective in inactivating thermotolerant enzymes like polyphenoloxidases, peroxi-
dases, lipooxiginase and pectin methylesterase. Recent studies have shown that 
ultrasound combined with thermal treatment can inactivate the Clostridium perfrin-
gens spores in the slurry of beef. Ultrasound can also reduce the required time of 
heat treatment as it accelerates the pasteurization/sterilization rate of food. Most 
microorganisms show sensitivity when ultrasound is combined with temperatures 
greater than 50 °C. Since, the combination of US with lower treatment temperature 
is effective at low temperatures this leads to improvement of the quality of the heat 
treated product. US assisted pasteurization at 50  °C can preserve food sensorial 
attributes such as colour and flavour compounds in comparison to conventional pas-
teurization techniques that involve higher temperatures. US assisted thermal treat-
ment effects improve with increasing intensity and decrease with increasing 
frequency.

Ultrasound-assisted extraction is an effective alternative that overcomes the 
drawbacks of conventional extraction techniques. Ultrasonic implosion and cavita-
tion rupture the cell walls, enhancing the mass transfer from solid to liquid phase 
leading to higher extraction yields. Also, within the tissues, microchannels are cre-
ated on an ultrasound application which enhances the solvent penetration into the 
solid matrix which increases mass transfer. Thus, Ultrasound aided extraction con-
tributes to efficient recovery of compounds in shorter extraction time, requiring less 
solvent volumes. Ultrasonic assisted extraction is usually performed under continu-
ous wave mode and pulse mode technique is employed over long term extraction. It 
is generally preferred for the extraction of bioactive compounds due to its versatil-
ity, easy operation, the scope of industrial application, with an ability to use less 
solvent and retain the biological activity. However, the extraction efficiency is 
greatly affected by ultrasonic power, frequency, solvent, and the matrix to solvent 
employed.

Ultrasound has been found to enhance the processes when used in conjunction 
with various unit operations in the food industry (Table 9.8). Filtration has long 
been used as an important process in the food industry for efficient separation such 
as solids from their mother liquor or in the production of solid free liquid. The prob-
lems of fouling or concentration polarization caused by the deposition of the filtrate 
or filter cake on the membrane surface is a major issue in this process. These prob-
lems cause a reduction in filtration efficiency. However, ultrasound energy is effec-
tive against this issue. On the application of ultrasound during the process of 
filtration, the retentate layers accumulated on the membrane surface causing con-
centration polarization, are disrupted while the membrane’s intrinsic permeability 
remains unaffected. This results in an increase in flux and a decrease in flow resis-
tance. Acoustic filtration has been effectively used for the enhancement of industrial 
wastewater filtration. Ultrasound, when combined with filters, enhances the life of 
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the filter, by preventing the caking and clogging of the membrane, enabled by con-
tinuous cavitation at the surface of the filter.

Ultrasound has proven its abilities in the food industry into preservation, extrac-
tion, and processing. Ultrasound is being increasingly used to enhance various pro-
cesses in the food industry and has become an extremely promising technology on 
the processing front. However, the combination of ultrasound with other techniques 
generates better results on the overall quality of the final product and could be the 
focus of further research. The further development for the application of ultrasound 
on an industrial level requires the optimization of parameters and ground-level 
research to analyze the effect of acoustic treatment on the bulk production of food 
(Bhargava et al. 2021). Ultrasound with its abilities to increase efficiency and reduce 
the time required for various processing operations has promised a progressive 
future with a positive environmental impact. The food industry is in a phase where 
the focus has shifted to the development of novel processing and preservation tech-
nologies while maintaining the economic feasibility. However, need for upscaling at 
an industrial level would require proper modelling and analysis for improvement in 
design variables required to offer novel and additional opportunities in the field of 
liquid food processing. Ultrasound techniques in combination with other nonther-
mal processes has shown a tremendous potential in terms of efficiency and effec-
tiveness of the process operation. It could be summarized Ultrasound is a processing 
technology of great significance especially for liquid foods, however there is a need 
to carefully develop it and carry process optimization for each specific process.

7  Continuous and Pulsed UV-Light Processing

7.1  Introduction

Pulsed light (PL) technology is among the emerging nonthermal technologies 
explored to destroy both pathogens and spoilage microorganisms (e.g. bacteria, 
yeasts, molds and viruses) in several food products. Short duration and high power 
light pulses used in PL technology trigger photochemical, photothermal and photo-
physical mechanisms that lead to microbial inactivation (Wang et al. 2005). While, 
PL is effective in killing bacteria it minimally affects food quality attributes making 
it a good candidate minimal processing technology in the food industry. PL treated 
food products have extended shelf life with superior nutritional and quality proper-
ties when compared to conventional thermal treatments. In most studies PL is pro-
posed to be used in combination with other technologies in the framework of hurdle 
technology.

Recently, Khouryieh (2021) published the results of a survey conducted to 
U.S. food experts to study the major reasons for using novel technologies, the limi-
tations for not implementing specific technologies, and the main drivers for innova-
tion of non-thermal food processing technologies. When the participants (N = 205) 
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were asked to select the non-thermal food processing technologies that they had 
already been implementing in their organizations, pulsed light technology ranked 
3rd (13.2%) following high pressure (35.6%) and pulsed electric fields (20.0%) 
which were the top two widely used novel nonthermal technologies. This ranking 
demonstrates a great potential of pulsed light in market penetration. The results also 
showed that pulsed light processing technology was primarily used to provide better 
nutritional/sensorial qualities, followed by solution of safety problems, shelf life 
extension and cost savings. Industrial PL equipment for the food industry are 
already available by commercial companies (Cacace and Palmieri 2014). However, 
PL is a surface decontamination technology for pathogens highly dependent on 
environmental factors such as type of food and quality of surface of food as PL 
treatment is more effective for the sterilization of surfaces rather than liquid media. 
Microbial inactivation using PL is limited to the surface of opaque products due to 
the decreasing light intensity as absorption and scattering are reduced when the 
light travels through the treated food matrix (Abida et al. 2014). A very interesting 
aspect of PL is the in-pack application that enables the treatment in already pack-
aged food products, assuring no further cross-contamination.

PL technology uses light in the form of a single pulse, a burst of pulses 
(timed mode) (1–20 Hz) and a pulse width of 300 ns to 1 ms, or a continuous 
array of pulses or in random sequences in continuous mode (John and 
Ramaswamy 2018). Irrespective of the number and duration of the pulses, the 
power provided by the pulses is estimated to be at least 20,000 times more 
intense than that provided by a continuous light radiation of equivalent total 
energy (Keener and Krishnamurthy 2014).

7.2  PL Synergies with Other Food Preservation Technologies

PL technology efficacy in microbial inactivation can be enhanced with the combina-
tion of other mild preservation technologies such as the use of washing in the case 
of fruits and vegetables, the use of edible coatings in fresh cut fruit. Recently the 
combination of PL with ultrasounds has been proposed for the treatment of liquid 
food products. In the case of apple juice (Ferrario and Guerrero 2017), the combina-
tion of PL was identified as an alternative for inactivating S. cerevisiae KE 162 
while it resulted in an up to 6.4 log reduction in yeasts.

PL has potential applications for the treatment of foods that require a rapid dis-
infection. Foods with smooth surfaces such as fresh whole fruit and vegetable, hard 
cheeses, or smooth surface meat slices are suitable for treatment with PL where 
surface contamination is a concern for microbial contamination.

The significant microbial reductions in very short treatment times, the limited 
energy cost of PL, the lack of residual compounds, and its great flexibility are some 
of the major benefits of the technique (Oms-Oliu et al. 2010).

9 Nonthermal Processing Technologies: Synergies and New Applications in Food…



362

8  Ozonation Technology

8.1  Introduction

Ozone processing has been widely used in the food industry due to the following 
advantages of ozone: (i) spontaneous decomposition to oxygen without forming any 
hazardous residues on food surface, (ii) high oxidation potential, and (iii) wide anti- 
microbial spectrum (against gram-positive and gram-negative bacteria, fungi and 
yeasts, viruses, protozoa, bacterial and fungal spores (Brodowska et al. 2018; Cullen 
et  al. 2009; Guzel-Seydima et  al. 2004; Manousaridis et  al. 2005; Rodoni et  al. 
2010). In 1997, ozone was recognized as GRAS (Generally Recognized as Safe), 
and in 2001, it was approved as a direct additive to food (U.S. FDA). Ozone has 
been regarded as an additive-free, safe, and cost-effective processing in the food 
industry. In gaseous or liquid form (as ozonated water), it has plenty of applications 
in the food industry such as disinfection, preservation or storage of food products, 
sanitation of plant equipment, sanitation of food packaging materials and other 
applications (air treatment, water treatment, industrial processes to reduce the use of 
chemical agents or pesticides on food). It is used for processing of food products 
such as raw fruit and vegetables, dried fruit and vegetables, fruit and vegetable 
juices, dairy products, grain products, meat and meat products, fish and seafood, 
and their products. It reduces the microbial load of the food products and extends 
their shelf life (Li et al. 2015).

8.2  Mode of Action, Mechanisms and Applications

Ozone, in gaseous or liquid form (as ozonated water), has been widely used for fruit 
preservation. Typically, it has been shown to inhibit the growth of spoilage bacteria 
and yeasts at concentrations of 0.15–5.0  ppm (Jay et  al. 2005). Degradation of 
ozone produces free radicals (e.g. hydroxyl) leading to enzyme inactivation, nucleic 
acid alteration, and lipid peroxidation of the microbial membrane (Patil et al. 2011). 
Despite the known suitability of ozone for microbial inactivation, the effect of ozone 
on fruit quality is still scarce. Oxidation capacity of ozone can lead to quality loss 
of the food product depending on the dosage applied (Alwi and Ali 2014; Rodoni 
et al. 2010). While reports have confirmed the positive effect of ozone on bacterial 
growth of fruit juices, the impact on bioactive compounds should be investigated 
(Gibson et al. 2019; Torlak et al. 2013). Studies demonstrate that high ozone con-
centrations affect negatively the juice quality characteristics (the sensory character-
istics and consequently the acceptability of the food product); on the other hand, 
low concentrations may put at risk the safety of juices (Akbas and Ozdemir 2006; 
Tiwari et al. 2010). Ozone has also used for washing of fruit and vegetables (e.g. 
leafy vegetables), as an alternative to chlorine (Fan and Sokorai 2015; Gibson et al. 
2019; Gómez-López et  al. 2013; Papachristodoulou et  al. 2018). The resulting 
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destruction or lysis associated with ozone processing is a faster inactivation mecha-
nism than other disinfectants, which require the disinfectant to permeate through 
the cell membrane to be effective (Cullen et al. 2009). As it was expected, disinfec-
tants including ozone, can cause some detrimental effects on sensory characteristics 
and nutritional value of the processed food product (Kenny and O'Beirne 2009) 
(Table 9.9).

Processes that combine disinfection treatments can be used to control microbial 
growth in fruit and vegetables and to retain their quality characteristics. Ozone pro-
cessing has been combined with modified atmosphere packaging (MAP) to reduce 
the respiration rate and stimulate the antioxidant defense system of green peppers 
(Chen et al. 2016), and to control microbial decay and the accumulation of acetal-
dehyde in organic table grapes (Admane et al. 2018). Combined effect of a gaseous 
ozone pre-treatment and MAP (13 mg·m − 3 of gaseous ozone – about 6 ppm – for 
16 h at 1 °C, and storage for 15 days under MAP – 10 kPa O2 and 40 kPa CO2- or in 
air at 4 °C) has shown to cause a significant reduction of the yeast and mold counts 
(compared to samples stored in air and MAP) while the main quality parameters of 
the three types of fruits (blueberries, raspberries, strawberries) were not affected by 
combined ozone pre-treatment and MAP storage. The combined effects of ozone 
and MAP led to a better preservation of the total and individual anthocyanins in the 
blueberries during cold storage. The exposure to gaseous ozone before packaging 
followed by storage under MAP proved to be a useful technological approach to 
extend the postharvest storage (Pinto et al. 2020).

The ozone application depending on the dose and post-drying of fruit by- products 
can make a significant contribution to the knowledge of alternatives for agricultural 
waste processing. Depending on the dose of ozone used, ozone can enhance the dry-
ing process, increase the diffusivity and improve the antioxidant capacity of the 
product, activating its protection system against oxidative stress. After ozone and 
convective drying treatments, a slight increase in oil yield of citrus by-products, and 
a reduction in microbiological contaminants present on the surface of the citrus peel 
was found (Bechlin et al. 2020). The use of ozone as a postharvest processing step 
before the partial dehydration of grapes for the production of dry and sweet wines 
in Italy was also reported. Ozone did not accelerate grape water loss but induced the 
antioxidant system and increased polyphenol content (processing conditions: ozone 
gas at 10 °C, in 70% relative humidity and air flow, for 12 h; kept at 20 °C for 12 h.; 
partial dehydration at 10  °C until a 30% weight loss was reached) (Modesti 
et al. 2018).

Ozone has widely applied in food grain processing (Chittrakorn et al. 2014; Ding 
et al. 2015; Gozé et al. 2016; Mei et al. 2016; Obadi et al. 2018; Tiwari et al. 2010). 
It largely eliminates insects, mycotoxins and pathogens in grain products (Tiwari 
et al. 2010). However, some functional properties of the grain products can be modi-
fied by ozone. For example, it was reported that ozone application on wheat kernels 
reduced the required milling energy, while decreasing the germination rate (Tiwari 
et al. 2010). More recently, the effects of ozone on the composition and properties 
of grain components (e.g. protein and starch properties) have been investigated 
(Gozé et al. 2016; Obadi et al. 2018). The functional properties of food products 
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Table 9.9 Representative recent research studies on the effect of ozone processing on the quality 
characteristics of fruit and vegetables or juices

Food product
Ozone processing 
conditions

Quality 
parameter Conclusions References

Banana, 
guava and 
pineapple

Flow rate: 
8 ± 0.2 ml/s, Time: 0, 
10, 20, and 30 min

Total phenol, 
flavonoid 
contents (FRAP, 
DPPH), Vitamin 
C content

Total phenol and 
flavonoid contents 
increased significantly 
when exposed to ozone 
for up to 20 min, with a 
concomitant increase in 
FRAP and DPPH 
values. The opposite 
was observed for 
guava. Ozone 
processing significantly 
decreased the vitamin 
C content

Alothman 
et al. (2019)

Blueberries, 
raspberries

Discontinuous daily 
gaseous ozone 
treatment (10 or 
15 ppm)

Flavonoids, 
anthocyanins 
and ascorbic 
acid

Ozone processing 
reduced the loss of 
flavonoids, 
anthocyanins and 
ascorbic acid in 
blueberries and 
raspberries stored at 
low and room 
temperatures.

Piechowiak 
et al. (2019)

Kiwi fruit Gaseous ozone 
concentration: 4 mg/h 
in the chamber at a 
temperature of 0 °C 
and a humidity of 
90–95% (Storage 
conditions)

Vitamin C 
(ascorbic acid) 
content

No significant change 
in ascorbic acid content 
of kiwi fruit over a 
7 month storage period.

Barboni 
et al. (2010)

Raspberries Phenolic 
compounds 
profile and 
glutathione 
status

Ozone processing 
inhibited the loss of 
polyphenols and 
glutathione in fruit.

Piechowiak 
et al. (2020)

Strawberries Gaseous ozone 
18 mg L − 1

Fruit weight loss Ozone processing 
reduced the yeast and 
mould loads and total 
mesophilic bacteria by 
1–3.5 log cfu g − 1 
after 6 days of cold 
storage, and the fruit 
weight loss by 60%.

Alves et al. 
(2019)

(continued)
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Table 9.9 (continued)

Food product
Ozone processing 
conditions

Quality 
parameter Conclusions References

Strawberries Processing conditions: 
0.1 ppm aqueous 
ozone, Time intervals: 
1–4 min). Storage 
conditions: 
25 ± 2 °C – 45–50% 
RH and 2 ± 1 °C – 
90% RH

Weight loss, 
firmness, colour

Ozone processing 
resulted in 21% lower 
weight loss, 16% 
higher firmness and 
15% lesser change in 
fruit colour during 
2 days in ambient 
storage. Under low 
temperature storage, 
2 min ozone processed 
fruits exhibited ~21% 
lower PLW, 19% higher 
firmness and 46% 
lesser colour change as 
compared to control 
fruits during 14 days of 
storage.

Nayak et al. 
(2020)

Apple juice 10–48 mg O3 L − 1, 
Time: 10 min

Colour, 
rheological 
properties, 
phenolic content

Negative effects colour, 
rheological properties 
and total phenolics.

Torres et al. 
(2011)

Blackberry 
juice

Ozone concentration: 
7.8% w/w, Time: 
10 min

Cyanidin-3- 
glucoside 
content

The cyanidin-3- 
glucoside content was 
reduced (>90%).

Tiwari et al. 
(2008)

Strawberry 
juice

Ozone concentration: 
7.8% w/w, Time: 
10 min

Pelargonidin-3- 
glucoside 
content

The contents of 
anthocyanins (up to 
98.2%) and ascorbic 
acid (up to 85.8%) 
were reduced.

Tiwari et al. 
(2009)

made from ozone processed grains have been evaluated (Bai et al. 2017; Chittrakorn 
et al. 2014; Mei et al. 2016; Li et al. 2015). Zhu (2018) reported that ozone treat-
ment under suitable conditions strengthens dough, increases bread volume and 
enhances shelf life of grain products (e.g. noodles). Though, sensorial characteris-
tics of the food products made from ozone processed flour should be studied. In any 
case, ozone processing of grain products can be combined with other processes (e.g. 
food additives).

The need for the combination of ozone with other thermal or nonthermal (mild) 
processes is evident to overcome quality issues mentioned above, optimize the pro-
cess or even create novel food products. Only few studies on the combined effect of 
ozone and other processes on nutritional and quality properties of foods, energy and 
solvent use reduction, production yield increase, side stream valorization and devel-
opment of innovative food products are available.

Sung et al. (2014) investigated the combined effects of ozone and (followed by) 
heat treatment on the inactivation of foodborne pathogens, E. coli O157:H7, 
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L. monocytogenes, and S. typhimurium in apple juice. The results revealed that the 
combined treatment synergistically reduced the microorganism load, maintained 
the food quality and reduced the concentration of residual ozone (<0.4  mg/L). 
Treating eggs containing Salmonella with gaseous ozone followed by heating sig-
nificantly inactivated the pathogens (Perry and Yousef 2013). Increased inactivation 
of Cl. perfringens spores and vegetative cells was achieved using a combination of 
ozone gas followed by mild heat applied on the surface of beef (Novak and Yuan 
2004). Proctor et al. (2004) used a combination of heat and gaseous ozone to treat 
peanut kernels and peanut flour against aflatoxin. The results demonstrated effective 
reduction of aflatoxin contamination in peanut kernels and peanut flour.

Nonthermal processes, combined with mild heating, cannot completely inacti-
vate all the spores within a food product. Markland et al. (2013) demonstrated that 
a combination of ozone and High Pressure (HP) may be able to effectively reduce 
the number of superdormant spores (e.g. Bacillus cereus and Bacillus weihenste-
phanensis). They studied the ability of a combined ozone (aqueous form) and HP 
process, to inactivate superdormant spore populations of mesophilic and psychro-
tolerant isolates of B. cereus. According to results, these spores were approximately 
20% more resistant to ozone treatment than heterogeneous spore populations and 
psychrotolerant species were approximately 31.9% more resistant than mesophilic 
species. The combined ozone-HP process achieved a maximum 2.67 log CFU/mL 
reduction of superdormant spores (Markland et al. 2013).

Garcia-Mateos et al. (2019) studied a possible synergistic effect of an ozone (low 
ozone dosage 24 mg·L − 1 of juice min − 1) and HP (low pressures, 179–321 MPa, 
5 min) process on the quality parameters of pitaya juice. The antimicrobial effec-
tiveness of HP in pitaya juice was previously achieved at high pressure levels for 
long processing times (550–600 MPa, 12–16 min) (Quiroz-González et al. 2018). 
Application of 7 min of ozone (24 mg·L − 1·min − 1) plus 316 MPa (5 min) was the 
optimal, synergistic treatment to inactivate >5 log10 (CFU·mL − 1) the population 
of L. innocua in pitaya juice. The combined application retained pitaya juice micro-
biologically safe for 30 d (5 ± 2 °C). Although the treatment affected negatively the 
sensorial characteristics of the juice (decreased lightness and chroma), a higher 
preference was observed compared with to the respective non processed juices. 
Processed juices had lower content of bioactive compounds and ascorbic acid.

Oliviera et  al. (2018) studied the combined use of ozone and ultrasound pro-
cesses. Two ultrasound energy densities (19 kHz 350 and 700 J·mL − 1, 5 min; 
Processing temperature: 32  ±  1.2  °C) and two ozone processing times (direct 
immersion of ozone gas for 5, 10 min; ozone concentration: 1.50 ppm and process-
ing temperature: 25 °C) were analyzed for pure açai juice. Authors concluded that 
sonication increased the cloud value and stability of açai juice, ozone was more 
effective in inactivating the enzymes, especially PPO and ultrasound was more 
effective in reducing microbial load. The ultrasound-assisted ozone processing 
methods reduced the viscosity of the juices but impaired the values of bioactive 
compounds such as antioxidant activity, phenolic compounds and anthocyanin 
content.
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A synergetic method integrating both pulsed electric fields (PEF) and ozone pro-
cess was developed as a novel approach to investigate the degradation of high 
molecular weight chitosan (Mw = 4.5·105 Da) (Yue et al. 2008a, b, 2009; Dan et al. 
2014). Results showed that the highest degradation percentage of chitosan was 
achieved with the combination of PEF and ozone generated at experimental condi-
tions of 1.2 L/min of ozone flow rate, 100 mL/min of 0.6% (w/v) chitosan solution 
flow rate, and 26.7 kV/cm of PEF intensity. The chitosan samples obtained from the 
combined PEF and ozone treatment have smaller molecular weight (Mw < 2300 Da) 
than the sole PEF and ozone processes. Moreover, the degradation product obtained 
could be completely dissolved in water (Dan et al. 2014).

9  Concluding Remarks and Future Prospects

In this chapter, the most commonly explored and applied nonthermal technologies 
including High Pressure, Pulsed Electric Fields, Cold Atmospheric Pressure Plasma, 
Sonication, UV-continuous and pulsed light, and Ozonation were presented and 
analyzed in terms of their main effects on food safety and quality, focusing on the 
interactions and synergies between them, as well as their synergies with conven-
tional food processes and preservation technologies such as extraction, drying and 
osmotic dehydration, enzymatic hydrolysis, packaging technologies, etc. All the 
above technologies are to a great extent considered as “green technologies” since 
they usually involve less energy requirements compared to conventional thermal 
processes, less water consumption, reduced sanitazing agents due to in-package 
application, and decreased carbon footprint. The evolution of these technologies, 
both in terms of scientific interest and industrial implementation, was initially based 
on their effect on food pathogens and spoilage microorganisms elimination. 
However, it is now evident that these novel food processes present a variety of other 
advantages beyond their antimicrobial effects, and may be used in order to improve 
the techno-functional, quality, sensorial and biofunctional properties of food prod-
ucts. Still there is much research for many of these technologies to be conducted in 
order to fully understand and determine both the exact mechanisms of their syner-
gistic action and their effect on foods components and properties. Apart from High 
Pressure which is a widely industrially implemented food process even if there are 
still issues to be resolved, most other discussed technologies, aside important spe-
cific successful niche applications, are still under investigation and development in 
order to reach the highest TRL and be more extensively commercialized. This strive 
is even more important and promising when the aforementioned synergies of these 
technologies, either between them or with other food processes, are factored in. In 
this view, taking into consideration the purpose of implementation and the target 
food product, for each of the discussed technologies there are different parameters 
to be taken into consideration and be further investigated. Yet, the successful com-
mercialization of these technologies is straightly related to the design of an appro-
priate equipment that which can be easily adopted in a processing line, and at the 
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same time will be compact, environmental friendly, and cost-affordable. Taking into 
account all the discussed synergies and the potential arising for industrial and com-
mercial applications, expectedly in the frame of “green technologies”, the exciting 
requirement and opportunity for validation, optimization and effective and cost effi-
cient scaling up remains a cutting edge prospect. This is reflected in the growing 
research highlighted in this chapter and clearly points to the increasing need for the 
continuation and intensification of another essential synergy, that of the experts in 
different relevant fields of food science and engineering.
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Chapter 10
Implementation of a Novel Nonthermal 
Plasma Air Cleaner in a Plant Factory

Masaaki Okubo

1  Introduction

Lettuce and iceplant are increasingly being cultivated and harvested in plant facto-
ries. However, the cultivated items and their uses, such as their consumption as 
general raw foods, processed foods, and medical products, are diversifying, and the 
plant factory specifications for each of these uses are very different. For example, 
when we produce high-value-added plants that suppress the number of viable bac-
teria and can be eaten without being washed or used as raw materials for cosmetics 
and medical treatments, the plant cultivation environment should be optimized and 
cleaned. Therefore, artificially-lit plant factories are often used, as they have closed 
environments. Such plant factories form the focus of this study. In order to clean the 
environment of the plant factory, high-efficiency particulate air (HEPA) filters are 
generally used. However, higher capital and running costs are required because of 
the large pressure drop and the higher cost of the filter.

We focus on an artificially-lit plant factory and review the application of an ion 
emission-type nonthermal plasma air cleaner as a low-cost technology for realizing 
sterilization in the factory (Kanayama 2014; Maruyama 2016). Furthermore, we 
develop a numerical prediction technology for ion concentration and experimen-
tally examine the sterilization ability of the cleaner. Finally, we report on the valid-
ity of the nonthermal plasma air cleaner.
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2  Clean-up Technologies for the Environment 
of an Artificially-Lit Plant Factory

2.1  Conventional Technology with HEPA Filter Air Cleaner

In an artificially-lit factory (Kanayama 2014; Maruyama 2016), plants can be pro-
duced via pesticide-free cultivation. These plants can be eaten without being 
washed, have a low viable cell count, can be stored for a long duration, and appeal 
to consumers as they can be safely consumed. When cultivated in this manner, the 
plants produced do not have to be cleaned at the time of processing, which is an 
advantage. In order to realize pesticide-free cultivation, a clean environment is 
required, and cleanliness achieved through hygiene management, such as in food 
factories, is important. Plant factories using artificial light have a lower risk of dust, 
germs, and pest invasion than solar-powered plant factories.

In general, dust, germs, and pests enter and exit artificially-lit plant factories 
through the entry and exit points for workers and items; further, there is a high pos-
sibility that the dust, germs, and pests are brought in by the workers and items. 
Therefore, installing an air curtain at the entrance and an air cleaning system in a 
cleanroom can effectively prevent the entry of dust, germs, and pests. After mini-
mizing the number of entrances and exits, a front room, air shower, airlock room 
equipment, and handwashing station provide effective protection when workers 
enter and leave the room. Furthermore, the wearing of a clean suit, sterilization of 
carried-in items, and possible further measures are also important. A certain degree 
of cleanliness should be ensured in the cultivation room; however, no clear stan-
dards that should be followed exist, and cleanliness is managed according to the 
cultivated item and its use.

The cleanliness of a cleanroom in a plant factory varies from ISO class 6 to 8 
depending on the facility, but in several cases, it is ISO class 8. Cleanliness in these 
facilities is obtained through general hygiene control, such as the number of air-
borne particles, the concentration of CO2, and temperature control. Since the gen-
eration of suspended particles that will affect the cleanliness is expected to differ 
from case to case, criteria for determining whether a cultivation room has been 
efficiently cleaned may be obtained by understanding the relationship between 
actual cleanliness and the number of viable bacteria. An air cleaning system using a 
HEPA filter is generally used to clean a cultivation room. A HEPA filter is used to 
remove dust and fumes from the air to create clean air. This is the primary filter used 
in a cleanroom for manufacturing electronic components. Based on the Japan 
Industrial Standard (JIS), JIS Z 8122 stipulates that a HEPA air filter should have a 
minimum particle collection rate of 99.97% and a maximum initial pressure loss of 
245 Pa for 0.3 μm particles with a rated air volume. The higher the performance of 
the filter, the larger the ventilation pressure loss, and the larger the fan power 
required.
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2.2  New Technology with Nonthermal Plasma Air Cleaner

In this study, we aim to replace a HEPA-filtered air cleaner with a low pressure-loss 
nonthermal plasma air cleaner. An ion emission-type plasma air cleaner is a device 
that generates positive and negative ions via plasma discharge and releases them 
into the air. Figure  10.1 shows the sterilization process (Kanayama 2014; Sharp 
Corporation website 2020). After adhering to the surface of an airborne bacterium, 
the released positive and negative ions are transformed into OH radicals with 
extremely high oxidizing power. Then, by the OH radicals’ instant extraction of 
hydrogen atoms from the protein on the cell wall of the floating bacterium, the pro-
tein is decomposed, and the floating bacterium whose cell wall has been destroyed 
ceases to pose any hazard. The OH radical binds to the hydrogen atom extracted 
from the protein and returns to the air as water. Plasma air cleaners can suppress the 
action of airborne bacteria, eradicate airborne mold bacteria, and suppress the 
growth of adherent mold bacteria. The decomposition and removal of adherent 
odors are also realized by such a mechanism.

Fig. 10.1 Sterilization process of airborne bacteria with ions (Sharp Corporation website 2020)
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3  Design and Simulation of Nonthermal Plasma Air Cleaner

3.1  Generation of Positive and Negative Ions in Nonthermal 
Plasma Air Cleaner

We focus on the plasma air cleaner design, which was difficult to realize (Okubo 
et al. 2020). We intend to build an analysis model for the numerical simulation of 
the plasma reactor part (ion generation device), which generates plasma in the 
plasma air cleaner. To develop a plasma reactor part similar to the actual ion genera-
tion device, we aim to build an analysis model by adopting an axisymmetric two- 
dimensional numerical simulation. To this end, among the various plasma 
parameters, the following are numerically predicted: electron temperature, electron 
number density, positive ion (H3O+(H2O)n [n = 0–5]), molecular number density, 
and negative ion (O2

−(H2O)n [n = 0–5]). Numerical simulations are conducted on the 
ion cluster formation of such ion generation devices. The behavior of streamer evo-
lution and cluster formations are simulated, and we demonstrate that the clustering 
progresses toward H3O+(H2O)4 and O2

−(H2O)4 when the chemical species of 
H3O+(H2O)n and O2

−(H2O)n (n = 0–5) are considered, as shown in Fig. 10.2. The ion 
number densities measured in the study are smaller than those calculated consider-
ing the known differences between the numerical model and the experimental appa-
ratus (in particular, the difference due to the loss of ions in the path of the chamber). 
The evaluation of the lifetime and the diffusion coefficients of the ion clusters can 
be predicted.

Fig. 10.2 Dominant ion clusters generated in the plasma air cleaner
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3.2  Numerical Prediction of Formation of Ion Clusters

3.2.1  Nonthermal Plasma Reactor

In the present study, the nonthermal plasma (NTP) reactor or ion generation device 
inside a plasma electric air cleaner that uses a pulsed corona discharge is analyzed. 
When a pulsed high voltage is applied to a pair of electrodes at atmospheric pres-
sure, both negative and positive ions are induced as well as high-speed electrons and 
radicals. These ions are useful for cleaning out hazardous gases, e.g., odorous gases 
such as ammonia, from the atmosphere. A numerical simulation of the induced 
atmospheric plasma is carried out for such air cleaners or ion generation devices. It 
is noted that the induced negative/positive ions may improve human health and 
decompose allergens.

3.2.2  Numerical Model

As shown in Fig. 10.3, the analytical model consists of discharge and ground elec-
trodes based on a real corona discharge device. Figure 10.3a displays an r-z plane 
view. The centerline is at the bottom of the analytical model, along the z-axis, which 
is perpendicular to the r and θ axes. An axisymmetric quasi-two-dimensional analy-
sis is carried out based on cylindrical (r, θ, z) coordinates. The model considered in 
the numerical method is based on a coaxial needle-to-ring electrode atmospheric 
NTP reactor. The reactor consists of a needle discharge and a ring-shaped grounded 
electrode. The needle discharge electrode, which has a negative polarity, is 1 mm in 
diameter and 4 mm in length. The tip of the needle is spherical. On the ring-shaped 
grounded electrode, the distance from the origin to the surface of the ring is 5 mm, 
and the diameter of the cross-section is 1 mm. In the radial direction, the calculation 
region ranges from r = 0 to r = 9.5 mm. The sharp tip of the high-voltage needle 
electrode is positioned at r = 0 mm and z = 0 mm, while the surface of the grounded 
ring electrode is placed at r = 5 mm. It is noted that both the needle and the ring are 
metal electrodes, and no dielectric barrier exists in the configuration. In the axial 
z-direction, the calculation region ranges from z = −4 mm to 4 mm. Except for the 
electrode region, the other boundaries in the model are provided as the outlet or free 
boundary conditions. Electrons, ions, and radicals, which are induced by the dis-
charge, flow out of the calculation region. Figure 10.3b shows a perspective view of 
the coaxial needle-to-ring electrodes.

Figure 10.4 shows the nonuniform computational grid and cells. A three- 
dimensional (r, θ, z) numerical model is employed, and the gradients of the radial 
r-direction and the axial z-direction are spatially considered with the assumption 
that ∂/∂θ = 0, implying that the model is axisymmetric. The nonstructural analytical 
mesh used in this study is shown in the figure. The total number of cells is 14,952. 
The cell used in the study (shown in the figure) is almost uniform. Some trials using 
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Fig. 10.3 Analytical 
model composed of 
discharge and ground 
electrodes based on the 
real corona discharge 
device. (a) r-z plane view, 
and (b) perspective view 
(Okubo et al. 2020)
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Fig. 10.4 Computational grids and cells for the numerical calculation (14,952 cells) (Okubo 
et al. 2020)

fewer cells and a nonuniform mesh model were made before employing the mesh 
system shown in Fig. 10.2. A satisfactory result could not be obtained in the system 
with fewer cells.

3.2.3  Analysis Procedure

The following continuum fluid equations (Okubo 2015; Okubo et al. 2008; Kuroki 
et al. 2007) for a two-temperature nonequilibrium NTP are used as the governing 
equations.

Continuity equation:

 

��
�

�
t
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 (10.1)
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Momentum equation:
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Equation of state:

 p RT� �  (10.3)

Energy equation:
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Transport equations of chemical species:
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Electron transport equation:
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Electron energy equation:
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Poisson’s equation:

 
�� �� � � �� � � �r c ,0  (10.14)

where Tj (= Te or T) is the absolute temperature of species j. The quantities Aj, n, and 
Ej are the constants corresponding to species j, σ is the collision cross-section as a 
function of Te, and f is the electron energy distribution function (a Maxwell- 
Boltzmann distribution is assumed). The definitions of the symbols for physical 
quantities are the same as those stated in our prior publications (Okubo 2015; Okubo 
et al. 2008).

In our previous studies on atmospheric air plasma (Okubo 2015; Okubo et al. 
2008), we considered 197 gas-phase reactions and 21 surface reactions for 25 chem-
ical species, concerning nitrogen and oxygen ions and radicals as well as their 
excited states. In a previous paper (Okubo et al. 2008), the electron temperature and 
the abundances of other chemical species calculated with the present plasma model 
were compared with the experimental data obtained using optical emission spec-
troscopy. The results showed the validity of the present plasma model. In the present 
study, an atmospheric air NTP, including moisture, is tested. The chain of chemical 
reactions of the positive H3O+ ions and the negative O2

− ions that combine with the 
moisture in the air to form ion clusters of H3O+(H2O)n and O2

−(H2O)n, respectively, 
are studied, taking into account the new chemical species. These chain reactions 
correspond with the reactions based on the chemical reactions reported in the litera-
ture (Nagato et al. 2006; Huertas et al. 1978; Ikebe et al. 1989; Dorai 2000; Person 
et al. 1988; Parts and Luts 2004; Huertas and Fontan 1975). Note that n is either a 
positive integer or zero. For n = 0, although no water molecules are connected to the 
ions, they are still termed ion clusters in the study. Because of the lack of informa-
tion on certain details of the chemical reactions, especially the rate constants, the 
targets are negative and positive ion clusters with n = 0–5. Consequently, 225 gas- 
phase reactions for 40 chemical species (N, N+, N2, N2

+, N2(a1Σu
−), N2(A3Σu

+), 
N2(B3Πg), N2(C3Πu), N3

+, N4
+, O, O(1D), O(1S), O+, O−, O2, O2

**, O2(a1Δ), O2(b1Σ), 
O2

+, O2
−, O2(v), O3, O3

−, O4
+, H3O+, H2O, H3O+(H2O), H3O+(H2O)2, H3O+(H2O)3, 

H3O+(H2O)4, H3O+(H2O)5, O2
−(H2O), O2

−(H2O)2, O2
−(H2O)3, O2

−(H2O)4, O2
−(H2O)5, 

H, OH, and H2), and 34 surface reactions on the electrodes are considered in a mois-
ture air plasma under atmospheric pressure, based on Refs. (Nagato et  al. 2006; 
Huertas et al. 1978; Ikebe et al. 1989; Dorai 2000; Person et al. 1988; Parts and Luts 
2004; Huertas and Fontan 1975).

A partial set of the reactions of the ion clusters is as follows:
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where kn, km, k′n, and k′m are the rate coefficients of cluster formations and are sup-
plied in Table 10.1. It is important to note that the unit of the reaction rate coefficient 
becomes cm3/s for two-body reactions and cm6/s for three-body reactions.

Figure 10.5 shows the applied pulse voltage waveform of the reactor. The wave-
form is approximated as a sinusoidal function with a negative peak voltage of −4 kV 
and a duration time T of 600 ns. These characteristics are the same as those reported 
in previous studies (Okubo 2015; Sato et al. 2005). The use of a pulsed voltage with 
a very short rise-time (~100 ns) and short duration (1 μs) is considered appropriate 
for efficient gas cleaning (Okubo 2015; Matsumoto et al. 2010; Wang et al. 2010).

The key initial conditions are as follows: gas temperature T = 300 K, p = 100 kPa, 
electron temperature Te = 0.2 eV under the quasi-neutrality condition, uniform elec-
tron number density ne = 8 × 108 m−3, electric potential ϕ = 0, and the mass ratios of 
atmospheric air including water moisture are assumed to be N2: 76.75%, O2: 
23.15%, and H2O: 0.1%. It should be noted that calculations with higher moisture 
could not be successfully executed in the present scheme and should be studied in 
future studies. The viscosity is calculated using Sutherland’s law. The Schmidt and 
Prandtl numbers are set to 0.7 and 0.707, respectively. The thermal conductivity and 
specific heat of the stainless steel are set to 16  W/(m  K) and 0.5  kJ/(kg  K), 
respectively.

Table 10.1 Rate coefficients of formation reactions of ion clusters (Okubo et al. 2020)

unit: cm3/s or cm6/s

O2
− H3O+

X = O2

X = O2 (n = 0−3, 
m = 1−3)
X = Air (n = 4, m = 4) X = N2

m or n kn km k′n k′m k′n k′m
0 1.6 × 10−28 – 3.4 × 10−27 – 3.7 × 10−27 7.0 × 10−26

1 5.4 × 10−28 1.1 × 10−14 1.85 × 10−27 1.4 × 10−17 2.3 × 10−27 7.0 × 10−18

2 2.1 × 10−28 3.0 × 10−13 1.5 × 10−27 4.0 × 10−14 2.4 × 10−27 3.0 × 10−14

3 1.0 × 10−28 1.2 × 10−12 9.0 × 10−28 6.0 × 10−12 – –
4 5.0 × 10−29 4.5 × 10−12 5.0 × 10−31 2.0 × 10−15 – –
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Fig. 10.5 Waveform of the nanosecond pulse voltage applied at the needle electrode (applied volt-
age peak = −4 kV, duration time = 600 ns) (Okubo et al. 2020)

The system of these governing equations is solved simultaneously using the 
CFD-ACE+ (ESI Group, France) solver (Okubo 2015; Okubo et al. 2008; Kuroki 
et al. 2007; Sato et al. 2005). In this solver, the time-implicit semi-implicit method 
for the pressure-linked equations-consistent (SIMPLEC) method is used to com-
plete the flow, heat transfer, and chemical analysis using Eqs.  10.11, 10.12, and 
10.13. An implicit Poisson solver is used for the electric potential analysis with Eq. 
(10.14) under the given boundary conditions. For the unsteady (transient) calcula-
tion of the plasma flow, the first-order Euler implicit scheme is adopted. In general, 
a plasma flow calculation requires a very small time step because the discharge 
process progresses rapidly. In the current calculation, Δt = 6 × 10−12  s = 6 ps is 
adopted. When Δt exceeds this value, the calculation diverges. The total number of 
time steps and the full timespan are 100,000 and 600 ns, respectively. The flow and 
energy fields must be solved with the same time step used in the CFD-ACE+ solver, 
although the flow and heat parameters are scarcely changed after the 600 ns calcula-
tion. In the current simulation, the plasma is only simulated during the first period 
of the applied voltage because the computation time is fairly long (approximately 
one month), even with a high-performance PC. It is also noted that grid convergence 
studies have been carried out. A more divergent grid yields unresolved results. In the 
future, parallel computing will be attempted to reduce the computing time.
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3.2.4  Predicted Results for Electron Number Density

Figure 10.6 shows the time-dependent electron number density (ne) distribution 
obtained from the calculation. A color bar, which indicates the logarithmic value of 

Fig. 10.6 Result obtained 
for the time-dependent 
electron number density 
(ne) distribution. The color 
bar indicates the 
logarithmic value of ne 
(Okubo et al. 2020)
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ne (in units of m−3), is provided in the figure. Almost no change is observed until a 
time t = 150 ns has elapsed from the moment when the plasma is turned on. The 
primary streamer discharge is observed at t = 174 ns, after which the number density 
gradually increases, starting at the tip of the discharge electrode and extending 
toward the grounded electrode. The primary streamer proceeds and almost com-
pletely crosses the gap between the electrodes. The peak voltage is attained at 
t = 300 ns, and after t = 318 ns, ne gradually decreases over the entire region. The 
value of ne remains higher near the discharge electrode than in the other regions. It 
is thought that this is a secondary streamer, followed by the first streamer propaga-
tion. The maximum ne is 4.79 × 1019 m−3 at the peak voltage. No obvious streamer 
head is observed, although it was clearly simulated in our earlier study (Okubo 2015).

3.2.5  Predicted Results for Ion Cluster Number Density

Figure 10.7 shows the calculated number-density distribution for the time- dependent 
positive ion cluster H3O+(H2O)n for n = 4. Although it is shown as an example of a 
calculated result, similar results can also be calculated for n = 0, 1, 2, 3, and 5. 
Almost no change is observed before t = 150 ns from the time the plasma is turned 
on. However, the number density does increase with an increase in voltage. After 
t = 174 ns, the density increases gradually, starting at the tip of the discharge elec-
trode and extending toward the grounded electrode. After t = 300 ns, which coin-
cides with the peak voltage, the density remains higher.

Although not all the calculated results are displayed in the figure, it is found that 
the number densities increase between the discharge gap from the tip to the grounded 
electrode for all positive ions with n = 0–5. After the peak voltage is attained at 
t = 300 ns, the number densities of O2

−(H2O)n (n = 3–5) increase slightly. On the 
other hand, those of O2

−(H2O)n (n = 0–2) decrease. The maximum values of the ion 
cluster densities for n  =  0–5 are as follows: n  =  0: 1.10  ×  1018  m−3, n  =  1: 
1.86 × 1018 m−3, n = 2: 1.91 × 1018 m−3, n = 3: 1.70 × 1019 m−3, n = 4: 5.25 × 1019 m−3, 
n = 5: 7.08 × 1018 m−3.

Figure 10.8 shows the calculated number-density distribution for the time- 
dependent negative ion cluster (O2

−(H2O)n) for n = 4. Although the densities of the 
negative ion clusters are slightly lower than those of the positive ion clusters, the 
qualitative behaviors for negative n = 0–5 ion clusters are almost the same as those 
for positive n = 0–5 ion clusters. The maximum values of the ion cluster densities 
for n = 0–5 are as follows: n = 0: 4.27 × 1018 m−3, n = 1: 1.10 × 1018 m−3, n = 2: 
2.04 × 1018 m−3, n = 3: 2.27 × 1018 m−3, n = 4: 4.27 × 1018 m−3, n = 5: 1.74 × 1018 m−3.

3.2.6  Predicted Results for the Total Generation of Ion Clusters

Figure 10.9a shows the time-dependent total number of positive ion clusters gener-
ated by a pair of needle-to-ring electrodes, for six types of clusters. In this figure, the 
horizontal axis is assumed to represent elapsed time, and the vertical axis represents 
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Fig. 10.7 Result obtained 
for the time-dependent 
positive ion cluster 
H3O+(H2O)n number- 
density distribution for 
n = 4. The color bar 
indicates the logarithmic 
value of the ion number 
density npi (Okubo et al. 
2020)
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Fig. 10.8 Result obtained 
for the time-dependent 
negative ion cluster 
(O2

−(H2O)n) number- 
density distribution for 
n = 4. The color bar 
indicates the logarithmic 
value of the ion number 
density nni (Okubo et al. 
2020)
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Fig. 10.9 Results obtained for the time-dependent total number of ion clusters generated by a pair 
of needle-to-ring electrodes. The horizontal axis represents elapsed time and the vertical axis rep-
resents the number of ions generated, the unit of which is the molecule. (a) Positive ion clusters 
H3O+(H2O)n (n = 0–5) and (b) negative ion clusters O2

−(H2O)n (n = 0–5) (Okubo et al. 2020)

the number of ions generated, the unit of which is the molecule. As seen in the 
graph, all the types of ion clusters begin to be generated at approximately 150 ns. At 
the peak voltage coinciding with t = 300 ns, the number of clusters with n = 0–5 has 
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increased significantly. After this peak, clusters with n = 0–2 decrease in number, 
clusters with n = 3 stay constant, and clusters with n = 4 and 5 increase in number. 
It is concluded that positive ion clustering progresses over time. At the end of the 
pulse, the generation of H3O+(H2O)4 (n = 4) is at its highest: 5.17 × 109 #, where # 
means the number. The differing generation numbers for the respective types of ion 
clusters are due to the differences in the rate coefficients of the chemical reactions 
forming the clusters, as shown in Table 10.1.

Figure 10.9b shows the time-dependent total number of negative ion clusters 
generated by a pair of needle-to-ring electrodes for six types of clusters. It is evident 
that the graph exhibits a similar qualitative tendency to that in Fig. 10.9a. The clus-
tering of negative ions progresses over time. At the end of the pulse, all the counts 
of the generated negative ion clusters tend to be constant. The number of O2

−(H2O)4 
(n = 4) ions generated is the highest at 4.25 × 108 #.

We conclude that the clustering processes for both the negative and positive ions 
have been successfully simulated in the current numerical simulation. Approximately 
a total of 105 cm−3 of negative and positive ions are generated with a single ion- 
generated device. In the next section, the results of the application of the NTP air 
cleaner to an actual plant factory are described. It is noted that the positive and nega-
tive ion clusters (n > 0) targeted in the current study have a relatively long lifetime 
compared to the O2

− and H3
+ radicals themselves. The cleansing effect of air decom-

poses viruses, hazardous materials, and air pollutants suspended in the atmosphere 
when ion clusters are discharged into the air (Sharp Corporation website 2020; 
Okubo et al. 2020). The positive and negative ion clusters bond to the surfaces of 
airborne viruses and other substances and change into OH radicals (Sharp 
Corporation website 2020; Okubo et  al. 2020), which have cleansing effects. 
Therefore, it is important to find the plasma condition that yields the optimum num-
ber of ion clusters to achieve the optimal design goals of the electrode systems.

4  Application of a Nonthermal Plasma Air Cleaner

4.1  Introduction of the Air Cleaner to Cleanroom 
for Plant Factory

In addition to the numerical simulation, we test a plasma air cleaner to determine its 
effect in a cleanroom in a plant factory. Originally, an air cleaner with a HEPA filter 
was installed in the cleanroom. However, HEPA filters are expensive and induce a 
large pressure loss. In addition to experimentally validating the numerical simula-
tion, we propose a low-cost plasma air cleaner as an alternative to expensive HEPA 
filters. Therefore, in this study, the plasma air cleaner is operated in a cleanroom 
with and without the HEPA filter in operation to investigate the sterilization effect, 
particularly for airborne bacteria.
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Fig. 10.10 Overview of the cleanroom for the plant factory

The top view of the cleanroom at Osaka Prefecture University, C21 building for 
measuring airborne bacteria is shown in Fig. 10.10. The photograph is shown in 
Fig. 10.11. The positions of the two HEPA filters are indicated in Fig. 10.10. PCI is 
used as an acronym for “plasma cluster ion” devices; the positions of these devices 
are also indicated in Fig. 10.10. PCI1 is a floor-standing-type plasma air cleaner, 
and the four PCI2 units are ceiling-mounted plasma air cleaners. The external 
dimensions of PCI1 are 392 mm in width × 182 mm in depth × 500 mm in height, 
and the flow rate is 4.5 m3 min−1. The dimensions of the exit of the PCI2 units at the 
ceiling are 281 mm × 170 mm. A flow rate of 0.58 m3 min−1 is used.

In addition, there are two plant racks (total height 222 mm) shown on the left and 
right of Fig. 10.10 in the cleanroom, and iceplants are planted on both of them, as 
shown in Fig. 10.11. Each rack is divided into three shelves: lower, middle, and 
upper. The plants are planted in the lower and middle tiers. The positions where the 
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Fig. 10.11 Photograph of the cleanroom for the plant factory

10 Implementation of a Novel Nonthermal Plasma Air Cleaner in a Plant Factory



404

airborne bacteria and ion concentration are measured are shown by (1)–(4) in 
Fig. 10.10. Position (1) indicates the central part of the cleanroom, (2) is near the 
PCI2 in the lower right of the figure, (3) is near the PCI2 in the upper left of the 
figure, and (4) is the position in the left plant rack. In addition, positions (1) to (3) 
are located at a height of 1 m from the floor surface, and position (4) is determined 
by placing a measuring instrument in the middle shelf of the left plant rack. For the 
ion concentration, the spatial concentration of positive and negative ions is mea-
sured using a spatial ion concentration meter.

4.2  Measurement Condition and Apparatus for Suspended 
Bacteria and True Fungi

Four experiments were conducted; two experiments each for two types of airborne 
bacteria. The types of bacteria are general bacteria such as Staphylococcus aureus, 
and true fungi. Each type was measured with the HEPA filters on and off, respec-
tively. Sampling was performed with two devices, two times each day for total six 
days. At each day, a period of one week was taken. The plasma air cleaner was 
switched on for the first, third, and fifth days, and it was switched off for the second, 
fourth, and sixth days.

In these experiments, two devices were used to measure airborne bacteria. The 
first was the MBS-1000D (Midori Anzen Co., ltd.) airborne bacterium measuring 
instrument. Air was sucked into the measuring instrument from its upper part, and 
the sucked air was blown onto the surface of the agar medium in the measuring 
instrument to collect airborne bacteria. The sampling flow rate was 100 L min−1. 
Measurements was made for 5 min, and the sampling volume was 500 L. The sec-
ond device used to measure airborne bacteria was the RCS air sampler (Merck 
KGaA). The wing of the device rotated and blowed air onto the surface of the 
medium to collect airborne bacteria. The sampling flow rate was 40 L min−1. The 
measurement was performed for 8 min, and the sampling volume was 320 L. The 
measurement result was converted to a sampling volume of 500  L.  The culture 
medium for each sample is shown below.

For bacteria (Staphylococcus aureus, etc.), standard agar medium (Nihon 
Pharmaceutical Co., Ltd.), and Agar Strip TC (total count) (Biotest Co., Ltd.) was 
used. For true fungi, potato dextrose agar with chloramphenicol (Kohjin Bio Co., 
Ltd.) and Agar Strip YM (yeasts and molds) (Biotest Co., Ltd.) was used. Bacteria 
and fungi were measured twice each, with two types of devices at each of the loca-
tions (1)–(4), as shown in Fig. 10.10. The measurements were performed for six 
days. The medium was cultured at a constant temperature for a certain period of 
time. The method is as follows: Bacterial medium was incubated for 72 h at a tem-
perature of 35 °C. Similarly, the fungal medium was cultured for 120 h at 25 °C.
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4.3  Results and Discussion

4.3.1  Results for Bacteria

Figure 10.12 shows the measurement results of the relationship between the average 
ion concentration and the average number of bacteria with the HEPA filters switched 
on. The horizontal axis represents the average concentration of negative and posi-
tive ions at each measurement point, the vertical axis represents the average number 
of microorganisms in 500 L of air detected with the two types of measuring devices, 
and the error bar indicates the standard deviation ±σ. The same descriptors apply to 
Figs. 10.13, 10.14, and 10.15, except that the measurements shown in Figs. 10.13 
and 10.15 are taken with the HEPA filters off. The measurements indicate that the 
average number of bacteria is small and that the number of bacteria does not depend 
on the ion concentration. No effect due to the plasma air cleaner is observed.

Figure 10.13 shows the measurement results of the relationship between the 
average ion concentration and the average number of bacteria with the HEPA filters 
off. The measurements indicate that the average number of bacteria is relatively 
large (because the HEPA filters are not used), and the measurement data fluctuate 
greatly. However, the number of bacteria could show no dependence on the ion 
concentration, and no effect of the plasma air cleaner is observed.
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Fig. 10.12 The measured relationship between the average number of ions and the number of 
bacteria (HEPA: on)
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Fig. 10.13 The measured relationship between the average number of ions and the number of 
bacteria (HEPA: off)
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Fig. 10.14 The measured relationship between the average number of ions and the number of true 
fungi with HEPA filters on

4.3.2  Results for True Fungi

Figure 10.14 shows the measurement results of the relationship between the average 
ion concentration and the average number of fungi with the HEPA filters switched 
on. The measurements indicate that the average number of fungi is small (because 
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Fig. 10.15 The measured relationship between the average number of ions and the number of true 
fungi with HEPA filters off

the HEPA filters are used), and the measurement data fluctuate greatly. However, the 
number of fungi decreases with an increase in ion concentration. When an ion air 
cleaner is used in combination with HEPA filters, the maximum removal efficiency 
of true fungi is 99.7%.

Figure 10.15 shows the measurement results of the relationship between the 
average ion concentration and the average number of true fungi with the HEPA fil-
ters off. As shown in the figure, the average number of fungi is relatively large 
(because the HEPA filters are not used), and the measurement data fluctuate greatly. 
However, the number of true fungi decreases with an increase in ion concentration. 
When only the ion air cleaner is used, the maximum removal efficiency of true fungi 
is 91.8%.

5  Conclusions

This study demonstrates that the low pressure-loss plasma air cleaner could replace 
a HEPA air cleaner. Numerical and experimental studies of pulsed, high-voltage- 
induced ion cluster formations are carried out. The findings of the current study are 
useful for the design of ion generator type of indoor air cleaners. The ion generation 
parts of the air cleaner can be designed with a numerical simulation. Furthermore, 
the measurements of the average number of airborne bacteria in the cleanroom of 
the plant factory do not demonstrate the effect of the plasma cluster on bacteria. The 
measurements of the average number of true fungi in the cleanroom of the plant 
factory demonstrate that the plasma cluster is effective for true fungi. When an ion 
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air cleaner is used in combination with HEPA filters, the maximum removal effi-
ciency of true fungi is 99.7%. When the ion air cleaner is used solely, the maximum 
removal efficiency of true fungi is approximately 91.8%.

Acknowledgments The author would like to thank Mr. K. Kanayama and Mr. Y. Hiroyasu (for-
mer graduate students at Osaka Prefecture University) for conducting the numerical simulations 
and experiments. The present text is a review of their authored thesis (Kanayama 2014) and papers 
(Okubo et al. 2020).

References

Dorai R (2000) Modeling of plasma remdediation of NOx using global kinetic models accounting 
for hydrocarbons, Ph.D. Thesis, Univ. Illinois at Urbana-Champaign

Huertas ML, Fontan J (1975) Evolution times of tropospheric positive ions. Atmos Environ 
12:1018–1026

Huertas ML, Fontan J, Gonzalez J (1978) Evolution times of tropospheric negative ions. Atmos 
Environ 12:2351–2362

Ikebe K, Nakanishi K, Arai S (1989) Evolution process of microdischarge products in ozonizer. 
Trans IEE Japan 109-A(11):474–480. (in Japanese)

Kanayama D (2014) 2D Numerical simulation considering ion cluster chemical reactions, Master’s 
Thesis, Department of Mechanical Engineering at Osaka Prefecture University (in Japanese)

Kuroki T, Tanaka S, Okubo M, Yamamoto T (2007) Numerical investigation for CF4 decomposi-
tion using RF low pressure plasma. IEEE Trans Ind Appl 43(4):1075–1083

Maruyama S (2016) Control of culture environment and cleaning techniques for closed plant fac-
tory. Earozoru Kenkyu 31:104–109., (in Japanese). https://doi.org/10.11203/jar.31.104

Matsumoto T, Wang D, Namihira T, Akiyama H (2010) Energy efficiency improvement of nitric 
oxide treatment using nanosecond pulsed discharge. IEEE Trans Plasma Sci 38:2639

Nagato K, Matsui Y, Miyata T, Yamauchi T (2006) An analysis of the evolution of negative ions 
produced by a corona ionizer in air. Int J Mass Spectrometry 248:142–147

Okubo M (2015) Evolution of streamer groups in nonthermal plasma. Phys Plasmas 22(12):123515
Okubo M, Yoshida K, Yamamoto T (2008) Numerical and experimental analysis of nanosecond 

pulse dielectric barrier discharge-induced nonthermal plasma for pollution control. IEEE Trans 
Ind Appl 44:1410

Okubo M, Hiroyasu Y, Kuroki T (2020) Ion cluster formation by nonthermal plasma induced by 
pulse Corona discharge toward indoor air cleaning. IEEE Trans Ind Appl 56(5):5480–5488

Parts TE, Luts A (2004) Observed and simulated effects of certain pollutants on small air ion spec-
tra: I. positive ions. Atmos Environ 38(9):1283–1289

Person JC, Personm JC, Ham DO (1988) Removal of SO2 and NOx from stack gases by electron 
beam irradiation. Radiat Phys Chem 31(1–3):1–8

Sato T, Ito D, Nishiyama H (2005) Reactive flow analysis of nonthermal plasma in a cylindrical 
reactor. IEEE Trans Ind Appl 41(4):900–905

Sharp Corporation website (2020) [Online]. Available: https://global.sharp/pci/en/about_pci/
Wang D, Matsumoto T, Namihira T, Akiyama H (2010) Development of higher yield ozonizer 

based on nano-seconds pulsed discharge. J Adv Oxid Technol 13:71

M. Okubo

https://doi.org/10.11203/jar.31.104
https://global.sharp/pci/en/about_pci/


409

Chapter 11
LED-Based Photosensitization – a Prospect 
for Visible Light-Driven Nonthermal Fresh 
Produce Sanitation

Zivile Luksiene

1  Introduction

Recently microbial food safety is one of the major issues of global society (Akhtar 
et al. 2014; CDC 2018a). Despite fantastic technological advances, fast industrial 
development and broad education of population, in 2010 about 600 million people 
all over the world suffered from foodborne diseases and 420,000 died due to con-
sumption of contaminated food (WHO 2015). The Center for Disease Control and 
Prevention (CDC 2017) estimated that foodborne diseases have been diagnosed for 
about 48 million people in USA per year, and 3.000 of them died. About 1.0 million 
people per year in USA got salmoneliosis, and as a consequence, there were 19.336 
hospitalizations and 378 deaths (Scallan et al. 2011). Listeria monocytogenes which 
induce listeriosis is mostly foodborne (98%) and accounts for $200 million in mon-
etary loss, whereas overall foodborne diseases cost the USA economy $ 15.6 billion 
in loss of productivity and medical expenses (CDC 2018a).

The modern consumer requires fresh, non-thermally processed, nutritionally 
healthy food. But consumption of fresh fruits and vegetables lead to increased num-
ber of foodborne diseases, and according to (Pui et al. 2011) fresh produce became 
second leading cause of foodborne illnesses. Most frequent pathogenic bacteria 
which cause foodborne illnesses are Salmonella spp., Campylobacter spp., 
Escherichia coli and Listeria monocytogenes (CDC 2017). In May 2011 Escherichia 
coli O104:H4 bacteria outbreak due to the consumption of fresh produce began in 
Germany. After one month, even 3228 cases and 35 deaths had been reported. It 
spread in Switzerland, Poland, Netherlands Sweden, Denmark, United Kingdom, 
Canada and the USA (Nillian et al. 2011). To this end, the prevention of foodborne 
infections and better control of microbial contamination of fresh produce remains a 
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world problem with huge social and economic impact (Newell et  al. 2010). 
Moreover, it must be noticed that this problem is permanently growing due to glo-
balization of food market, frequent international travels and, by no means, increas-
ing consumption of minimally processed or ready-to-eat food. The other important 
reason of prevalent outbreaks is the increasing resistance of microorganisms to 
existing chemical antimicrobials. For instance, in 2018, an outbreak in the USA that 
caused 21 hospitalizations was induced by multidrug-resistant Salmonella Infantis 
(CDC 2018b).

Hence, the development of innovative and more effective technology for micro-
bial control of fresh produce remains an urgent task. In order to replace thermal 
sterilization or pasteurization, a number of new non-thermal emerging technologies 
recently are in progress (high power pulsed light, high pressure processing, pulsed 
electric field, application of organic acids, modified atmosphere packaging, coating, 
chlorine dioxide, etc.). According to the ideal non-thermal processing technology 
must meet the following requirements:

 (a) it must be effective against broad range of microorganisms, including spores, 
biofilms, yeasts/fungi;

 (b) it must prolong the shelf-life of fresh produce without thermal effects, with no 
changes in organoleptic and nutritional characteristics, with no residues left on 
treated food;

 (c) it must be cost-effective and easy to maintain.

A technology that promises to answer all these needs and requirements is photosen-
sitization, based on natural photoactive compounds extracted from plants and visi-
ble light. Combined action of photoactive compound (photosensitizer), visible light 
and oxygen is the background of this antimicrobial treatment. This interaction even-
tually produces plethora of reactive oxygen species (ROS) and singlet oxygen (1O2) 
in the target cell what eventually induces multiple lethal damages and selective 
death of the microorganism (Luksiene 2005; Luksiene 2021). The most important 
feature of photosensitization is its high efficiency against Gram (+) and Gram (−) 
bacteria, especially their spores and biofilms which usually are extremely resistant 
to chemical and physical antimicrobial treatments. Moreover, photosensitization is 
effective against pathogenic fungi/ yeasts and viruses without development of resis-
tant forms (Hadi et al. 2020a; Kashef et al. 2017; Maisch 2015). This is very impor-
tant advantage if compare with other emerging food processing technologies, for 
instance ultrasonication, pulsed electric field or ultraviolet light (Cebrian et  al. 
2016). Moreover, this strategy has potential to eradicate multidrug-resistant bacteria 
(Maisch 2015). Eventually, the most important is the fact, that this treatment is non- 
thermal, environmentally friendly and cost-effective.

This review summarizes the first pioneering attempts to apply photosensitization 
phenomenon for prevention of infectious foodborne diseases. It includes the descrip-
tion of the mechanism of action of this treatment, selected photosensitizers and light 
sources which can be used for decontamination of foods. Review shortly presents 
first experiments on the effective inactivation of foodborne pathogens and first suc-
cessful results on reduced microbial contamination of fresh produce when 
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photosensitization treatment is applied. In addition, basic evaluation of main organ-
oleptic and nutritional quality of treated fresh produce is discussed. All factors 
which have impact on antimicrobial efficiency of photosensitization and are impor-
tant for treatment optimization are analysed. Moreover, the possibility to apply pho-
tosensitization for production of photoactive antimicrobial bio-based coatings is 
presented.

2  History of Photosensitization Phenomenon

About two thousand years ago in ancient India and Egypt patients with skin disease 
vitiligo were treated with plant-based photoactive compound psoralen, and after-
wards the damaged skin was exposed to the sunlight. And it worked. So, at that time 
people empirically without any knowledge about photosensitization applied this 
treatment to cure skin diseases.

About one hundred years ago, Oscar Raab, being student discovered that the 
combination of sunlight and acridine orange can kill Paramecium caudatum, 
whereas the sunlight or the dye separately were absolutely nontoxic. Afterwards, 
von Tappeiner and Jodlbauer found that combined action of photoactive compound 
and light can produce cytotoxic effect. This phenomenon was termed photodynamic 
effect or photosensitization. In the 1970’s it was found that several photoactive com-
pounds can selectively accumulate in the highly proliferating tumor cells. After 
exposure of such tumors to visible light it was possible to achieve perfect and selec-
tive their destruction, without any damage of surrounding tissue. These first experi-
ments became a background for development of new cancer therapy- photodynamic 
therapy, which recently is established as a successful modality for malignancies 
(Hamblin and Hasan 2004; Dai et  al. 2012). Since several photosensitizers can 
accumulate in the highly proliferating microorganisms as well, recently in the era of 
increased microbial resistance the photosensitization has been proposed as an alter-
native approach to cure local infections (Kashef et al. 2017).

About twenty years ago innovative approach to use photosensitization for pre-
vention infectious foodborne diseases, controlling the pathogens before they enter 
human body, i.e. on foods, surfaces, surrounding was published (Luksiene 2004a, 
b). First time photosensitization was applied for inactivation of food pathogens on 
food matrix few years later (Luksiene et al. 2007).

3  Photosensitizers

Photoactive compounds or photosensitizers may be present naturally inside the bac-
terial cell (endogenous photosensitizer) or may be externally supplied (exogenous 
photosensitizer).Over the years a great deal of work has been carried out to evaluate 
the photosensitizing efficiency of different compounds. Thus, first of all it was 
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important to find the correlation between the structure of photosensitizer and its 
antimicrobial efficiency. So, the structure of most identified photosensitizers is 
based on tetrapyrrole ring. Such molecules have low toxicity, can form long-lived 
triplet excited state for effective production of ROS and have excellent biocompat-
ibility. Several lines of evidence indicate that physico-chemical properties of any 
photosensitizer have huge impact on their photosensitizing efficacy. For instance, 
hidrophilicity, ionization, light-absorption region, photostability and the yield of 
singlet oxygen production must be included in a putative photoantimicrobial profile 
(Alves et al. 2014).

Moreover, when we want to apply photosensitization for sanitation of food or 
food-contact surface the selected photosensitizer must exhibit some special and 
some additional properties. For example, it must be of highest chemical purity, high 
photostability, affinity to target microorganism and antimicrobial efficiency. It must 
be absent of mutagenicity or genotoxicity. In addition, it must be natural compound, 
food additive or food component, without strong color, taste and flavour, working at 
minimal concentration. What is very important for acceptability of such food by 
consumers- it must have no effects on nutritional as well as organoleptic properties 
of the foods. Eventually it must be low-cost (Luksiene 2005; Luksiene and 
Zukauskas 2009; Luksiene and Brovko 2013; Luksiene 2014).

3.1  Endogenous Photosensitizers or Their Precursors

It is slowly recognized that many bacteria have a sufficiently high concentration of 
endogenous photosensitizers, such as heterocyclic macromolecules coproprophyrin 
III, protoporphyrin IX und uroporphyrin III) which after exposure to visible light 
generate reactive oxygen species (ROS) that damage functionally important cell 
compartments and lead to cell death. The presence of endogenous photosensitizer 
means that adding an exogenous one in some cases is not necessary. In study (Kumar 
et al. 2015) it was attempted to understand the differential susceptibility of various 
Gram (+) and Gram (−) bacteria to photosensitization through their amount of 
endogenous coproporphyrins. It was concluded that many different porphyrins are 
present in bacterial cells, and the bacterial susceptibility mostly depends on the 
porphyrin composition (Ghate et al. 2019).

The other approach that has been popular in last three decades is the use of PS 
precursor 5-aminolevulinic acid (5-ALA). This precursor after entering the micro-
bial cell participates in the production of previously described endogenously local-
ized porphyrins (uroporphyrin, coproporphyrin and protoporphyrin) (Luksiene 
et al. 2007). So, exploiting the endogenous porphyrins or their precursor 5-ALA 
presents an excellent opportunity to use photosensitization as new generation 
chemical- free antimicrobial treatment. Recently, when consumers require fresh 
food free of chemical antimicrobials and food additives, this is a significant advan-
tage. However, one has to be prepared for very long treatment time (5–48 hours), 
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what is not always acceptable by food processing industry, may be more for crop 
preservation during storage.

3.2  Plant-Produced or Natural Exogenous Photosensitizers 
Suitable for Photosensitization-Based Preservation 
of Fresh Produce

Exogenous photosensitizers seemed more attractive for food industry, since they 
enhance the rate of the pathogen inactivation, and treatment time continues 
20–30 min. For instance, Riboflavin is widely used as essential micronutrient vita-
min B2 for human health and as colorant (E101) in food industry. Moreover, it is 
non-toxic, labelled as “generally recognized as safe (GRAS), is included in all liv-
ing systems since is part of complex flavoproteins (Yin and Hamblin 2015). Besides 
all these features this compound is water soluble and exhibits excellent photosensi-
tizing properties.

After excitation with UV or visible light Riboflavin produces ROS which render 
the redox status of bacterial cells into a compromised state what lead to significant 
membrane damage ultimately causing bacterial death (Fig.  11.1). Its usage for 
developing of antimicrobial technology has shown significant results (Thakur et al. 
2017). The main disadvantage of Riboflavin is low photostability (Sheraz et al. 2014).

It is interesting to note that plant pigment Hypericin can be isolated not just from 
herbs Hypericum perforatum L. (St. John’s worth), but also from basidiomycetes 
(Dermocybe spp.) or endophytic fungi (Thielavia subthermophila). In recent 
decades H. perforatum-derived products are often used for medical purposes as 
tinctures. Food industry uses these extracts as a flavour for beverages, juices, oils 
and teas (Maskovic et al. 2011).

Hypericin activated by 585 nm visible light was identified as advantageous pho-
tosensitizer few decades ago. Recently this natural compound has status of “one of 
the most powerful photosensitizers in nature“(Fig. 11.2). Most important is the fact 

Fig. 11.1 Chemical 
structure of Riboflavin
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Fig. 11.2 Chemical 
structure of Hypericin

Fig. 11.3 Chemical structure of Curcumin

that plant-derived Hypericin has no toxicity or genotoxicity (Luksiene and de Witte 
2003; Bernal et al. 2011). Since this compound is negatively charged and exhibits 
high lipophilicity, it does not accumulate inside the cell and preferentially binds to 
the cellular membrane, and after illumination this treatment produces multiple 
lethal destructions in cell membrane (Kairyte et al. 2012).

In the roots of Curcuma longa a yellow poliphenolic pigment Curcumin has been 
identified. Since ancient times it has been used as a spice and colorant (Rao and 
Khanum 2016). Recently it was found that Curcumin exhibit a wide spectrum of 
different biologically active properties. For instance, it is effective antioxidant (Rao 
and Khanum 2016), antimicrobial (Arutselvi et al. 2012), exhibits pronounced anti- 
inflammatory and anticancer properties (Sharma et  al. 2005). Curcumin absorbs 
blue light (400–500 nm), i.e. is photoactive, thus can be used as a potential natural 
photosensitizer (Fig.  11.3). Since Curcumin is food additive E100, its possible 
application in food industry is controlled by European regulations (directive 94/36/
EC) (EFSA 2010, 2014). It is important to note that no toxicity from dietary use of 
Curcumin has been found. EFSA also confirmed that this compound is safe and not 
carcinogenic (EFSA 2010, 2014). However, the efficient usage of Curcumin is lim-
ited, mostly due to its low water solubility and poor chemical stability (Dias 
et al. 2020).

Erythrosine B belongs to the class of xanthenes and is really approved for usage 
in food products by FDA. It absorbs visible light at 500–550 nm, and after photoac-
tivation exhibits favourable inactivating ability to Gram (+) bacteria. Its chemical 
structure is presented in Fig. 11.4.
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Fig. 11.4 Chemical 
structure of erythrosine B

Fig. 11.5 Chemical structure of Chlorophyllin

The main destruction of these bacteria occurs through the lipid peroxidation in 
cell membranes. One of the drawbacks of this photosensitizer is lower efficiency 
against Gram (−) bacteria if compare with Gram (+) ones (Wood et al. 2006).

Chlorophyllin belongs to porphyrin-type compounds and is water soluble chlo-
rophyll derivative. One of the greatest its advantages is that Chlorophyllin is autho-
rized for use in the food industry for food coloring (EU license number 473 E141), 
what confirms that this compound is harmlessness for humans (Fig. 11.5).

Recently it became popular to use Chlorophyllin as food supplement or food 
additive (Viera-Alcaide et  al. 2019). In study authors found that Chlorophyllin 
exhibited pronounced anti-mutagenic and anti- carcinogenic activities against the 
mycotoxin aflatoxin B1, heterocyclic amines, and polycyclic aromatic hydrocar-
bons. These properties of Chlorophyllin may be attributed to its ability to interact 
with carcinogens forming with them tight complexes and at the same time diminish-
ing their bioavailability. It is important to emphasize that the antioxidant activity of 
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Chlorophyllin was found to be much higher than that of natural chlorophylls a and 
b, pheophytins and pheophorbids. Moreover, Chlorophyllin exhibits even radiopro-
tective activity and can be used in radiotherapy (Geric et al. 2019).

It can be seen from Fig. 11.6. that Chlorophyllin is perfect pretender to be a good 
photosensitizer, since its absorption spectrum consists of the main absorption band 
(Soret band) which is around 405  nm and a progressively diminishing set of Q 
bands, with the last one at 630 nm region.

In our laboratory for the first time it was confirmed that Chlorophyllin exhibited 
pronounced photosensitizing properties (Luksiene and Zukauskas 2009). But, there 
is one problem. Chlorophyllin tends to photobleach, thus is not enough photostable 
when exposed to daylight. Thus, prepared Chl solution must be kept in the dark all 
time before experiments.

It is interesting to note that photosensitizing activity of Chlorophyllin, besides its 
application for food safety, has been successfully applied for reduction of different 
fish ectoparasites as well as mosquito larvae in aquaculture (Richter et al. 2014).

Fig. 11.6 Absorption spectra of Chlorophyllin measured at different concentrations 
(10−7 M–10−5 M) in water (Paskeviciute et al. 2018)
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4  LED-Based Light Sources Necessary 
for Photosensitization Treatment

One of the advantages of photosensitization- based antimicrobial technology is the 
fact that this treatment requires mostly visible light which does not pose the risk of 
other light-based treatments, for instance harmful ultraviolet light. Actually, the 
optimized light source for photosensitization should emit the light with the same 
wavelength what is the maximum absorption wavelength of the photosensitizer. 
But, it must be emphasized that different photosensitizers have different absorption 
spectra and absorption peaks even in visible region of spectrum (400–700  nm). 
Moreover, the applicability of photosensitizer depends on the existing tasks. For 
instance, for cancer therapy the preferable absorbance of photosensitizers is in the 
red region of visible spectrum (630–700  nm), since the light of this wavelength 
penetrates deeper (6 mm) into tumor and better destroys it (Luksiene 2003). On 
contrary, for the food safety the priority is such photosensitizer which absorbs in 
blue light region (400–430 nm). First, the penetration of blue light into food matrix 
is lower (2 mm) and impact on food nutritional and organoleptic quality is less. 
Second, blue light never produces heating effects. Third, if compare with UV light, 
visible blue light is of higher safety and enhanced transmissibility (Vaitonis and 
Luksiene 2010).

In the past, first attempts to find light sources for photosensitization were per-
formed using incandescent lamps equipped with collection of selective glass filters. 
The continuing rapid development of optoelectronics and progress in solid-state 
lighting technology creates more cost-effective illumination systems with signifi-
cant energy savings. Solid state lighting using light-emitting diodes (LEDs) repre-
sents a fundamentally different, cheap and advanced technology if compare with 
previously used lamps. Such properties like narrow bandwidth (10 nm), high photo-
electric efficiency, monochromatic light emission, compactness, portability are very 
attractive to any industry. Moreover the possibility to regulate photon flux, to con-
trol spectral composition without radiant heat emission makes this technology 
potentially one of the most significant advances in lighting. The unique properties 
of LEDs enable the convenient selection of the spectral characteristics as well as 
control of temporal settings of the light produced. Most important is the fact, that 
such lighting systems can present a wide emission variation- from ultraviolet A light 
to infrared light with light intensities from very high to very low (D'Souza et al. 
2014). Due to the fact that lifetime of diodes can reach hundred thousands of hours, 
the LED-based lighting systems have the potential to be a very cost-effective tech-
nology to adopt and integrate. Moreover, visible light LEDs used for 
photosensitization- based decontamination of fresh produce do not induce thermal 
damage and do not destroy the food structure (Vaitonis and Luksiene 2010).

Thus, it is possible to conclude that recently LED-based devices achieved matu-
rity, sufficient for their application in different fields, including food industry and 
agriculture (Luksiene and Zukauskas 2009; Prasad et  al. 2020). The scheme of 
LED-based light source prototype, constructed in our laboratory for 
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Chlorophyllin-based photosensitization is presented in Fig. 11.7. It is clear that the 
intensity of light distribution from the LEDs is higher in the center of the chamber 
in comparison with periphery. Skewed light intensity distribution can also occur 
when the light source is placed too close to the sample, since it can lead to the higher 
light energy density in central part. Not equal distribution of light can make addi-
tional undesirable effects such as higher susceptibility of fresh produce to physico-
chemical changes in the centrum and compromised action at periphery. In order to 
overcome this challenge only central part of the chamber was used for decontamina-
tion of fruits and vegetables.

As mentioned before, for the excitation of Chlorophyllin molecule blue light 
(405 nm) was used. It is important to note that according to (Hadi et al. 2020b) blue 
light has minimal impact on the nutritional and organoleptic properties of treated 
food. Moreover, it is necessary to check the intensity of delivered light every time 
before treatment. Actually, in all cases it can’nt be higher than 100 mW/cm−2, since 
higher light intensities may induce undesirable thermal effects which can change 
the structure, nutritional and organoleptic properties of treated produce. The illumi-
nation intensity required for food-processing (220–540 lux) corresponds to the light 
intensity 0.3–0.54 mW/cm−2 and, hence, is sufficient to kill harmful and pathogenic 
microorganisms on the different surfaces (Brovko 2010).

Fig. 11.7 Two- dimentional LED-based light source prototype tailored for microbial decontami-
nation of fruits and vegetables using Chlorophyllin as photosensitizer (λ = 405 nm, power density 
10–20 mW cm−2). Additionally this prototype has 2 flash lamps for combined treatment of photo-
sensitization with high power pulsed light
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5  Mechanism of Action of Photosensitization: From First 
Photochemical Reactions to Total Destruction 
of Microorganisms

There is an expanding body of literature regarding photosensitization mechanism. 
Thus, recently it is well accepted that principle of photosensitization is based on the 
combination of three indispensable factors, i.e. non-toxic photosensitizer, non-toxic 
visible light and molecular oxygen (Alves et al. 2014; Wainwright et al. 2017) This 
interaction is described well in other studies (Luksiene and Brovko 2013; Maisch 
2015; Wainwright and Crossley 2004; Luksiene 2021). Shortly, as presented in 
Fig.  11.8. the photosensitizer (PS0) after absorption of light moves from ground 
singlet state (S0) to the higher energy excited singlet state (1S*). After nanoseconds 
the excited photosensitizer (1PS*) has probability to return to the ground state (PS0) 
in two ways:

 (a) it can release the excitation energy in the form of fluorescence;
 (b) it can undergo an intersystem crossing to the longer-lived (ms) excited triplet 

state(3PS*). From this state it has two ways of relaxation and return to the 
ground state (PS0): first, it can release off the excitation energy as phosphores-
cence, second- it can transfer excitation energy to a surrounding acceptor bio-
molecules/triplet oxygen producing reactive oxygen species (ROS: H2O2; HO.; 
O2.-) (Type I) or singlet oxygen 1O2 respectively (Type II) (Luksiene and 
Zukauskas 2009) (Fig. 11.8).

Relaxation

Fluorescence

Light
Phosphorescence

T1

S1

S0

PS
0

PS
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O2

O2
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3PS*

1O2

ROS

Fig. 11.8 First photophysical  - photochemical stages of photosensitization. They involve the 
interaction of photosensitizer (PS) with light and transfer to excited S1, relaxation to triplet T1 and 
production of ROS: PS0 – ground state, 1PS* – singlet excited state, 3PS* – triplet excited state. 
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Both ways of relaxation of photosensitizer to the ground state (PS0) can occur sepa-
rately or simultaneously. Which of the two pathways is dominant depends on the 
intracellular levels of molecular oxygen, the structure of photosensitizer and nature 
of microorganism. When photosensitizer is accumulated inside the bacterium or 
attached to it, both external components of cell wall and intracellular organelles are 
potential targets for the destructions, induced by ROS and 1O2. It is important to 
note, that in both cases this treatment has multiple targets, so the development of 
antimicrobial resistance is not supposed to occur (Silva et al. 2018).

The photosensitization-induced damage can result in considerable morphologi-
cal and functional changes in the microbial cells (Fig. 11.9). One of the main targets 
for produced ROS is cell membrane. Time-dependent irreversible destruction of 
membrane proteins and lipids had clear correlation with inactivation efficiency. 
Damage of it induces the leakage of cellular contents and following disintegration 
of the membrane-associated transport system. Moreover, such damage as loss of 
enzymatic activities, increased protein oxidation and unfolding, formation of 
protein- protein cross-links, lipid peroxidation and inhibition of different metabolic 
processes (e.g. DNA synthesis, glucose transport) have been observed (Catala et al. 
2000; Sperandio et al. 2013). Morphological alterations include destruction of the 
mesosome, ribosome, chromosome structure, blebbing of outer membrane, swell-
ing of mitochondria and cells (Kashef et al. 2017). Not direct cleavage of genomic 
DNA, plasmid and RNA has been observed after photosensitization in Gram (+) and 
Gram (−) bacteria (Alves et al. 2014). Thus, the probability to develop bacterial 
resistance to photosensitization is around zero.

Nucleic acids and proteins have been detected in the extracellular matrix after 
Chlorophyllin-based photosensitization of S. enterica Typhimurium. This indicated 
that the cell membrane was disintegrated after photosensitization treatment. The 
addition of 1O2 quencher sodium azide to the suspension significantly reduced the 
bactericidal effect, revealing that 1O2 plays the main role in the inactivation (Zudyte 
et al. 2020). Results obtained analyzing bacterial genes indicated that photosensiti-
zation treatment upregulated the expression of stress response genes related to oxi-
dative stress (oxyR, grxA, ahpC), extracytoplasmic stress (STM0225), acid stress 
(atpC), thermal stress (groES), and SOS (sulA) (Luksiene 2021).

Fig. 11.9 Photosensitization-induced destruction of microorganisms: incubation with photosensi-
tizer (PS), it’s accumulation into bacteria, illumination with visible light and cell destructions by 
induced ROS or 1O2
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6  Main Factors Affecting the Antimicrobial Potential 
of Photosensitization in Suspension

6.1  Concentration of Photosensitizer Interacting with Bacteria

Concentration of photosensitizer plays one of the key roles in the inactivation effi-
ciency of the treatment, since the inactivation of microorganism depends on obtained 
light dose (photons) and number of photosensitizer molecules which are in the bind-
ing with target bacteria and can be photoactivated by these photons. This interaction 
of photons with molecules of photosensitizer triggers plethora of ROS, photocyto-
toxic reactions and death of microorganism. But, by no means, there are limits. Too 
high concentration of photosensitizer leads to the decrease in its phototoxic ability, 
due to higher optical shadowing effect unabling the light to reach all photosensitizer 
molecules.

6.1.1  Structure of Bacteria and Fungi

Different microorganisms at the molecular level have very wide variation in the cel-
lular structure and organization. These variations, by no means, have impact on the 
interaction of photosensitizer with different cellular components, what eventually 
affect the effectiveness of killing of different pathogens. For instance, the differ-
ences in the cell wall of Gram (+) and Gram (−) bacteria play a key role in the 
susceptibility of bacteria to photosensitization. The cell wall of Gram (+) pathogens 
is composed of lipoteichoic and teichoic acids organized in multiple layers of pep-
tidoglycan, which confers easy penetration of photosensitizer into the cell. In Gram 
(−) bacteria the presence of an intricate outer membrane (composed from phospho-
lipid bilayer and peptidoglycan) in the cell wall makes it less permeable (Alves 
et al. 2014). For effective antimicrobial treatment, the photosensitizer needs to pen-
etrate (or at least to attach to) the cell wall of the bacteria. However, the membrane 
of Gram (−) bacteria is physical barrier for the diffusion of photosensitizer into the 
bacterial cytosol and, by no means, the inactivation of Gram (−) bacteria is lower.

It must be noticed that, Gram (+) and Gram (−) bacteria carry either cationic or 
anionic electric charge. These charges are essential for photosensitizer uptake and 
localization in the bacterial cell membrane. It is more or less accepted that the neu-
tral, anionic, or cationic photosensitizers were more effective against Gram (+) bac-
teria, whereas just cationic photosensitizers were able to significantly inactivate 
Gram (−) species (Luksiene and Brovko 2013).

The structure of cell envelope of yeasts and fungi is variable, but mostly it con-
sists of moderately porous layer of β-glucan and mannan polysaccharides (Kashief 
et al. 2017). Such structure makes them inherently more permeable to external mol-
ecules than in the case of Gram (−) bacteria. May be, in addition to the protective 
impermeable barrier, the susceptibility of the investigated fungi to the photosensiti-
zation treatment could be attributed to the various number of catalase genes as 
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defensive mechanism against ROS. For instance microfungi, filamentous fungi and 
yeasts containing very small pores are more resistant to Chlorophyllin-based photo-
sensitization than bacteria and require higher doses of photosensitizer (10−3–10−4 M 
whereas for bacteria we use just 10−5 M) (Fig. 11.10).

Meanwhile, the produced ROS damage cell wall and membrane, including inac-
tivation of enzymes or other proteins, peroxidation of lipids, destruction of lyso-
somes and mitochondria (Dai et al. 2012).

Eventually fungal spores due to low permeability to chemicals and photosensi-
tizers have rather high resistance to various antimicrobial techniques, including 
photosensitization. To inactivate them the higher concentrations of photosensitizer 
and higher light dose necessary to use.

6.1.2  Incubation Time

As a rule, the microorganisms in the first stage of experiment must be incubated 
with photosensitizer for better interaction with them. Incubation time must be elab-
orated for every other object. For instance, in the case when interaction of photosen-
sitizer with microbe is superficial (just attachment to the cell wall without 
accumulation inside), it is not necessary to apply long incubation time (enough 
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Fig. 11.10 Fusarium oxysporum mycelium growth delay after Chl-based photosensitization as 
function of Chlorophyllin concentration (light dose- 18 J/cm2) (Lukseviciute and Luksiene 2020)
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2–10 min). In the case the photosensitizer tends to penetrate inside microbe it is 
necessary to apply longer incubation time (4 hours and more). For instance, E. coli 
or S. enterica, being Gram (−) bacteria interact weakly with Chlorophyllin, mostly 
just from outside. In this case the extension of incubation time from 2  min to 
120 min did not change the inactivation level (Luksiene and Paskeviciute 2011a). 
Experience with yeasts/moulds indicated that these microorganisms always need 
longer incubation time than bacteria (Lukseviciute and Luksiene 2020).

6.2  Light Intensity and Light Dose

Theoretically, the photoactivation of photosensitizer molecule, the consequent pro-
duction of ROS, eventually the inactivation efficiency of microorganisms are strictly 
correlated to the absorbed photons. So, light dose delivered to the object can be 
expressed by following formula:

 E It= ,  

Were E- is light dose, I- is light intensity, t- is exposure time.
It is obvious, that light intensity (I) of our LED-based light source is very impor-

tant parameter for effective inactivation of microorganisms. When light intensity is 
low, we need to apply longer illumination time to obtain the same light dose. When 
light intensity is enough high, illumination time t can be shorter. As a rule, food 
industry usually needs technologies which are as short as possible. Meanwhile, 
when the light intensity is higher than 100 mW/cm2, the undesirable thermal effects 
always take place (Luksiene and Brovko 2013).

In study (Le et al. 2020) authors evaluated the experimental inactivation curves 
of S. aureus and E. coli when Curcumin-based photosensitization was applied. Data 
indicated that inactivation kinetic in both cases was strictly depended on the number 
of absorbed photons. In other study the inactivation kinetic of bacteria treated with 
Chlorophyllin-based photosensitization was analyzed. It was confirmed that the 
inactivation as function of light dose mostly was biphasic, entailing either an initial 
lag phase (shoulder), or a tapering off (tailing) towards the end. A Weibull model 
was the most suitable to describe this light dose dependent inactivation of bacteria 
(Vaitonis and Luksiene 2010).

Concluding, the efficiency of antimicrobial inactivation of photosensitization 
strictly depends on the object, photosensitizer concentration, light intensity and 
light dose. Moreover, the interrelationship between the concentration of bound pho-
tosensitizer, light dose and degree of inactivation could be used to optimize the 
treatment protocol.
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7  Efficiency of Photosensitization Against Food-Borne 
Pathogens and Spoilage Microorganisms In Vitro

7.1  Antibacterial Efficiency of 5-Aminolevulinic 
Acid-Based Photosensitization

First results obtained on using 5-aminolevulinic acid (5-ALA), a non-photoactive 
natural metabolite of hem synthesis pathway and precursor of endogenous photo-
sensitizers in the bacterial cell indicated that most bacteria are able to synthesize 
endogenous photosensitizers from the precursor 5-ALA and after light exposure, 
significant inactivation of food pathogens such as B. cereus (6.5 log), L. monocyto-
genes (4 log), S. typhimurium (6 log) in vitro was observed (Vaitonis and Luksiene 
2010). Application of 5-ALA-based photosensitization in food industry is really 
possible, since ALA is tastless, yet its use is effective against a wide range of food-
borne pathogens, their spores and biofilms (Luksiene and Brovko 2013). The main 
disadvantage of ALA-based photosensitization as treatment is its high cost due to 
high cost of 5-ALA.

7.2  Antibacterial Efficiency 
of Curcumin-Based Photosensitization

In study (Penha et al. 2017) the efficiency of Curcumin-based photosensitization 
against several food pathogens was investigated. Obtained data revealed that 
Curcumin in the presence of blue LED-based light (420 nm) significantly inacti-
vated S. aureus, A. hydrophila, P. aeruginosa E. coli. Just S. enterica Typhimurium 
was most resistant to Curcumin-based photosensitization and just partial inactiva-
tion of this pathogen was observed.

Other authors (Bhavya and Hebbar 2019) investigated the efficiency of curcumin- 
based photosensitization against S. aureus and E. coli and found inactivation of both 
pathogens by 5.9 log. Membrane injuries were the main mechanism of bacterial cell 
damage after this treatment.

Obviously, such features of Curcumin as low solubility, instability and scarce 
bioavailability hinder its more wide application (Dias et al. 2020). But it is possible 
to overcome this challenge synthesizing Curcumin incorporated in polymeric 
nanoparticles (Gutierrez et al. 2017).
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7.3  Antibacterial Efficiency 
of Hypericin-Based Photosensitization

Results, obtained in our previous study (Kairyte et al. 2012) revealed that Hypericin- 
based photosensitization can effectively destroy food pathogens. Analysis of fluo-
rescence emission spectra of bacteria-associated Hypericin indicated that this 
compound tended to interact with Gram-(+) bacteria more intensively than with 
Gram (−) ones. As the result, the inactivation of Gram (+) L. monocytogenes was 
more effective than inactivation of Gram (−) S. enterica (Dementavicius et  al. 
2016). It must be noted that interaction of Hypericin with both bacteria needed just 
few minutes, but accumulation of Hypericin in Listeria was higher than in 
Salmonella.

On contrary, Zhang and coauthors (2018) found that E. coli, despite it is Gram 
(−) bacterium interacted strongly with Hypericin and after exposure to light pleth-
ora of intracellular ROS has been detected. The inactivation of bacteria reached 
4.1 log.

7.4  Antibacterial Efficiency of Eosin Y- and Erythrosine 
Based Photosensitization

Bonin et al. (2018) investigated the possibility to apply Eosin Y-mediated photosen-
sitization (light absorption 490–570 nm) for inactivation of main food pathogens. 
Obtained data indicate that the selective susceptibility of different pathogens to this 
treatment was observed. For instance, S. enterica Typhimurium and B. cereus exhib-
ited moderate susceptibility to the treatment, E. coli was slightly reduced, P. aeru-
ginosa and S. aureus were completely inactivated. Thus, the main drawback for this 
treatment is variation of susceptibility of different pathogens to Eosin Y-mediated 
photosensitization treatment.

The efficiency of erythrosine-based photosensitization against foodborne patho-
gens and spoilage bacteria (A. hydrophila, S. enterica, E. coli, S. aureus and P. aeru-
ginosa) was evaluated in (Yassunaka et al. 2015). Obtained results confirmed the 
data from previous study (Bonin et al. 2018) that S. aureus was more photosensitive 
to this treatment than Gram (−) bacteria.

7.5  Antibacterial Efficiency 
of Chlorophyllin-Based Photosensitization

For the first time it was found in studies (Luksiene and Zukauskas 2009; Luksiene 
and Paskeviciute 2011a) that Chlorophyllin (Chl), well known food additive (E140) 
after exposure to visible light (λ = 405 nm) exhibited pronounced photosensitizing 
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properties. Gram (+) B. cereus, L. monocytogenes and E. faecalis, and Gram (−) 
ones such as S. enterica, E. coli, P. aeruginosa, have been inactivated by this treat-
ment (). Even thermoresistant strains of L. monocytogenes and B. cereus were sus-
ceptible to this treatment and were inactivated 7 log. What is more, the spores and 
biofilms, which are extremely resistant to all chemical antimicrobials, were inacti-
vated by this treatment using higher photosensitizer concentration and light dose 
(Luksiene and Paskeviciute 2011a; Luksiene 2021). But, it must be noted that inac-
tivation of Gram (−) bacteria in all cases was lower that Gram (+) ones (Luksiene 
and Paskeviciute 2011a).

7.6  Photosensitization Against Spores and Biofilms

Particular concern for the agro-food industry pose microbial spores - they can sur-
vive even conventional sterilization. The point is, that spores usually formed by 
bacteria and fungi have very high resistance to chemical and physical biocides 
(Wainwright and Crossley 2004). In study (Pirttijarvi et al. 1996) it is evaluated that 
more than 90% of food packaging contamination is composed of spore-forming 
bacteria. In this context it is import to note that Chlorophyllin-based photosensitiza-
tion treatment reduced the Bacillus spores population by 3.1–4 log. It is possible to 
achieve higher level of spore inactivation (5 log) when higher Chl concentration is 
used for experiments (Luksiene and Paskeviciute 2011a).

Sometimes fresh produce or food-related surfaces can be contaminated with ses-
sile cells which can form mature biofilms Actually, most of the microorganisms 
(99%) exist in the environment not in planktonic form, but as biofilms. Biofilms 
cover the bacterial cells from outside with polymeric substance which include poly-
saccharides, proteins, lipids, and extracellular DNA. Bacteria living in biofilm com-
munity have some advantages, for instance higher structural stability, better 
adherence to different surfaces and increased virulence. Moreover, the protected 
environment of the biofilm together with significantly different phenotypic proper-
ties of the cells have been implicated in giving rise as much as 1000-fold resistance 
to antimicrobials if compare with planktonic cells (Dai et al. 2012; Silva et al. 2018). 
In study (Bonifacio et  al. 2018) authors compared the efficacy of a Curcumin- 
enriched ´ extract of Curcuma longa with that of commercial Curcumin. Obtained 
data indicated that pure Curcumin was more effective photosensitizing agent than 
Curcumin-enriched extract, since inactivated L. innocua biofilms by 4.9 log. The 
ALA-based photoinactivation of L. monocytogenes biofilms attached to polyolefine 
by 3.1 log indicated that this treatment also has potential to combat biofilms on dif-
ferent food-contact surfaces. Moreover, Chlorophyllin-based photosensitization is 
also effective tool against Listeria biofilms and can reduce them by 4 log (Luksiene 
et al. 2011a). Hence, it seems that photosensitization can represent an innovative 
and effective approach in sanitation of different surfaces contaminated by bacterial 
biofilms (Silva et al. 2018).
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7.7  Photosensitization Against Harmful Microfungi

Uncontrolled mold growth on fresh produce as well as food-contact surfaces induces 
fast spoilage of fresh produce and dangerous contamination with harmful mycotox-
ins. Several studies have been published on the inactivation of yeasts and micro-
fungi by photosensitization. Data indicated that the yeast Saccharomyces cerevisiae 
as well as micromycetes Ulocladium oudemansii, Trichotecium roseum and 
Aspergillus flavus are susceptible to hematoporphyrin dimethyl ether (HPde)-based 
photosensitization. Fluorescence micrographs revealed that HPde tended to accu-
mulate inside the fungal conidia (Luksiene et al. 1989, 2004a, b). Moreover, the 
used treatment induced remarkable delay of spore germination in several investi-
gated fungi, i.e. Aureobasidium sp., Rhodotorula sp., Penicillium stoloniferum, 
Aspergillus fumigatus, Aureobasidium pullulans, Ulocladium chartarum, Alternaria 
alternata, Rhizopus oryzea, Fusarium avenaceum and Acremonium strictum 
(Luksiene et  al. 2004a, b; Luksiene 2005; Luksiene et  al. 2005). The amount of 
photosensitizer accumulated inside the fungal cell was found to be 30 mol/μM pro-
tein (Luksiene et al. 2005).

Usually the fungal cells have an overall negative/ neutral charge. So, obviously, 
cationic photosensitizer interacts better with cell-wall components than anionic 
photosensitizer. Meanwhile, after exposure to the light, the generated ROS cause 
oxidative stress and disintegration of the fungal cell wall what eventually leads to 
the leakage of intracellular material. Probability to damage fungal DNA mostly is 
very low.

Filamentous moulds can survive under stressful environmental conditions and 
remain dormant until better conditions. Such increased resistance of spores can be 
explained by their special envelope (60–80  nm) which is made from chitin, α-β 
glucans and mannoproteins (Al-Asmari et al. 2017). Data presented in (Al-Asmari 
et al. 2017) revealed that Curcumin-based photosensitization effectively inactivated 
spores of A. niger, A. flavus, P. griseofulvum, P. chrysogenum, F. oxysporum, C. albi-
cans and Z. bailii. An increased light dose (96 J/cm2) reduced the fungal populations 
by 75–100%. Obtained data are promising and indicate that a plethora of harmful 
and pathogenic micromycetes residing on packaging, food processing surfaces or 
fruits and vegetables might be inactivated by photosensitization treatment in com-
pletely safe and sustainable way.
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8  Photosensitization for Preservation of Fresh Produce

8.1  Exploiting Endogenous Photosensitizers 
for Decontamination of Freshly-Cut Fruits

The possibility to control foodborne pathogens on fresh-cut papaya by photosensi-
tization which is based on naturally existing endogenous porphyrins is evaluated in 
the study (Kim et al. 2017a). The population of Salmonella on cut fruits was reduced 
by 0.3–1.3 log at chilling temperatures. It is important to note that LED- based illu-
mination had no impact on the physicochemical and nutritional properties of cut 
papaya. These results indicate that a food chiller equipped with 405 ± 5 nm LEDs 
can preserve fresh-cut papayas in retail stores, minimizing the risk of spoilage and 
salmonellosis. Meanwhile, the main drawback of this treatment is long illumination 
time (36–48 h; 1.3–1.7 kJ/cm2).

In the other study (Kim et  al. 2017a, b) authors evaluated the possibility to 
decontaminate other fruit- fresh-cut mango using photosensitization based on 
endogenous porphyrins. Results revealed that E. coli O157:H7, L. monocytogenes, 
and Salmonella spp. on the surface of fresh-cut mango were inactivated by 1.0–1.6 
log CFU/cm2, but the treatment again continued 36–48 h (total dose, 2.6–3.5 kJ/
cm2). There were no significant changes in color, no depletion of antioxidant capac-
ity, ascorbic acid, β-carotene, and flavonoid in treated fruits.

Josewin et  al. (2018) evaluated the decontamination efficiency of sodium 
Chlorophyllin and 405 nm light on Salmonella spp. and Listeria monocytogenes 
inoculated on cantaloupe rinds. Obtained data indicate that this treatment reduced 
by 3 log both pathogens and can be effective tool to minimize the risk of listeriosis 
and salmoneliosis.

8.2  Hypericin-Based Photosensitization for Decontamination 
of Fruits and Vegetables

Optimistic results have been obtained using Hypericin-based photosensitization for 
decontamination of several selected fruits and vegetables. Apricots (Prunus arme-
niaca), plumes (Prunus domestica), and cauliflowers (Brassica oleracea) inocu-
lated with B. cereus were decontaminated using Hypericin-based photosensitization 
by 0.8–1.3 log. Moreover, the population of naturally distributed mesophiles on the 
surface of fruits and vegetables was reduced by 0.3–0.72 log. But it must be empha-
sized that the treatment strongly depended on the fruit shape and surface (Aponiene 
et al. 2015; Dementavicius et al. 2016). It must be noted that the higher inactivation 
levels can be easily achieved using higher illumination intensity or longer illumina-
tion time.
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8.3  Curcumin-Based Photosensitization for Decontamination 
of Fresh Produce

Several studies using Curcumin-based photosensitization for microbial control of 
fresh produce look promising. For instance, the effect of photoactivated Curcumin 
in decontamination of fresh date fruit (Phoenix dactylifera) when sprayed on the 
fruit surface was assessed. Following illumination with visible blue light (420 nm, 
180 J/cm2) extended the shelf life to 98 days whereas in control fruit it reached just 
28 days (Al-Asmari et al. 2017; Al- Asmari et al. 2018).

In other study acidified Curcumin was sprayed on lettuce, spinach, and tomato 
which have been inoculated with E. coli O157:H7 and L. innocua followed by illu-
mination. It led to 3 log reduction with no changes of color of the treated produce. 
In addition, lower pH increased the antimicrobial efficacy of Curcumin-based pho-
tosensitization and reduced the time of illumination from 10  min to 2  min. The 
obtained inactivation of E. coli O157:H7 reached 5 log (Oliveira et al. 2018).

Inactivation of E. coli inoculated on fresh-cut Fuji apple slices increased up to 1 
log with an increase in Curcumin concentration (0.5–50  μM), incubation time 
(5–30 min), and illumination time (150–510 s). Reduction in browning, weight loss, 
enzyme activity (peroxidase by 48% and polyphenol oxidase by 51%), with few 
negative impact on bioactive components was observed after storage for 8 days (Tao 
et al. 2019).

Curcumin- based photosensitization reduced total aerobic microorganisms on 
fresh-cut Hami melons by 1.8 log without reduction in soluble solid content, water 
content and firmness. Moreover, this treatment delayed the browning rate and main-
tained luminosity as well as sensory quality (Lin et al. 2019).

Some fungi that reside on fruits and vegetables can produce toxic secondary 
metabolites known as mycotoxins. It is well documented that mycotoxins are harm-
ful to human health, have huge impact on crop production and economics. Curcumin- 
based photosensitization reduced A. flavus spores on maize kernels about 2 log 
(Temba et al. 2016).

These data suggest that Curcumin-based photosensitization treatment could be a 
promising weapon against foodborne pathogens and harmful microfungi, residing 
on fresh produce.

8.4  Chlorophylin-Based Photosensitization 
for Decontamination of Fruits and Vegetables 
with Irregular Surfaces

Theoretically, the antimicrobial efficiency of photosensitization as light-based tech-
nology can strongly depend on the structure and regularity of fruit surface. Hence, 
Chlorophyllin-based inactivation of naturaly distributed mesophilic bacteria on 
plums (Prunus domestica), tomatoes (Solanum lycopersicum), cauliflowers 
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(Brassica oleracea) and red peppers (Capsicum annum) was rather effective. The 
highest decontamination level was observed for red pepper (1.3 log), tomatoes (1.2 
log), plums (1.5 log) The lowest microbial decontamination was obtained in the 
case of cauliflowers, which have very irregular surface and shape (1.1 log) (Luksiene 
and Zukauskas 2009; Luksiene 2013a, b).

FAO and WHO in 2007 concluded that leafy vegetables currently presented the 
greatest concern in terms of microbiological contamination (FAO-WHO 2008). In 
this context the highly contaminated fresh produce also can be a target of bioterror-
ism (Wallin et  al. 2007). Data presented in the study (Paskeviciute et  al. 2019) 
clearly indicated that Chlorophyllin-based photosensitization can reduce signifi-
cantly the microbial load (1.3 log) on the surface of basil as well as inoculated 
thermoresistant L. monocytogenes (1.6 log).

8.5  Chlorophyllin-Based Photosensitization for Preservation 
of Perishable Fruits

Strawberry (Fragaria × ananassa Duch.) is a major crop of production worldwide. 
Meanwhile, this fruit has short ripening period and is highly susceptibile to mechan-
ical injuries. All these circumstances reduce significantly strawberry shelf life. 
Sometimes, especially in developing countries, strawberries spoilage losses can 
reach 40–80% (Feliziani and Romanazzi 2013; Lafarga et al. 2019).

Consumption of fresh strawberries induced several outbreaks in Europe. 
According to Food and Drug Administration (FDA) data in 1 out of 143 imported 
strawberries Salmonella was found (FDA 2015). Moreover, since chemical fungi-
cides are used to preserve the strawberry crop from spoilage inducing microfungi, 
their residues have been identified in more than 60% of strawberries (Jianglian and 
Shaoying 2013).

Thus, during the last two decades postharvest fruit protection shifted from using 
chemical technologies to physical treatments (Lafarga et al. 2019). However, it was 
found that, for instance, irradiation of strawberries by ionizing radiation (2–3 kGy) 
was rather effective against fungi and prolonged significantly the shelf life of ber-
ries, but besides it, this treatment induced changes of strawberry texture and color 
(Yu et al. 1995).

After application of Chlorophyllin-based photosensitization for microbial con-
trol of strawberries, the population of mesophilic bacteria naturally distributed on 
the surface of fruits reduced by 1.7 log. Moreover, this treatment reduced the popu-
lation of inoculated L. monocytogenes by 1.8 log. It is important to note that the 
spoilage-related yeasts and microfungi were less susceptibile to photosensitization 
(the reduction reached just 0.9 log). Meanwhile, the overall microbial inactivation 
of bacteria and fungi eventually prolonged the shelf-life of fruits by 2 days what is 
very important for agricultures and industry (Luksiene and Paskeviciute 2011b).
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9  Chlorophyllin-Based Photosensitization for Microbial 
Control of Ready-to-Eat Meals

The consumption of ready-to-eat fresh produce seems to be a nowadays choice of 
fashion (Vivek et al. 2019). Especially sprouts as healthy and unprocessed food are 
gaining popularity across the world (Galieni et al. 2020). In parallel, sprouted seeds 
are among the most contaminated fresh produce and have been recognized as source 
of such food pathogen as E. coli O157:H7, B. cereus, S. enterica. Moreover, in one 
of our previous studies (Luksiene et al. 2007) more than 10 different microfungi 
families on the wheat grains have been identified.

In order to increase the microbial safety of sprouts, U.S.  Food and Drug 
Administration in 1999 suggested chlorine-based sanitizers (FDA 1999). However, 
recently there are a lot of published experimental evidences, confirming that widely 
applicable calcium hypochlorite is a concern, since interacting with biomatrix can 
produce highly toxic trihalomethanes, haloketones, chloropicrins, and haloacetic 
acids. Thus, due to public health issues chlorine-based sanitizers are prohibited in 
some European countries including Belgium, Denmark, Germany, and the 
Netherlands (Meireles et  al. 2016). Moreover, rather long treatment time using 
hypochlorite reduced the seed germination rate, so the sprout industry did not fully 
welcome this technique (Ding et al. 2013).

According to the results published in (Zudyte and Luksiene 2019) the 
Chlorophyllin-based photosensitization treatment remarkably reduced the viability 
of surface-attached mesophilic bacteria (2.5 log), inoculated E. coli (1.5 log) and 
naturally distributed yeasts/fungi (1.5 log). Moreover, SEM images confirmed that 
this treatment did not damage grain surface microstructure. Most important is the 
fact that photosensitization did not reduce such important parameters as seed germi-
nation rate and seedling growth or visual quality of sprouts.

10  Effects of Photosensitization on Nutritional 
and Organoleptic Properties of Treated Fresh Produce

It is obvious, that the main criterion of a prospective preservation technique is the 
maintaining of quality attributes of treated fresh produce, main organoleptic and 
nutritional properties. To this end, the probability exists, that photosensitization 
being an effective antimicrobial treatment can reduce the quality of treated fruits. 
For instance, photosensitization being light-based technology can make impact on 
phenolics and anthocyanins, which tend to accumulate in epidermal and cortex tis-
sues of fruits and vegetables. So far, studies that have used the photosensitization for 
decontamination of fresh produce indicated that no undesirable changes in the phys-
icochemical and nutritional profiles of the treated fruits, vegetables and berries have 
been found (Kim et al. 2017a, b; Luksiene and Paskeviciute 2011b, Aponiene et al. 
2015). Obtained data indicated that Chlorophyllin-based photosensitization did not 
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change the amount of main antioxidants, i.e. soluble phenolics and anthocyanins in 
strawberries (Luksiene, Paskeviciute 2011b). Eventually, the treatment did not 
reduce the firmness of the treated strawberries (Luksiene and Paskeviciute 2011b; 
Rasiukeviciute et al. 2015).

Moreover, it has also been reported that illumination of fresh produce may result 
in enhancing the formation and accumulation of different secondary metabolites, 
which enhance the growing process in germinated sprouts (Lukseviciute and 
Luksiene 2020).

Browning of the cut surface of fresh produce is important and undesirable prob-
lem. It depends on the presence and activity of enzymes in the plant cells called 
polyphenoloxidases. In this context the activity of this enzyme after Chlorophyllin- 
based treatment of freshly cut basil was tested. Data indicated that this treatment 
had no impact on the activity of polyphenoloxidases and browning of freshly cut 
basil (Paskeviciute et al. 2019).

One of the important quality indicators in appearance and acceptance of fresh 
produce is color. Moreover, it has been considered to have a main role in food 
choice and preference. Some risk exists that the color of treated fresh produce can 
be compromised by photosensitization treatment. As a rule, every light technology 
can change the color of treated produce. For instance, using longer illumination 
time it is possible to achieve bleaching of the treated object. Moreover, since most 
photosensitizers absorb in the visible range and have intensive color, for instance 
Curcumin, Chlorophyll and Riboflavin, it is a risk to change the color of produce 
(Ormond and Freeman 2013). One of the possible ways to minimize effects on food 
color is optimization of the process, wherein color change should be incorporated as 
one of the constraints. In such a scenario, minimal effective, but not coloring con-
centration for every photosensitizer must be found and applied. Thus, to determine 
whether Chlorophyllin-based photosensitization has any negative effects on the 
color of the treated fruits and vegetables, fruits and vegetables were investigated 
immediately after treatment (Luksiene and Paskeviciute 2011b). Obtained data con-
firmed, that photosensitization had no effects on the color of cucumber, carrot, 
paprika, apricots, plums, cauliflower, strawberry, tomato, when Chlorophyllin con-
centrations did not exceed mM.  Using higher Chlorophyllin concentration will 
make better antimicrobial effect, but also can change the color of the treated fruit. 
Thus, decontamination of sprouts by Chlorophyllin-based photosensitization using 
the optimized light dose and optimized Chlorophyllin concentration had no impact 
on visual quality and color of treated sprouts (Zudyte and Luksiene 2019).
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11  Comparison of Antimicrobial Efficiency of Chl-Based 
Photosensitization with Some Conventional 
and Emerging Treatments

Thus, obviously, it is interesting and important to evaluate the antimicrobial effi-
ciency of photosensitization in comparison with conventional treatments. For this 
purpose cherry tomatoes (Solanum lycopersicum var. cerasiforme) - one of the most 
important vegetable crops have been used. Thus, in the study (Paskeviciute et al. 
2018) the obtained antimicrobial efficiency of Chlorophyllin-based photosensitiza-
tion was compared with that of high power pulsed light (HPPL) (Luksiene et al. 
2007; Luksiene et al. 2011). Results indicated that Chlorophyllin-based photosensi-
tization reduced not just mesophilic bacteria (1.6 log), but also inoculated on toma-
toes the thermoresistant strains of B. cereus and L. monocytogenes by 1.5 log and 
1.6 log respectively. As described previously the application of Chlorophyllin-based 
photosensitization for microbial control of strawberries reduced mesophilic bacteria 
by 1.7 log, inoculated L. monocytogenes -by 1.8 log, fungi- by 0.9 log.

In comparison, HPPL reduced mesophilic bacteria on the surface of strawberry 
by 2.2 log, inoculated B. cereus and L. monocytogenes by 1.5 log and 1.1 log respec-
tively. Yeasts/microfungi distributed on the surface of strawberries were inactivated 
by 1 log, and as a result of all these microbial inactivations, the shelf-life of treated 
strawberries was extended by 2 days (Luksiene et al. 2013a, b). No effects on visual 
or nutritional properties of strawberries have been observed (Cao et al. 2019). After 
treatment of other fruits and vegetables (plums, tomatoes, cauliflower) by HPPL 
very similar inactivation of mesophilic bacteria (1.0–1.3 log) and inoculated 
B. cereus (1.3–2 log) depending on surface characteristics have been found 
(Luksiene et al. 2012). Higher antimicrobial effect of HPPL is tailored by higher 
temperature on the surface of fresh produce (Gudelis and Luksiene 2010). Thus, 
antimicrobial efficiency of photosensitization is comparable with FDA approved 
technology of high power pulsed light.

In addition, the observed decontamination efficiency of Chlorophyllin-based 
photosensitization was significantly higher in comparison with conventional wash-
ing with water (0.6–0.8 log) or hypochlorite (1.4–1.6 log). It must be noted that 
NaOCl issued widely in fresh produce industry, since is cost- effective and exhibits 
antimicrobial activity. Results presented in (Allende et al. 2009) revealed that tradi-
tional washing with sodium chlorite of cut cilantro reduced the population of meso-
philic bacteria and E. coli O157:H7 about 1 log. In other study it was shown that 
washing lettuce, arugula, parsley with water containing 200 ppm chlorine for 10 min 
reduced the populations of mesophilic bacteria by 1.18–1.49 log (Temiz et al. 2011). 
But treatment of strawberries with hypochlorite (NaOCl) (200 μg mL−1) reduced 
their microbial contamination just by 0.45 log. Moreover, it is well known that 
chemical treatment with hypochlorous acid releasing chlorine, is very dangerous 
and gives rise to toxicity concerns, since can form highly mutagenic compounds 
(Wright et al. 2017).
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12  Main Advantages 
of Chlorophyllin-Based Photosensitization

Photosensitization as antimicrobial treatment has several advances (Fig.  11.11). 
Meanwhile, one of the most important advantages of this treatment is its non- 
thermal nature. It was confirmed by extensive experimental data that during the 
photosensitization treatment using LED-based light there was no significant tem-
perature increase on the surface of fresh produce that would be harmful and change 
the organoleptic properties or reduce the nutritional quality of fruit (Luksiene and 
Paskeviciute 2011b; Paskeviciute et al. 2019). Usually, the surface temperature of 
apricots, plums, tomatoes, strawberies and cauliflowers held at room temperature 
(20 °C) increased during treatment to a maximum of 25–26 °C (Aponiene et al. 
2015; Luksiene and Paskeviciute 2011b). In comparison, high power pulsed light is 

Fig. 11.11 Benefits of photosensitization

Z. Luksiene



435

an effective antimicrobial treatment and approved by FDA for microbial control of 
fresh produce, but at longer light exposures induced thermal effects on food matrix 
up to 80 °C, what is unacceptable (Gudelis and Luksiene 2010).

A major reason why photosensitization is so attractive and promising is that so 
far, no resistance has been observed among the plethora of microorganisms that 
have been treated. This is a major advantage over other novel emerging food pro-
cessing technologies, for instances ultrasonication, pulsed electric field or ultravio-
let light, all of which have been known to induce microbial resistance (Cebrian et al. 
2016). The lack of resistance to photosensitization treatment can be explained by 
two reasons. First, the ROS generated during the photosensitization have an 
extremely short half-life. For example, the half-life of singlet oxygen, produced 
during photosensitization is about 10 ns (Luksiene 2005). At such circumstances the 
microorganism has not enough time to respond to the stress. Second, the photosen-
sitization targets multiple cellular compartments and cellular repair systems are 
unable to do all necessary reparation. By no means, it is reasonable to expect that 
resistance could develop with time and greater popularization of the technology 
(Kashef et al. 2017; Maisch 2015).

13  Drawbacks of Chlorophyllin-Based Photosensitization 
and Ways to Eliminate Them

Inactivation of pathogenic and harmful microorganisms by Chl-based photosensiti-
zation is effective, selective and environmentally friendly treatment. However, this 
treatment has one notable disadvantage: Gram (−) bacteria mostly due to more 
complicated cell wall structure and lower photosensitizer uptake have lower suscep-
tibility to Chlorophyllin-based photosensitization than Gram (+) bacteria (Kairyte 
et al. 2012; Alves et al. 2014; Aponiene and Luksiene 2015). To make more evi-
dence Kruger et al. (2019) tested Gram (−) bacteria E. coli NR698, which has a 
defective outer membrane. Obtained results indicate that this strain was effectively 
inactivated by Chl-based photosensitization and inactivation level reached that of 
Gram (+) B. subtilis. So, it is clear that the outer membrane of Gram-negative bac-
teria may be a barrier for chlorophyllin uptake, consequently accumulation and effi-
ciency of photoinactivation.

To overcome this permeability problem, Chl-based photosensitization of Gram 
(−) pathogens might be combined with other antimicrobial or membrane- 
destabilizing treatments exploiting concept of hurdle antimicrobial technologies 
(Afrasiabi et al. 2020). It is well documented that successful combination of several 
antimicrobial agents can significantly increase the antimicrobial efficiency. What is 
the mechanism of this inactivation? First, such combination enable us to use lower 
intensities of every treatment. Second, such approach do not cause so great destruc-
tions of food matrix or lethal injuries to microorganism as intensive treatment do. 
Thus, it generates a number of sublethal stresses and sublethal damages in microbial 
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cell that microorganizm of concern should not be able to overcome. Eventualy 
microorganism becames metabolically exhausted and die.

For instance, in order to increase the uptake of Chlorophyllin by Gram (−) bac-
teria and herewith enhance the inactivation efficiency it is possible to use sub-lethal 
concentration of membrane - destabilizing agent colistin with sublethal dose of pho-
tosensitization. Data presented in (Richter et al. 2019) revealed that such combined 
action significantly increased inactivation of E. coli and S. enterica and gave rise to 
the reasonable assumption that Chlorophyllin-based photosensitization in combina-
tion with membrane-destabilizing agents may be a promising alternative to control 
pathogens.

Moreover, it is possible to combine Chlorophyllin-based photosensitization with 
5-ALA-based photosensitization. Mathematical modeling of bacterial inactivation 
curves, presented in (Luksiene et al. 2013a) allowed to make a hypothesis that cock-
tails of Chlorophyllin and ALA can be an effective combination to enhance antimi-
crobial efficiency against Gram(+) and Gram(−) food pathogens and to inactivate 
them in a more uniform way. Experimental data confirmed that combining 
Chlorophyllin- and ALA-based photosensitization increased the inactivation of all 
investigated Gram(+) L. monocytogenes and Gram(−) S. enterica bacteria by 7 log.

In order to increase the inactivation of Gram (−) bacteria it seems promising to 
combine photosensitization with FDA approved high power pulsed light technology 
(HPPL) (Mandal et al. 2020). It is well documented, that the main cellular target for 
HPPL (“working” wavelength, λ  =  260  nm) is microbial DNA (Gudelis and 
Luksiene 2010). Thus, combining Chlorophyllin-based photosensitization induced 
membrane injuries with DNA damages produced by HPPL produced lethal destruc-
tions in Gram (−) bacteria. Data presented in study (Kairyte et al. 2012) indicated 
that such combined treatment reduced viable counts of Gram (−) Salmonella and 
Gram (+) Listeria by 6–7 log. Data indicated that, combined treatment of HPPL and 
photosensitization can be useful strategy to combat both Gram-positive and Gram- 
negative bacteria on different surfaces in an effective and uniform way.

The innovative approach on the combination of Chlorophyllin-based photosensi-
tization with chitosan in the form of Chlorophyllin-Chitosan conjugate is presented 
in (Rodriges-Lopez et al. 2020). In this case both treatments have the same target- 
cell membrane. The overall induced lethal damages in S. enterica reduced its viabil-
ity by 7 log. It is important to note that the destructions in Salmonella were so 
multiple and lethal that no Salmonella regrowth after treatment was observed. It 
looks like such combination potentiates the interaction between negatively- charged 
Chlorophyllin and negatively charged microorganism, since Chitosan being posi-
tively charged with protonated NH+3 groups interacts electrostatically with nega-
tively charged lipopolisaccharides of bacterial membrane. From other side chitosan 
electrostatically interacts with Chlorophyllin.Thus, Chlorophyllin-Chitosan conju-
gate can work as mediator between bacterial cell wall and photosensitizer and 
enhances the possibility of cell-photosensitizer interaction. As a result, the increased 
membrane permeability, internal osmotic disbalance, disintegration of cellular 
structures induced by photoactivated Chlorophyllin-Chitosan conjugate lead bacte-
ria to total destruction and death (Goy et  al. 2009). By no means, the right 
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combination of several sub-lethal treatments that would push the microbial cell 
from growth to inactivation is really an art. In other study (Li et al. 2020) chitosan 
with loaded curcumin was used for significant photosensitization –based inactiva-
tion of Staphylococcus aureus and its biofilms on stainless-steel. Results confirmed 
that antimicrobial efficiency of this conjugate depended on curcumin concentration, 
incubation time ans light dose.

Obviously, antimicrobial efficiency of Chlorophyllin-based photosensitization is 
significantly higher in experiments in vitro, when bacteria are in suspension or 
attached to the flat surface. When the task is to inactivate bacteria on the surface of 
fresh commodities which are 3-dimentional, not simple geometry (spherical, round, 
irregular) the antimicrobial efficiency is going down. The point is that the surface of 
fruits and vegetables very often is not flat and smooth, very often rough and compli-
cated, and microorganisms may reside in crevices or in surface irregularities and 
injuries, where light cannot reach them. Obviously, this factor slightly decreases the 
efficiency of the treatment. Moreover, due to the fact that fruits and vegetables have 
different shapes, a lot of photons are not absorbed due to increased light scattering. 
This factor also reduces the overall antimicrobial efficiency of the light-based treat-
ment. Nevertheless, in order to increase the inactivation efficiency of treatment it is 
always possible to use:

 (a) more powerful LEDs or to make more frequent arangement of diodes in illumi-
nation platform (Fig. 11.12., middle) what by no means will increase the energy 
density and antimicrobial efficiency;

Fig. 11.12 The density of LEDs in the illumination platform can be more or less dense. Higher 
density of LEDs (middle picture) always produces higher light intensity and better photosensitiz-
ing effect
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 (b) rotating or shaking of the plate with placed fresh produce will enable all-round 
illumination. Such solution will reduce the shadow effect and will assist the 
delivered photons to reach the target surface of fruit, since antimicrobial effi-
ciency of photosensitization depends on amount of photons which reached the 
surface.

 (c) obviously, the development of three-dimentional light source with rotating/
shaking function would be the best solution.

14  Prospects of Photosensitization-Based Edible 
Biopolymer Coatings

During last decade the use of different films and coatings for better safety of fresh 
produce has received special attention (Lopez-Carballo et al. 2018). Such “packag-
ing” can increase the microbial safety of fruit and preserve its nutritional/sensorial 
properties. Moreover, such edible coating is perfect regulator of water migration 
both in and out of fruit and significantly extends the shelf-life of products (Radev 
and Pashova 2020). Recently different edible biopolymers, such as polysaccharide- 
based starch, cellulose derivatives or chitosan are used for formation of coatings for 
fresh produce.

Chitosan is well known natural compound, cationic linear polysaccharide and 
primarily by-product of crustacean, fish and seafood processing (Kumar et al. 2020). 
It has no specific taste and is approved as nutritional supplement. Most attractive 
chitosan’s features are biodegradability, expressed antimicrobial activity and pos-
sibility to form films (Jiang et al. 2020). These properties opened the door for for-
mation of edible active antimicrobial coatings which have inserted Chlorophyllin 
(Rodríguez López et al. 2020). Data obtained revealed that strawberries coated with 
Chlorophyllin-Chitosan in the presence of visible light (405 nm) were protected not 
just from pathogenic Gram (+) and Gram (−) bacteria, but also from spoilage induc-
ing microfungi. Such coating significantly delayed the spoilage of treated berries 
and prolonged their shelf-live by 3 days (Luksiene 2021). It is important to confirm 
that photoactivated Chl-CHS coating of strawberries had no effects on their color, 
texture or overall visual quality. Moreover such treatment did not induce any long- 
lasting free radicals in the strawberries (Luksiene 2021), as for instance do 2 kGy 
ionizing radiation (Raffi and Stocker 1996). Moreover, such photoactive coating 
reduced water evaporation and preserved the strawberry weight if compare with 
control.

In the other study (Lopez-Carballo et  al. 2008) authors investigated gelatin- 
based edible films and coatings containing inserted photosensitizer sodium magne-
sium Chlorophyllin and sodium copper Chlorophyllin. Such coating was very 
effective against S. aureus and L. monocytogenes, since reduced their counts by 5 
log and 4 log respectively. Thus, it is clear that such active gelatin-based films and 
coatings can be successfully applied for better preservation of fruits and vegetables.
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Meanwhile we must take into account that hurdle approach has one serious 
drawback, i.e. application of several technologies at sub-lethal level can induce 
microbial resistance in the survived population.

15  Conclusions and Future Outlook

The main priority of all agro-food industry is to extend the shelf life of foods saving 
their organoleptic and nutritional properties. Recently various conventional and 
emerging preservation technologies have been introduced. However, most of them 
have specific drawbacks.

During last two decades photosensitization has gained serious attention due to its 
high antimicrobial efficiency against wide spectrum of microorganisms, multi- 
target nature and overcoming multidrug resistance. Moreover, this treatment is non- 
thermal. Due to the fast development of optoelectronics LED-based photosensitization 
pretends to become cost- effective antimicrobial technology. Eventually, it is human 
and environmentally friendly, since no hazards, volatile compounds, mutagens or 
carcinogens are produced during photosensitization treatment.

First insights into application of photosensitization for microbial control of fruits 
and vegetables were realistic and successful. After 20 years of hard work it looks 
like photosensitization treatment is effective non-thermal and not-chemical tool to 
control microbial contamination of fruits and vegetables. Next to perfect antimicro-
bial efficiency Chlorophyllin-based photosensitization maintains food quality attri-
butes, such as nutritional quality, color and texture.

It is obvious that photosensitization efficiency is lower when we treat fruits and 
vegetables with different shapes and irregular surfaces in comparison with experi-
ments in vitro. First, the treatment efficiency can be enhanced constructing more 
powerful LED-based lighting system or simply increasing light exposure time. 
Second, it can be increased combining photosensitization with other antimicrobials 
to create a hurdle effect. High power pulsed light, chitosan, nanoparticles or other 
food-grade photosensitizers are perfect antimicrobial tools for hurdle treatment.

It must be highlighted that photosensitization can be used for development of 
natural, edible biopolymer-based photoactive coatings. Such coatings are able to 
prolong significantly the spoilage-free period of treated fresh produce, saving water 
evaporation, nutritional and organoleptic properties.

In our opinion, photosensitization opened a new window for the development of 
innovative, non-thermal, sustainable, effective and completely safe antimicrobial 
treatment. Its proper and gentle application for the microbial control of fresh pro-
duce suggests the potential of this treatment as an alternative for traditional thermal 
or chemical treatments and might be really powerful tool to prevent the foodborne 
diseases in the future.
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Chapter 12
Electrospinning Technology: Its Process 
Conditions and Food Packaging 
Applications

Gulden Goksen, P. Nisha, and H. Ibrahim Ekiz

The electrospinning technology has been emerged as a promising nonthermal pro-
cessing technology that has begun to attract the attention of the food industry, as 
much as in the scientific community, for developing encapsulated delivery systems 
for food applications. This technology is effective in the manufacturing of nano and 
micro scale fibres for encapsulation of nutritionally important and bioactive com-
pounds and packaging applications. It is a simple, cost-effective, efficient, versatile, 
and scalable technology to manufacture dry nano- and microencapsulation struc-
tures in the form of electrospun mats by subjecting a polymeric solution jet to an 
external high-voltage electrostatic field. Electrospinning nano/microstructures pos-
sess large surface to volume ratio, amendable size and morphology, nano porous 
features, intertwined fibrous structure, easy encapsulation and its efficiency, and 
sustained release property. The most important advantage of electrospun against the 
conventional techniques is processing tat low temperatures that prevent the degrada-
tion of bioactive compounds. Electrospinning process have open up new platform 
for developing food related applications such as encapsulation of bioactive com-
pounds with improved stability and bioavailability, and development of active and 
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intelligent packaging materials with improved shelf life, biodegradability, and sus-
tainability. The chapter summarises recent development in the electrospun technol-
ogy for food and packaging application.

1  Introduction

Electrospinning is a non-thermal technology with functions on an external electric 
field to manufacture continuous sub-micron or nano-scale (10–1000  nm) fibres 
(Ghorani and Tucker 2015). It really is a highly versatile and simple technique capa-
ble of generating high porosity and high surface to volume ratio electrospun fibrous 
structure. The process is influenced by polymer concentration, molecular weight 
and solution viscosity, applied voltage, tip-to-collector distance and flow rate affect 
(Echegoyen et al. 2017; Göksen et al. 2020). The method is based on applying elec-
trical field onto a droplet of polymer solution to convert to nanofiber assisted by 
collection onto a grounded plate (Göksen et al. 2021; Neo et al. 2013). The polymer 
solution is extruded from the needle tip at a constant rate by a syringe pump, form-
ing a droplet at the tip. When a droplet of polymer solution is exposed to high volt-
age, it is induced with free charges. The hemispherical surface of the droplet is 
distorted into a conical shape known as the Taylor cone at the tip of the needle, due 
to two main electrostatic forces, namely the electrostatic repulsion of identical 
charges and the Coulombic force of the external electric field. A charged polymer 
jet is expelled from the tip of the Taylor cone as soon as the electrostatic force coun-
teracts the surface tension. The unevenly distributed charges cause the jet’s whip-
ping or bending motion as the jet is guided towards the collector. As a result, jet 
elongation and rapid solvent evaporation occur and firm, fine fiber is collected as an 
arbitrarily directed on the grounded collector (Anu Bhushani and 
Anandharamakrishnan 2014; Moghe and Gupta 2008). A basic electrospinning 
setup is schematically illustrated in Fig. 12.1. It consists of a high-voltage power 
supply, is applied on the needle containing the spinning solution (1–30  kV), a 
syringe pump for feeding the spinning solution, and a grounded collector, present in 
different geometries (flat or roll). (Rostamabadi et al. 2020; Wen et al. 2017).

Several electrospinning methods have been developed and one of the key critical 
points for providing an effective bioactive targeted and/or control delivery is to 
select an optimal electrospinning technique in this context. The electrospinning 
methods can be categorized based on the configuration or number of the nozzles/ 
needle such as: (1) single nozzle/needle or uniaxial electrospinning; the most popu-
lar and simplest technique of manufacturing electrospun fibers from single polymer 
solutions; (2) Coaxial electrospinning; the method through coaxial capillaries to 
generate core-shell structured fibers. It allows the achievement of electrospun nano-
fibers embedded in porous, hollow, multi-channel, and even thin-wall. Selectable 
internal structure, high surface area, as well as high porosity of coaxially produced 
structures give distinctive features for innovative delivery applications (Rostamabadi 
et al. 2020; Wen et al. 2017; C. Zhang et al. 2020).

G. Goksen and P. Nisha



449

V

V

Shell needle 

Core needle 

Blending biopolymer solution 

with active agent

Biopolymer solution

Active agent

A

B
Grounded collector

High voltage supply

Solution jet

Taylor cone

Fig. 12.1 Electrospinning methods

2  Parameters Affecting the Electrospinning System

The major parameters that influence successful electrospinning process is the nature 
of solution includes concentration, viscosity, surface tension, molecular weight, 
electric conductivity etc. Apart from solution properties, the process conditions 
such as flow rate, applied voltage, tip to collector distance, the diameter of the nee-
dle have significant impact on the process. The third factor is the environmental 
conditions i.e. temperature, humidity, and airflow. To get the desired fiber morphol-
ogy, it is very critical that these parameters are provided with the best consideration 
(Senthil Muthu Kumar et al. 2019; C. Zhang et al. 2020).

Nonetheless, it is a technology influenced by certain processing parameters, 
because changing the conditions of the system can lead to the acquisition of various 
morphologies, such as porous fibers, flattened, branched, elliptical and hollow. 
Likewise, the characteristics of the polymer matrix, primarily natural and solubility 
influence the process resulting in fibers of various morphologies and sizes are pro-
duced, due to differences in viscosity, electrical conductivity, and surface tension 
(Rodríguez-Sánchez et al. 2020).
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2.1  Polymer Solution and Properties

Electrospinning utilizes polymeric solutions as wall structures that are biocompati-
ble, biodegradable and are of food grade. The use of food-grade polymers and bio-
polymers which are GRAS (generally regarded as safe), is a favourable approach 
for developing electrospinning systems for food related applications such as encap-
sulation and food packaging (Wen et al. 2017). Whey protein isolate, whey protein 
concentrate, plant protein isolate and concentrate, egg albumen, collagen, gelatin, 
zein and casein are popular protein based encapsulating solutions used in electros-
pinning. The significance of solution properties for the morphology of protein- 
based electrospun fibers has been reported by many researchers (Anu Bhushani and 
Anandharamakrishnan 2014; Göksen et al. 2020; Neo et al. 2013; Okutan et al. 2014).

Pullulan, alginate β-glucan, cellulose, modified starch, chitosan, cyclodextrin, or 
dextran are among the most utilized polysaccharides to manufacture nanofibers. 
Carbohydrate-based delivery systems can interact with several bioactive com-
pounds, rendering them effective carriers for encapsulating a variety of bioactive 
agents (Lim et al. 2019; Rostami et al. 2019; Topuz and Uyar 2020).

Furthermore, several synthetic polymers that are biodegradable and biocompat-
ible (e.g., PVA, PCL, PEO, PLA, PVP, etc.) can be converted into electrospun matri-
ces (Noruzi 2016; Rostamabadi et al. 2020). Depending on the process, they could 
be used alone or in blending with other biopolymers (Castro Coelho et al. 2021; 
Drosou et al. 2017).

The concentration of the prepared solution determines successful formation of 
efficient fiber and morphology. The increase in concentration increases fiber diam-
eter. If the solution concentration is low, droplet formation is seen, while if it is high, 
fiber formation becomes difficult. Highly concentrated solutions may accumulate at 
the syringe tip, which prevents fiber formation or causes it to collect in a smaller 
area on the collector plate. Therefore, the solution concentration must be adjusted 
whose morphology is suitable for proper fiber formation (Bhardwaj and Kundu 
2010; Okutan et  al. 2014). However, at a very high concentration, helix-shaped, 
curly, and wavy fibers will be produced (Aman Mohammadi et al. 2020).

The viscosity of the polymer solution affects the morphology and diameter of the 
fiber formed during the electrospinning process. Since a stable fiber production can-
not be achieved from very low viscosity polymer solutions, and solution feeding is 
difficult for very high viscosity solutions, optimum viscosity must be achieved in 
electrospining process according to the structure of the polymer. The concentration, 
molecular weight and viscosity of the polymer are related to each other. If there is 
an increase in the concentration or viscosity of the polymer solution, larger diameter 
fiber formation occurs (Mendes et al. 2017).

The surface of a liquid exhibits properties similar to a flexible layer is expressed 
as surface tension. As the surface tension of the polymer solution used in in the 
electrospinning increases, the applied voltage required for nanofiber formation 
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increases. The surface tension of the polymer solution generally decreases with 
increasing polymer concentration. The high surface tension causes the formation of 
jet irregularity and beaded structure and stops the electro-spinning process. When 
the surface tension is a bit low, thinner and beadless fiber formation is observed. 
However, all polymer with low surface tension may not be suitable for electrospin-
ning (Bhardwaj and Kundu 2010; Leidy and Maria Ximena 2019).

The ability to draw nanofibers from a solution prepared from synthetic or natural 
polymers depends on the electrical conductivity. The polymer jet is formed and 
stretched by the flow of charges on the surface of the jet. The higher the electrical 
conductivity of the solution, the more it will be carried over the jet, so the higher the 
charges, the greater the elongation of the solution. Consequently, nanofibers with 
thinner diameters are obtained with the lengthening of the path taken by the poly-
mer jet (Rezaei et al. 2015).

2.2  Process Conditions of Electrospinning Technology

A voltage must be applied to the solution for electrospinning to take place. 
Depending on the voltage applied, the fiber diameter changes. At values below criti-
cal voltage, the solution does not take the Taylor cone shape at the syringe tip and 
fiber formation does not occur. Values above the critical voltage value will result in 
a longer and unstable jet formation as there will be more charge accumulation in the 
solution. While the increase in the voltage value creates fibers with lower diameters 
in the first stage, then the fiber diameters become thicker and beads are formed due 
to the Taylor cone gaining an inverted structure rather than an extrovert (Ghorani 
and Tucker 2015; Wen et al. 2017).

Flow rate plays a role in determining the yield because the difference in flow rate 
negatively affects fiber morphology. A low flow rate causes the formation of a trun-
cated Taylor cone by affecting the solution drawn into the collector plate, while if 
the flow rate is high, the solution dripsleading to the formation of thick diameter 
fibers. Flow rate should be the same as the amount of solution exiting the syringe tip 
for continuous fiber formation and regular morphology (Aman Mohammadi et al. 
2020; Torres-Giner et al. 2008).

The distance between syringe needle to collector is adjusted to create a jet of the 
solution and allow the solvent to evaporate away. Since the short distance shortens 
the evaporation time, it causes instability in the Taylor cone in the collector plate, 
resulting in wet and beaded fibers, and consequently the fibers lose their cylindrical 
structure and become flat and ribbon. If the distance is long, the evaporation time 
will increase, so fiber formation occurs in dry and small diameters (Tseng and Zhao 
2013; Zhao et al. 2020).
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2.3  Ambient Conditions

Temperature, relative humidity and airflow affect the electrospinning process. 
Increased temperature decreases the solution viscosity and increases the evapora-
tion rate, resulting in thinning across the fibers. It has been observed that changes in 
relative humidity affect fiber diameter and drafting performance. Due to the decrease 
in the electrostatic force on the jet surface with the increase of relative humidity, the 
porous structure and increased diameter of the fibers on the collector plate is 
observed. However, the fact that the relative humidity of the environment is so high 
that the solvent does not evaporate completely causes the solution to be sticky and 
wet fibers when it reaches the collector plate. At low relative humidity, when the 
solvent evaporates quickly, it can cause a blockage at the syringe tip, stopping the 
process (Ghorani and Tucker 2015; Mendes et al. 2017). Therefore, the atmospheric 
conditions has a major impact on the he process.

3  Advantages of Electrospinning Technology of Versus 
Thermal Encapsulation Processing-Spray Drying

Spray drying is one of the most commonly used encapsulation techniques in the 
food industry. The main advantage of spray drying is good quality powder particles 
that is produce. The active material that is dispersed in a carrier polymer solution is 
atomized into tiny droplets during the spray drying process. Using a hot air flow 
with controlled temperature and relative humidity, the solvent is evaporated to pro-
duce a powder (Drosou et al. 2017). This process, however, uses a relatively high 
drying temperature (up to 150 °C), which can degrade ingredients that are thermally 
unstable. Therefore, spray drying is not recommended for the protection of tem-
perature sensitive bioactive agents such as essential oils, essential fatty acids (PUFA) 
and amino acids, antioxidants, plant extracts, enzymes and vitamins etc. The selec-
tion of non-thermal encapsulation is of particular significance for sensitive agents 
(Jacobsen et al. 2018). For this reason, the emerging electrospinning process as an 
alternative technology are gained increasing popularity lately due to their high 
encapsulation efficiency and ability to successfully protect heat- and oxidation- 
sensitive ingredients (Castro Coelho et al. 2021; Yang et al. 2017). Because hydro-
phobic and hydrophilic compounds could be encapsulated without the use of organic 
solvent or heat and, they could also be included within lipophilic/hydrophobic bio-
polymer systems, the nanofiber of bioavailability is usually higher than that of the 
other encapsulation methods counterparts owing to their submicron scale (Jacobsen 
et al. 2018).

Some of the prominent advantages of electrospinning are as given below

 1. Effective integration of bioactive compounds into electrospun matrices
 2. Simple and economical process
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 3. Reduced size, increased surface volume ratio and porous structure that can be 
incorporated in to food systems without affecting the product’s sensory 
characteristics;

 4. Nonthermal process;
 5. Provide control release with desired time and where target;
 6. Increase the bioavailability of bioactive compounds in  vitro digestion (Jiang 

et al. 2014; Rostami et al. 2019; Vilchez et al. 2020).

The importance of the electrospinning process can be understood by the fact that the 
increasing researches worldwide are determining multiple perspectives of the elec-
trospinning process and the fiber it makes, as well as by the rise in the number of 
patents for electrospinning-based applications in recent years (Bhardwaj and Kundu 
2010). As a result, electrospinning applications have been optimised in the lab scale 
for the food related industry for the production of micro and nanosized fibers and its 
large-scale commercial exploitation have been working on. This process have also 
been used for the encapsulation of various food and bioactive compounds and sug-
gested utilized different applications of food processing and packaging, according 
to literature researches (Fabra et al. 2016).

4  Applications in Food Encapsulation

Electrospinning technology has major advantages in the protection and delivery of 
bioactive ingredients. It is a process of entrapping an active ingredient for instance 
food bioactive components, probiotics or enzymes within or surface or between 
nanofiber) that depended on varieties of method (uniaxial or coaxial) (Ghorani and 
Tucker 2015). In addition, it can develop the organoleptic properties of the product, 
masking unwanted the flavour or odour without altering the taste, colour, texture, 
and enhance the release of the compounds (Drosou et al. 2017). It may improve the 
stability and bioavailability of bioactive components and enhance the viability of 
the probiotics need for the production of novel functional foods (Wen et al. 2017). 
Furthermore, the nanofibers acquired are also used as nanocarriers for the targeted 
delivery and controlled release of bioactive compounds in gastrointestinal system 
(Leidy and Maria Ximena 2019; Rezaei et al. 2015). Nanoencapsulated bioactive 
and nutritionally important compounds when incorporated in the food matrix, can 
enhance the -life and sensory quality (Castro Coelho et al. 2021).

5  Food Packaging Applications

The electrospun mats may consist of synthetic biopolymers, synthesized from bio 
derivative monomers (Polylactic acid-PLA, Polyvinyl alcohol-PVA etc.) or natural 
biopolymers, especially protein-based and carbohydrate-based with biodegradable 
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features of the structures or mixtures of them. Therefore, electrospinning promises 
advantages of simplicity of scale-up, repeatability and reproducibility as well as 
enabling manufacture of continuous nano/microstructure that has high strength, 
elasticity and surface area, and also allowing the loading of bioactive molecules and 
the control release. Natural polymers are commonly used in the food industry 
because, they display low toxicity, good biocompatible and biodegradable proper-
ties when compared to synthetic polymers (Rodríguez-Sánchez et al. 2020).

The food packaging applications are categorized based on the purpose; aug-
mented, intelligent and active packaging.

The demand for the development of food packaging materials with loaded active 
agents is increasing, because the materials can be fine-tuned to release bioactive 
compounds in response to unfavourable external conditions of food matrix 
(Table 12.1). Electrospun mats permit to load high amount of active agents as it pos-
sess higher loading capacity and encapsulation efficiency. Moreover, these mats 
allow release of bioactive compounds at appropriate time during storage to protect 
food against oxidations, undesirable microorganisms, especially pathogen, moulds, 
fungi and foodborne virus etc. The small spaces among fibers that are formed as 
nanofibers which come on top during production, acts as a barrier preventing bacte-
ria penetration (Topuz and Uyar 2020). Plant based natural antioxidants and natural 
antimicrobial agents that possess General Recognized As Safe-GRAS status have a 
great potential in electrospun food packaging development (Anu Bhushani and 
Anandharamakrishnan 2014; Zhao et al. 2020).

In recent years intelligent packaging have gained more attention among research-
ers. Fast reacting biosensors are perhaps the most prevalent use of nanofibre appli-
cation allowing fast response, higher sensitivity, and selectivity for smart or 
intelligent packaging systems (Senthil Muthu Kumar et al. 2019). The electrospun 
mats have been explored use on applications that are defined as a chemical or bio-
sensor which variations observed in the external or internal environment, monitors 
food safety and quality (Anu Bhushani and Anandharamakrishnan 2014; Ghaani 
et  al. 2016). Electrospun-based intelligent applications including indicators (for 
temperature, freshness, integrity, leakage, and pH tracking), data carriers (bar codes) 
and sensors (gas sensors and biosensors) have been explored in efforts to realize 
actual tracking of a commodity during the food supply chain (Aman Mohammadi 
et  al. 2020; Müller and Schmid 2019) (Table  12.2). Electrospun structures are 
employed for loading different compounds and substances such as food indicators. 
The pH indicators prepared via electrospinning technology are suitable candidates 
for intelligent food packaging due to their high surface area, porosity, flexibility, 
absorption capacity, low-cost production, and portable. Furthermore, electrospun 
mats loaded with indicator reagent show high sensibility and real time response and 
thus providing ease in terms of quality assessment of food (Aman Mohammadi 
et al. 2020; Kalpana et al. 2019).

Apart from active and intelligent packaging materials, a multilayered structure 
design can be applied to enhance the barrier and functional efficiency of biodegrad-
able polymers by incorporating the electrospinning process (Fabra et al. 2013). The 
principle problem, therefore, is the production of biodegradable interlayer that 
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Table 12.1 Last 5 years active food packaging studies by electrospinning

Biopolymer
Bioactive 
compounds

Process 
conditions

Average 
diameter 
size Results References

Zein Laurus nobilis 
and Rosemary 
officinalis EOs

0.4 mL/h
11 cm
18 kV

118.63–
201.78 nm
73.31–
86.06%

Both EOs were 
incorporated into 
homogeneous and 
smooth electrospun 
fibre mats which 
showed a significant 
antimicrobial activity 
against L. 
monocytogenes, S. 
aureus and aerobic 
mesophilic bacteria 
when applied as 
coatings on cheese 
slices.
When compared to cast 
films (ZF), the fast 
release of EO from the 
ZF rapidly reduced 
bacterial counts at short 
storage times, but later 
on the effect was 
diminished.

Göksen 
et al. 
(2020)

Zein
γ-Cyclodextrin
(γ-CD)

Thymol (THY) 0.5 mL/h
17 cm
17 kV

155–
415 nm

The release of THY 
was higher from 
zein-THY/γ-CD-IC-NF 
(2:1) compared to other 
nanofibers, due to the 
higher stability and 
preservation rate of 
THY in THY/γ-CD-IC 
(2:1).
Zein-THY/γ-CD-IC-NF 
nanofibrous webs were 
most effective at 
reducing the bacterial 
count in meat stored up 
to 5 days at 4 °C.

Aytac 
et al. 
(2017)

(continued)
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Table 12.1 (continued)

Biopolymer
Bioactive 
compounds

Process 
conditions

Average 
diameter 
size Results References

Zein, Soy 
protein isolate 
(SPI), 
poly(ethylene 
oxide) (PEO)

Ginger essential 
oil (GEO)

1 mL/h
15 cm
24 kV

220–
625 nm

GEO encapsulated in 
the ultrafine fibers 
showed antimicrobial 
activity against L. 
monocytogenes by the 
action of volatiles.
In situ antimicrobial 
activity of the fibers 
containing 12% GEO 
on fresh Minas cheese 
significantly reduced 
the proliferation of L. 
monocytogenes during 
refrigerated storage of 
12 days

F. T. d. 
Silva et al. 
(2018)

Zein,
β-cyclodextrin
(β –CD)

Eucalyptus 
essential oil 
(EEO)

1 mL/h
15 cm
18 kV

333–
389 nm

The EEO showed 
antimicrobial activity 
against Gram-positive 
and Gram-negative 
bacteria when evaluated 
by disk diffusion tests, 
MIC, MBC and 
micro-atmosphere.
The citronelal was the 
major constituent of the 
essential oil.
Nanofibers with 
IC-β-CD/EEO has 
antimicrobial activity 
against S. aureus and L. 
monocytogenes.

Dias 
Antunes 
et al. 
(2017)

Gelatin,
ε-polylysine,
β-CD

Thyme essential 
oil (TEO)

0.4 mL/h
15 cm
20 kV

169–
206 nm

The thyme essential 
oil/β-cyclodextrin 
ε-polylysine 
nanoparticles (TCPNs) 
were included into 
gelatin nanfibers that 
exhibited antimicrobial 
affect against C. jejuni 
in chicken.

Lin et al. 
(2018)

(continued)
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Table 12.1 (continued)

Biopolymer
Bioactive 
compounds

Process 
conditions

Average 
diameter 
size Results References

Chitosan Chrysanthemum 
essential oil 
(CEO)

0.2 mL/h
15 cm
25 kV

50–
250 nm

The chrysanthemum oil 
loaded to chitosan 
nanofibers (CHEO/CS/
NF) were 
manufactured.
CHEO/CS/NF has 
antibacterial activity 
and antioxidant 
properties on beef.
The practical 
application in beef 
showed that the CHEO/
CS/NF had long-term 
anti-L. monocytogenes 
effect during 7-day 
storage.

Lin et al. 
(2019)

Zein/κ- -
carrageenan

Rosemary 
essential oil 
(REO)

1 mL/h
10 cm
15 kV

495–
877 nm

The fabricated 
nanofiber exhibited the 
excellent antimicrobial 
and antioxidant 
activities.
The in-vitro cell 
cytotoxicity assay 
approved the 
biocompatibility 
property.

Amjadi 
et al. 
(2020)

Chitosan, 
Gelatin

Thyme essential 
oil (TEO)

5 cm
25 kV

127–
343 nm

TEO and encapsulated 
TEO showed 
antimicrobial activity 
against Clostridium 
perfringens.
Nitrite of sausage could 
be replaced by 
nanofiber containing 
TEO via nozzle-less 
electrospinning 
technique.

Vafania 
et al. 
(2019)

(continued)
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Table 12.1 (continued)

Biopolymer
Bioactive 
compounds

Process 
conditions

Average 
diameter 
size Results References

Gelatin Peppermint 
(PO) and 
Chamomile 
(CO) essential 
oils

0.3 mL/h
10 cm
15 kV

293–
462 nm

The antioxidant activity 
was significantly found 
for the nanofibers 
loaded with CO.
The antibacterial 
activity against E. coli 
and S. aureus was 
better for the nanofibers 
with the addition of PO.
The 
3-(4,5-dimethylthiazol- 
2-yl)-2,5- 
diphenyltetrazolium 
bromide assay with 
NIH-3 T3 fibroblasts 
demonstrated the 
absence of cytotoxicity 
of the gelatin/EO 
nanofibers.

Tang et al. 
(2019)

Gelatin Orange essential 
oil (OEO), 
Tannic acid

0.3 mL/h
15 cm
13 kV

83–
145 nm

Both gelatin and 
gelatin-cross-linked 
tannic acid were 
provided targeted 
controlled release of 
OEO.
They increased OEO 
storage stability.

Tavassoli- 
Kafrani 
et al. 
(2018)

Chitosan, 
flaxseed 
mucilage

Ziziphora 
clinopodioides 
essential oil

2 ml/h
25 cm
15 kV

137–
285 nm

Active chitosan- 
flaxseed nanofibers 
possessed good 
antimicrobial and 
antioxidant properties 
due to sustained release 
within 96 h.
These nanofibers has 
good tensile strength, 
puncture force, 
puncture deformation, 
water vapor 
transmission rate, water 
vapor permeability, and 
swelling index.

Karami 
et al. 
(2021)

(continued)
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Table 12.1 (continued)

Biopolymer
Bioactive 
compounds

Process 
conditions

Average 
diameter 
size Results References

Pullulan, γ-CD Eugenol 0.5 ml/h
15 cm
15 kV

265–
525 nm

Pullulan/eugenol-γCD 
nanofibers proved high 
thermal stability of 
eugenol.
It exhibited 93% 
encapsulation 
efficiency.
The antioxidant 
performance of eugenol 
was effectively showed 
even after long-term 
storage (98.2 ± 1.4%, 
3-months) and 
heat-treatment 
(92.8 ± 1.0%, 175 °C 
for 1 h) for pullulan/
eugenol-γCD 
nanofibers.

Celebioglu 
and Uyar 
(2021)

Gelatin, 
chitosan

Moringa oil 
(MO)

0.2 ml/h
15 cm
23 kV

92–
142 nm

The fabricated 
MO-CNPs embedded 
gelatin nanofibers 
demonstrated excellent 
physicochemical 
properties, improving 
stability, and action 
time of MO.
The nanofibers had 
high antibacterial 
activity against L. 
monocytogenes and S. 
aureus on cheese.

Lin et al. 
(2019)

Gelatin, 
chitosan

Clove oil (CO) 0.5 ml/h
15 cm
25 kV

274–325 The active gelatin 
nanofibers can 
eliminate E. coli 
O157:H7 biofilms on 
cucumber during 4 days 
of storage.
The active nanofibers 
can maintain the 
sensory quality of 
cucumber especially 
the colour and taste for 
4 days.

Cui et al. 
(2018)

(continued)
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Table 12.1 (continued)

Biopolymer
Bioactive 
compounds

Process 
conditions

Average 
diameter 
size Results References

Polyvinyl 
alcohol (PVA),
β-cyclodextrin

Cinnamon 
essential oil

0.6–
0.9 ml/h
15 cm
12–15 kV

308–
751 nm

PVA/β-cyclodextrin 
sustained-release 
antimicrobial 
nanofibers was 
prepared
The chemical 
crosslinking PVA/
β-CD/CEO nanofibrous 
film delay the rapid 
decay of mushrooms 
during storage

Pan et al. 
(2019)

Lentil flour,
polyethylene 
oxide (PEO)

Gallic acid 0.6 ml/h
30 cm
15 kV

184–
334 nm

Gallic acid was loaded 
to lentil flour/PEO 
nanofibers.
Gallic acid 
encapsulated nanofibers 
showed no enthalpic 
peak related to melting 
of unique crystalline 
structure of gallic acid.
Active packaging 
electrospun mats 
enhance oxidative 
stability of walnuts.

Aydogdu 
et al. 
(2019)

Poly(lactide- 
co- glycolide) 
(PLGA)

Thymol PLGA: 
0.8–
1.2 mL/h,
Thymol: 
0.1 mL/h.
17 cm
20 kV

Not given The antibacterial of the 
nanofiber mat was 
tested on strawberries.
Active elctrospun mat 
can effectively inhibit 
the growth of bacteria, 
fungi, and yeast and 
extend the shelf life of 
strawberries.

Y. Zhang 
et al. 
(2019)

promote layer adhesion, and this can be accomplished through the use of the elec-
trospinning process. This route creates high oxygen barrier structures, even at high 
relative humidity, by combining biopolyester layers with protein and polysaccharide- 
based interlayers (Fabra et  al. 2013, 2016). When used as intermediate layers in 
packaging materials, the electrospun nanofibers improve their structural, optical and 
functional characteristics and thus supply advantages according to the other multi-
layered structures (Echegoyen et al. 2017). Figure 12.2 illustrates the application of 
electrospinning in food packaging.

Food packaging materials with heat management or oxygen barrier properties 
are especially important for frozen food transport (Anu Bhushani and 
Anandharamakrishnan 2014). Protein-based electrospun nanofibers can also be 
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Table 12.2 The intelligent packaging applications used electrospun mats

Biopolymer
Bioactive 
compounds

Processing 
conditions Morphology

Advantages and 
Applications References

Polyvinyl alcohol 
(PVA)

Red cabbage 
extract

15 kV,
15 cm,
1 mL/h

255–749 nm
Ribbon like 
fibers

The pH sensor was 
designed 
sensitivity to 
different pH.
The pH sensor 
improved stability 
and reversibility 
and could monitor 
pH changes in 
packaged fresh 
dates (Rutab) 
during storage.

Maftoonazad 
and 
Ramaswamy 
(2019)

Zein Red cabbage 
extract

16 kV,
16 cm,
1 ml/h

444–510 nm
Ultrafine 
fibers with 
smooth 
surfaces

The nanofibers 
with anthocyanins 
exhibited vivid 
color changes 
depending on pH, 
from pink in an 
acidic condition to 
green in a basic 
medium.

Prietto et al. 
(2018)

poly (lactic acid) 
(PLA), poly 
(ethylene oxide) 
(PEO)

Phycocyanin 15 kV,
14 cm,
0.6 ml/h

921–
1357 nm
Reduction in 
the mean 
diameter of 
up to 43%

PLA/PEO 
nanofibers loaded 
with 3% of the 
phycocyanin 
presented the best 
responses 
regarding the 
perception of color 
change (ΔE).
The nanofibers 
thickness of 
68.7 μm showed 
76% of ΔE values 
above 12.

Moreira et al. 
(2018)

(continued)
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Table 12.2 (continued)

Biopolymer
Bioactive 
compounds

Processing 
conditions Morphology

Advantages and 
Applications References

Polycaprolactone 
(PCL),
polyethylene 
oxide (PEO)

açaí (Euterpe 
oleracea) 
extract

20 kV,
12.5 cm,
0.6 ml/h

885–
1635 nm
uniform 
fibers

The pH sensor was 
developed with an 
açaí extract and 
possessed a 
melting point of 
58 °C and a 
maximum 
degradation 
temperature of 
408 °C.
The total color 
difference (ΔΕ) of 
the colorimetric 
response was 
greater than 5, 
corresponding to 
the human ability 
for color 
differentiation.

C. K. 
D. Silva et al. 
(2019)

Pullulan,
Zein,
Glycerol

Purple sweet 
potato 
extract 
(PSPE), 
Carvacrol

9 kV,
12 cm,
0.7 ml/h

281–745 nm PSPE can change 
color over the pH 
range of 2–3 to 7.2 
used as a 
halochromic dye.
The change in ΔE 
values of 
double-layer 
electrospun mats 
was 7.56 and that 
provided faster and 
more sensitive 
detection, and had 
also reversible 
property.
Effective 
monitoring pork 
freshness and 
extending the shelf 
life by 24 h at 
25 °C.

Guo et al. 
(2020)

(continued)
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Table 12.2 (continued)

Biopolymer
Bioactive 
compounds

Processing 
conditions Morphology

Advantages and 
Applications References

Zein Alizarin 20 kV,
15 cm,
1 ml/h

79–619 nm
Fibers free 
of beads

An electrospun 
nanosensor 
successfully 
monitored trout 
fish freshness.
Colorimetric 
results agreed with 
the microbial and 
physicochemical 
changes in the fish.
The nanosensor 
provides high 
sensitivity 
real-time alerts for 
trout at 4 °C.

Aghaei et al. 
(2020)

Cellulose acetate Alizarin 25 kV,
15 cm,
0.5 ml/h

210–304 nm A halochromic 
sensor of cellulose 
acetate nanofibres 
and alizarin as a 
fish spoilage 
indicator in 
real-time is 
designed.
The colour of 
sensor tended 
towards violet on 
the 12th day; the 
colorimetric result 
proved the 
expected visual 
colour change in 
the electrospun 
nanosensor.

Aghaei et al. 
(2018)

(continued)
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Table 12.2 (continued)

Biopolymer
Bioactive 
compounds

Processing 
conditions Morphology

Advantages and 
Applications References

Polyethylene 
oxide (PEO), 
Chitosan

Curcumin 12 kV,
30 cm,
0.6 ml/h

283–338 nm The electrospun 
nanofiber 
halochromic pH 
sensor mat using 
curcumin, chitosan 
(CS) and 
polyethylene oxide 
(PEO) to monitor 
chicken freshness 
was developed.
Electrospun mat 
showed drastic 
color changes with 
respect to chicken 
deterioration 
which was 
demonstrated by 
pH and TVB-N 
alteration.

Yildiz et al. 
(2021)

Extending shelf life

Limited lipid oxidation

Improved color changes

Providing microbiological safety

Biopolymer

Bioactive compound

Chicken packed with Electropun mats 

Fig. 12.2 Electro spun mats in packaging application

used as strengthening agents in multilayer structure not only reduced oxygen and/or 
aroma permeability and enhanced barrier properties but also development of trans-
parency of the composite (Fabra et al. 2013, 2014).

6  Conclusion

The main advantages of bioactive compounds encapsulated with electrospun nano-
fibers are sustained and controlled release, process at room temperature, efficient 
encapsulation capacity, enhanced stability achieved by food grade polymers and 
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biopolymers. Furthermore, by changing processing parameters, the diameter of the 
encapsulant can be adjusted. Over the past several years, electrospinning has firmly 
established its advantages as an encapsulation methodology in food application for 
developing innovative products and packaging materials and therefore, the demand 
for electrospinning equipment, both for lab and industry scale up, is expected to 
widen substantially. There exist many barriers the implementation of electrospin-
ning in the food industry. The low efficiency, which limits its large-scale industrial 
utilization, is one key obstacle of electrospinning. Therefore, by changing the struc-
tural aspects of the electrospinning setup apparatus, resolving this limitation pro-
vides the potential use as commercialization. The more Academic-Industry 
cooperation should be done because electrospinning technology is need lower cost 
and developed performance for converting to from prototype to 
commercialization.
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Chapter 13
Application of Encapsulation Technology 
in the Agri-Food Sector

Marko Vinceković and Slaven Jurić

1  Introduction Into the Encapsulation Technology 
to the Agri-Food-Bio Sciences

Encapsulation might be defined as a process of substance (internal phase, payload, 
or payload phase) insertion into another substance (membrane, shell, capsule, car-
rier material, external phase, wall, or matrix) (Vinceković et  al. 2021; Nedović 
et al. 2011). Throughout the encapsulation process, various sizes of particles can be 
produced, from a few nm (nanoparticles) to a few mm (microparticles) (Lengyel 
et al. 2019). The encapsulation technology was first introduced to the area of bio-
technology to increase the efficiency of products. The developed technology became 
huge interest in the other areas like pharmaceuticals and cosmetics industry, as well 
as agricultural and food industry.

There are several advantages towards using the encapsulation process in agri- 
food- bio sciences: (i) easier handling (e.g. converting liquid ingredients into a pow-
der form, which can be completely free of certain impurities with better rheological 
and sensory (smell/odor) properties, (ii) immobilization of encapsulated material 
for various production processes, (iii) better stability of encapsulated material dur-
ing technological preparation and in the final product (i.e. significant reduction of 
volatiles evaporation, reduced degradation/decomposition and reduction of reaction 
with other ingredients in the complex matrix of the product), (iv) increase the safety 
and security (e.g. reduced flammability and explosive behavior of volatile com-
pounds and easier handling), (v) improving visible and textural effects (visual signs) 
in the final product (cosmetic, food and agricultural industry), (vi) tunning the prop-
erties of encapsulated material (particle size distribution, structure, solubility in 
organic and inorganic solvents, color), (vii) time adjustment of the release of 
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encapsulated material which may be activated under certain  conditions or with the 
ingredients of a complex product system or by the action of external factors (Jurić 
et al. 2020a).

In addition to the above advantages, encapsulation processes have certain disad-
vantages, as (i) increasing the costs of upscaling the encapsulation process, (ii) the 
industrial production and/or supply chain process are complex, (iii) the final appear-
ance of the product is not in line with customer expectations (visually or sensory 
does not meet customer criteria) products, and this is especially problematic in the 
food production sector, (iv) stability problems of prepared nano- and microparticle 
formulations during storage, transport and application in certain complex system 
products (Vinceković et al. 2021). Despite these shortcomings mentioned, encapsu-
lation technology is increasingly being advanced and developed and continuously 
used as a process in the preparation of new products in the fields of agriculture, food 
technology, cosmetics, and nutraceuticals.

The encapsulation technology applies to the food industry as a useful tool to 
improve the delivery of bioactive compounds (e.g. antioxidants, minerals, vitamins, 
phytosterols, lutein, fatty acids, lycopene, esters, aromas, colors) and living cells 
(e.g. probiotics, yeast) in real food products (Jurić et al. 2021; Mrkonjić Fuka et al. 
2021; Belščak-Cvitanović et  al. 2017; Vos et  al. 2010). Furthermore, there is an 
increasing trend towards using encapsulation technology for agricultural purposes 
to increase the viability and to control the delivery of living microorganisms into the 
field. These methods proved efficient and superior to the other formulations in terms 
of living organisms’ protection against the harsh environment (Jurić et al. 2020c; 
Vinceković et al. 2016). The encapsulation process can be applied for the produc-
tion of particles loaded with biological and chemical agents as an advanced tool for 
ecological and sustainable plant production. Encapsulation in biopolymer matrices 
has been recognized as an effective method for the controlled release of agents used 
for plant protection and nutrition (Jurić et al. 2019, 2020b). In the cosmetic industry 
encapsulation process have been proposed to increase the stability of the material, 
to protect it against degradation, and also to direct and control the release of encap-
sulated material used in cosmetic products (Casanova and Santos 2016).

The stability of encapsulated compounds mainly depends on a combination of 
environmental and chemical factors (i.e. pH, metal ions, light, high temperatures, 
enzymes, and oxygen) (Mahdavee Khazaei et al. 2014). In Table 13.1 we have out-
lined some of the recently used stabilization techniques and carriers for encapsula-
tion of natural pigments. Usually, with regards to the encapsulation of various 
ingredients, research papers deal with the fabrication and development of new pro-
duction methods but worryingly the research on the inclusion of encapsulated mate-
rial into e.g. real food products is still scarce (Jurić et al. 2020a). Due to the stability 
issues under environmental conditions during product manufacturing and later stor-
age, the incorporation of particles loaded with active ingredients into final products 
is still extremely challenging. Even though encapsulation is always advancing and 
represents an effective way to protect encapsulated material, incorporation of nano- 
and microparticles into products is still not investigated enough (Jurić et al. 2020a).
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Table 13.1 Stabilization techniques and materials used for the protection of water and lipid- 
soluble natural pigments (Adapted from Jurić et al. 2020a, 2020b, 2020c)

Pigment Co-pigment/Wall materials Stabilization technique Reference

Water soluble
Anthocyanins Dairy proteins Complexation Chung et al. (2015); He 

et al. (2016)
Pectins Complexation Lin et al. (2016)
Whey proteins and pectins Complexation/physical 

entrapment
Arroyo-Maya et al. 
(2016)

Gum arabic Complexation Chung et al. (2016a); 
Guan and Zhong (2015)

β-cyclodextrins Molecular inclusion Howard et al. (2013); 
Fernandes et al. (2013)

Green tea extracts Complexation Chung et al. (2016b)
Ferric ion Chelation Tachibana et al. (2014)
Stearic acid Lyophilization Cruz et al. (2015)
Oleic acids Lyophilization Cruz et al. (2016)
Different fatty acids Lyophilization Cruz et al. (2017, 2018); 

Luo et al. (2017); Yang 
et al. (2019)

Montmorillonite Hybridization Kohno et al. (2009)
Methoxyl pectin Ionic gelation de Moura et al. (2018)
Sodium alginate Ionic gelation da Silva Carvalho et al. 

(2019)
Polyethylene glycol (PEG) Ionic gelation Santos et al. (2013)
Alginate Ionic gelation Belščak-Cvitanović et al. 

(2016)
Pectin amide Ionic gelation Oidtmann et al. (2012)
Whey protein isolate Microemulsions Oidtmann et al. (2012)
Maltodextrin, pectin amide Spray drying Oidtmann et al. (2012)
Glycerol mono-oleate, soy 
Lecithin, maltodextrin, 
poloxamer 338

Spray drying Ravanfar et al. (2018)

Supercritical carbon 
dioxide

Liposomes Zhao et al. (2017)

Betalains Sucrose Co-crystallization Karangutkar and 
Ananthanarayan (2020)

Sodium alginate, sodium 
alginate-bovine serum

Ionic gelation Otálora et al. (2016)

Rapeseed oil, guar gum, 
xanthan gum

Double emulsions Kaimainen et al. (2015)

Lipid Soluble
Carotenoids Whey protein concentrate, 

gum arabic
Spray drying Chuyen et al. (2019)

β-carotene Wheat gluten nanoparticles, 
wheat gluten nanoparticle- 
xanthan gum

Pickering emulsion Fu et al. (2019)

(continued)
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Table 13.1 (continued)

Pigment Co-pigment/Wall materials Stabilization technique Reference

Maltodextrin, gum arabic, 
chitosan, gelatin

Spray drying Bonilla-Ahumada et al. 
(2018)

Native and hydrolyzed 
Pinhao starches

Freeze-drying da Silva Carvalho et al. 
(2019)

Lycopene Gelatin, sucrose Spray drying Shu et al. (2006)
Lecithin, α-tocopherol Supercritical 

antisolvent 
co-precipitation (SAS)

Cheng et al. (2017)

Lutein Gelatin, gum arabic Coacervation Qv et al. (2011)
Chlorophylls Polycaprolactone Microfluidic 

emulsification
Hsiao et al. (2020)

Gum arabic, maltodextrin Spray drying Kang et al. (2019)
Whey protein isolate Spray drying Zhang et al. (2020)

2  Classification of Next-Generation Biopolymer-Based 
Carriers as Sustainable Materials

Research is nowadays more focused on the investigation of alternative carriers such 
as biopolymers. Biodegradable polymers are suitable materials for the production 
of NPs because of their abundance, relative stability, and durability throughout the 
encapsulation processes. One of the most important advantages of encapsulation in 
biopolymeric particles is also high food compatibility and safety which is connected 
with the availability of polysaccharides, proteins, and lipids (Fathi et  al. 2021). 
Biopolymeric carriers are generally easily prepared from natural biodegradable 
polymers. These types of materials are usually used because they are generally 
regarded as safe for the consumer and environment. Also, prepared particles have 
superior properties especially considering controlled and targeted release (Jana 
et al. 2020). Biopolymeric particles are usually spherical with some deviations. It is 
possible to distinguish two types of particles, the reservoir type, and the matrix 
type. The reservoir type (capsule) has a shell around the bioactive component 
(filler). These types can further be divided into a single-core/mono-core or a core- 
shell type. The release of the payload from reservoirs can be achieved via the appli-
cation of force (pressure) or under specific conditions which are generally resulting 
in capsule breakage. Poly- or multiple-core type particles have several reservoir 
chambers loaded with encapsulated material in a single particle (Vinceković et al. 
2021). In the matrix type of particles, the payload is usually dispersed over the bio-
polymer matrix carrier and it can be in the form of homogeneously dispersed small 
droplets or it can be adsorbed on the surface.

Currently, various materials of different origins and properties are being used for 
the encapsulation process either in solid, liquid, or gaseous forms. Materials used in 
the production of carrier systems can be divided into three groups as proteins, poly-
saccharides, and lipids (Fig. 13.1). Biopolymer carriers can be prepared in various 
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Fig. 13.1 Major natural biomolecules groups which are most often used in the preparation of 
nanosized carriers

shapes (films, spheres, irregular particles), or structures (compact or porous, amor-
phous or crystalline, rubbery or glassy) which depends mainly on the type of pay-
load and application (Madene et al. 2006). Encapsulation in biopolymeric carrier 
systems is continuously developed and mostly advances to improve physicochemi-
cal, functional, and release properties while keeping in mind cost-effectiveness and 
the use of environmentally friendly material throughout the process (Lozano- 
Vazquez et al. 2015). The chosen material for the production depends on the pur-
pose of encapsulation and final application. Generally, there are a couple of aims 
that are to be considered when choosing the right material for the encapsulation 
process: (i) the improvement of shelf life, (ii) type of encapsulation method, (iii) 
masking of taste or aroma, (iv) easier handling, (v) controlled and/or targeted 
release, (vi) improvement of appearance. Chosen materials for biopolymeric parti-
cle production are required to have several of the following requirements (Desai and 
Park 2005a). Furthermore, carriers should not react with a component which is to be 
encapsulated and should have good rheological properties and behavior even at very 
high concentration. Also, it should not release the encapsulated component during 
the storage or transport, provide maximal protection against environmental condi-
tions, and should be completely solvent-free or from any other material used during 
encapsulation under drying or other desolvating conditions. Concerning the eco-
nomical aspect, encapsulation material should be inexpensive, available in large 
quantities, and of constant quality (Desai and Park 2005b).

3  Modern Nanocarrier Systems

When considering the use of desired nanocarrier system, few basic points need to be 
considered. The main point is to take into the account type of used payload, consider 
its physicochemical stability, consider the overall sustainability of the production 

13 Application of Encapsulation Technology in the Agri-Food Sector



474

process, and possible health risks (Fathi et al. 2021). There are carrier systems that 
can be considered to be used in agri-food sectors and these include:

 (i) Nanofibers are used due to their desirable properties for encapsulation of vari-
ous payload materials. They are usually lightweight with small diameters and 
have controllable pore structures with a high surface-to-volume ratio 
(Vinceković et al. 2021).

 (ii) Nanohydrogels are nanosized networks of chemically/physically cross-linked 
polymers consisted of chains that are hydrophilic or amphiphilic. They are 
three-dimensional biocompatible materials with a large amount of water con-
tent. For delivery applications, few key properties are necessary: high water 
content/swellability, biocompatibility, and adjustable chemical/mechanical 
properties. Hydrogels can retain a large quantity of water or biological fluid 
without disturbing their basic polymeric chain structure. Hydrogels prepared 
from natural polymers have drawn huge attention due to their applications in 
pharmacy, agriculture, medicine, tissue engineering, cancer therapy, and drug 
delivery (Akram and Hussain 2017; Khoee and Asadi 2016).

 (iii) Nanoemulsions are kinetically stable liquid-in-liquid dispersions with droplet 
sizes in the range of 100 nm. They are characterized by high surface area per 
volume, robust stability, optically transparent appearance, and tunable rheol-
ogy. Nanoemulsions are applicable in different areas from drug delivery, food 
production, agriculture, cosmetics, pharmaceuticals, to material synthesis 
(Gupta et al. 2016).

 (iv) Nanostructured lipid carriers are delivery systems composed of both solid and 
liquid lipids as core matrices. These types of carriers have advantages for drug 
therapy over conventional carriers. These include higher solubility, increased 
storage stability, better permeability, and bioavailability, decreased adverse 
effects, prolonged half-life, and tissue-targeted delivery (Nie et al. 2020).

 (v) Bionanocrystals are especially interesting due to their unique properties and 
have received considerable attention for the delivery of bioactive compounds. 
They are biocompatible, rigid, biodegradable, easy to modify, and are renew-
able (produced from food and agriculture waste) (Koshani and Madadlou 
2018). For the food industry, especially are interesting starch, chitin, and cel-
lulose nanocrystalline particles. They are considered promising contenders for 
the fabrication of reinforced, biodegradable carrier systems (Kasiri and Fathi 
2018; Hao et al. 2018).

Despite many advantages to the nanocarrier systems, some problems are in the 
future to be overcome. These include (i) aggregation and adhesion of particles, (ii) 
special storage conditions and limited stability time of prepared formulations, (iii) 
difficulties in encapsulating some payloads of different hydrophilic properties in the 
same matrix, (iv) difficulties in regulating the polydispersity of particles (Vinceković 
et al. 2021).

To choose the optimal encapsulation method and the process of production of 
particles several things are needed to be considered. Mainly the type of material and 
encapsulated component because this is determinant when regarding pore size, 
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payload size, molecular weight, solubility in the carrier, the volumetric size of the 
carrier, and complex interactions between the payload and the carrier since this will 
govern the release mechanisms. Knowledge of this can significantly increase effi-
ciency, loading capacity, and release properties which are the most important 
parameters (Panyam et al. 2004).

4  Encapsulation Technology in Agriculture – Present 
and Future

The encapsulation technology is widely used in different sectors from medicine, 
agriculture, food processing through the cosmetics and pharma industries. The sci-
entific investigation in agricultural science technology and development in the last 
several years have concluded the huge necessity to set up a new type of micropar-
ticles (microspheres/microcapsules) as a delivery system of biological agents (fungi, 
bacteria, microalgae) and chemical agents (micro-and macronutrients, esters, pep-
tides, amino acids, hormones, pesticides, etc.) (Vinceković et al. 2016; Jurić et al. 
2020a, 2020b, 2020c; Slattery et al. 2019; Pereira et al. 2019; Rodríguez Nogales 
et al. 2020; Tsuji 2001).

One of the most important properties of the prepared microparticle formulations 
(microspheres/microcapsules) is the protection of active ingredients from external 
conditions and their decomposition and loss of activity in a particular environment. 
It can also improve their bioavailability and regulate the time release of ingredients 
over a longer period. Also, it brings the possibility of longer storage without loss of 
their activity. All setup properties depend on several important factors of encapsula-
tion technology in agricultural application: (i) various types of wall materials and 
their concentration, (ii) encapsulation method/encapsulation process – microparti-
cle production, (iii) pH and temperature, (iv) particle size (especially important for 
the method of application in agriculture (plant protection/nutrition)), (v) type and 
amount of encapsulated ingredients/additives and their interaction, as well as inter-
action with the carrier material. All these factors have a significant influence on the 
microparticle loading capacity, encapsulation efficiency, swelling degree, the 
strength of the membrane, and the type of release mechanism of bioactive compo-
nents from microparticles (Li et al. 2019).

Present scientific investigation of microparticle formulations is focused on the 
preparation of a complex biopolymer-based network containing several bioactive 
components (synergistic effect). With this intensive research, new insights were 
gained connected to the complex processes and mechanisms of inter- and intramo-
lecular interactions in biopolymer-based microparticles (microspheres/microcap-
sules). Inter- and intramolecular interactions are influencing the structural properties 
of microparticles loaded with active agents (biological and chemical) which in turn 
have an impact on their overall properties, especially on tunning their release mech-
anism from microparticle formulation in a specific environment. With this 
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knowledge, it is possible to prepare a new generation of microparticle formulations 
with the desired properties for different types of application in the agricultural pro-
duction in the open field, greenhouse, hydroponics, or foliar approach of agroeco-
logical plant nutrition or protection and functional food production (higher level of 
plant metabolites) (Jurić et al. 2020a, 2020b, 2020c; Vinceković et al. 2019).

Besides the use of microparticles in agriculture, nanoparticles are also exten-
sively utilized. Nanocapsules are vesicular systems consisted of a polymeric porous 
membrane that encapsulates an inner liquid core at the nanoscale. Some of the pref-
erentially used nanoparticles are:

 – Polymeric nanoparticles have superior biocompatibility and a minimal impact on 
non-targeted organisms. Polymeric types of nanomaterials are widely used in 
agriculture are polyethylene glycol, poly(epsilon-caprolactone), poly(lactide-co- 
glycolides), and poly (γ-glutamic acid) (Chand Mali et al. 2020; Clemente et al. 
2014; Grillo et al. 2013; Ranganathan et al. 2019; Xu et al. 2013; Govender 1999).

 – Silver nanoparticles are very effective against different phytopathogens (pesti-
cide activity) with low toxicity and also in some cases, they are showing plant 
growth promotor properties. They are efficiently used for site-targeted delivery 
of important agrochemical products and diagnosis purpose tools in case of prior 
detection of plant diseases (Sadak 2019).

 – Nano alumino-silicates, used as an effective pesticide (for different insects) in 
agriculture. They have very good properties: non-toxicity, biocompatibility, low 
costs, and environment-friendly nature (Singh et al. 2021; Mittal et al. 2020).

 – Titanium dioxide nanoparticles (TiO2) are one of the forms of titanium in the 
environment. TiO2 nanoparticles are widely used for plant protection and envi-
ronmental remediation because of their photoprotective and photocatalytic prop-
erties (Lyu et al. 2017).

 – Carbon nanomaterials (graphene, graphene oxide, carbon dots, fullerenes, car-
bon nanotubes, fullerenes, carbon nanoparticles, and carbon nano-horns) have 
beneficial and stimulatory effects on plants in vitro or culture conditions. They 
are used to improve the seed germination process (Mukherjee et al. 2016; Husen 
and Siddiqi 2014).

Most nanotechnology products utilized in agriculture are used for plant protection 
and nutrition (nano herbicides, nano pesticides, nano fertilizers, and nanosystems 
for disease protection). All these systems explore the possible use of nanotechnol-
ogy primarily in the process of controlled delivery of active ingredients that could 
be used as pesticides, herbicides, or fertilizers, but also secondary to improve the 
safety of the products which are applied in the process of plant protection and nutri-
tion. Because of that, their group name is nanoagroparticles (Baker et al. 2017). In 
Table 13.2 we have presented examples of the application of colloidal delivery sys-
tems for essential oils in agriculture.

Viruses, fungi, and bacteria infections are causing huge economical losses in 
agricultural production. The preparation of nanomaterials enriched with certain 
components which are having specific antimicrobial properties against phytopatho-
genic fungi (Colletotrichum gloeosporioides, Fusarium oxysporum, Fusarium 
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Table 13.2 Examples of application of colloidal delivery systems for essential oils in agriculture 
(Adapted from Fathi et al. 2021)

Field of 
application

Essential oil delivery 
system

Preparation 
procedure Claimed advantages

Organic 
farming

Carvacrol in alginate- 
whey protein 
biopolymeric particles

Emulsification and 
extrusion

Targeted release in chicken 
jejunum and ileum (Zhang 
et al. 2014)

Pest control Aegeratum conyzoides, 
Achillea fragrantissima, 
and Tagetes minuta EOs 
nanoemulsions

High pressure 
homogenization

Higher toxicity against eggs 
and adults of beetle 
Callosobruchus maculates 
than free oils (Nenaah et al. 
2015)

Zanthoxylum rhoifolium 
EO in biodegradable 
polycaprolactone 
nanospheres

Nanoprecipitation of 
the pre-formed 
polymer

Significantly higher reduction 
of Bemisia tabaci eggs and 
nymphs compared with 
control (Christofoli et al. 
2015)

Carum copticum EO in 
myristic acid–chitosan 
nanogels

Self-assembly 4–8-fold higher fumigant 
toxicity against Sitophilus 
granarius and Tribolium 
confusum than the free oil 
(Ziaee et al. 2014)

Geranium and bergamot 
EOs in poly(ethylene 
glycol) nanoparticles

Self-assembly Higher toxicity against 
Tribolium castaneum and 
Rhizopertha dominica than 
free oils (Werdin González 
et al. 2014)

Artemisia arborescens EO 
in solid lipid nanoparticles

Hot high-pressure 
homogenization

Reduced volatility with 
respect to emulsions (Lai et al. 
2006)

Lippia sidoides EO in 
chitosan/cashew gum 
nanoparticles

Spray drying of 
nanoemulsion

Mortality rate of St. aegypti 
larvae correlates with EO 
loading (Abreu et al. 2012)

Pest luring Geraniol in chitosan/gum 
arabic nanoparticles

Ionic gelation 
method

Improved EO stability and 
luring effect toward whitefly 
Bemisia tabaci (de Oliveira 
et al. 2018)

Repellant 
textile

Citronella EO in chitosan/
gelatin microcapsules

Complex 
coacervation

Higher repellant effect and 
lasting protection from insects 
compared to textiles sprayed 
with EO in ethanol (Specos 
et al. 2010)

solani, Dematophora necatrix, etc.) can be used in the plant disease protection pro-
cess. Prepared cobalt and nickel ferrite nanoparticles (CoFe2O4 and NiFe2O4) are 
successfully tested for antimycotic activity against three plant- pathogenic fungi: 
Fusarium oxysporum, Colletotrichum gloeosporioides, and Dematophora necatrix 
(Sharma et  al. 2017). Copper nanoparticles with chitosan and celluloses showed 
antifungal and antibacterial properties against Escherichia coli, Staphylococcus 
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aureus, Alternaria solani, Fusarium oxysporum, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Aspergillus niger, Aspergillus flavus, and Candida albi-
cans. Besides plant protection, copper nanoparticles are also used in plant nutrition 
(Rai et al. 2018). Copper is a micronutrient that can be found in high concentrations 
in chloroplasts. Almost 70% of the total Cu is found in chloroplasts. Cu has an 
important role in the process of synthesis of chlorophyll, other pigments and has a 
crucial role in the process of protein and carbohydrate metabolism (Mengel 
et al. 2001).

Despite the significant advantages of encapsulation technologies in the process 
of nano- and microparticle production, the preparation process still has several sig-
nificant obstacles that must be addressed in the coming years to be able to achieve 
production in larger quantities:

 (a) insufficient number of methods used in the characterization of micro- and 
nanoparticle formulations,

 (b) the balance between biosafety and compatibility of wall materials,
 (c) various types of active ingredients release mechanisms,
 (d) stability during long-term storage at variable environmental conditions and 

temperatures.

Due to the abovementioned, it is necessary to conduct further research that will 
focus on increasing the stability of nano- and microcapsule formulations, control 
the uniformity of formulation sizes and release mechanisms of bioactive compo-
nents in certain time intervals, testing their effectiveness on certain phytopathogenic 
fungi and bacteria and testing their action as new green formulations with 3 in 1 
effects (plant protection, plant nutrition, and time-release mechanism). It can be 
concluded that from the above scientific research, technologies of encapsulation and 
production of nano- and microparticle formulations will more effectively promote 
the development in the agroecological agriculture and functional food production 
process.

5  Implementation of Encapsulated Material Into Final 
Food Products

There is a significant gap in the research with regards to the implementation of 
encapsulated natural pigments in real food products. Usually, with regards to this 
topic, research papers deal with bioactive compounds encapsulation procedures but 
the research on their inclusion in real food products is worryingly scarce and a 
couple of available examples are listed in Table 13.3.

It is important to observe the behavior of encapsulated bioactive compounds in 
food matrices and their influence on the sensory characteristics of food products. 
This would significantly advance the knowledge of ingredient behavior when con-
sidering implementation during food production.
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Table 13.3 Examples of application of stabilized natural pigments in real food products (Adapted 
from Jurić et al. 2020a, 2020b, 2020c)

Encapsulated 
compounds

Compound 
donor

Stabilization 
method Material

Functional 
food References

Anthocyanin Barberry 
(Berberis 
vulgaris L.)

Spray drying Gum arabic, 
maltodextrin, 
gelatin

Jelly Mahdavi 
et al. (2016)

Black bean 
(Phaseolus 
vulgaris L.) 
coat

Molecular 
inclusion

β-cyclodextrin Sport 
beverage

Aguilera 
et al. (2016)

Grape (Vitis 
vinifera L.) 
skin

Spray drying Maltodextrin Apple 
puree

Lavelli et al. 
(2016)

Sour cherry 
(Prunus 
cerasus L.) 
pomace 
extract

Freeze-drying Whey and soy 
proteins

Cookies Tumbas 
Šaponjac 
et al. (2016)

Betalains Barbary fig 
(Opuntia 
ficus-indica 
L.)

Ionic gelation Calcium 
alginate/Gelatin

Gummy 
candy

Otálora 
et al. (2019)

Barbary fig 
(Opuntia 
ficus-indica 
L.)

Spray drying Soluble fiber 
[(1–3)
(1–4)-𝛽-D-
 glucan

Extruded 
cereal

Ruiz- 
Gutiérrez 
et al. (2017)

Beetroot 
(Beta vulgaris 
L.)

Freeze-drying Maltodextrin Chewing 
gum

Chranioti 
et al. (2015)

Red beet 
(Beta vulgaris 
L.) extract 
diluted with 
dextrin

Thin-film 
hydration- 
sonication 
technique

Lecithin 
liposome

Gummy 
candy

Amjadi 
et al. (2018)

Carotenoids Yellow bell 
pepper 
(Capsicum 
annuum L.)

Ultrasonic 
homogenization, 
kneading

β-cyclodextrin Isotonic 
beverage

Lobo et al. 
(2018)

Saffron 
(Crocus 
sativus L.)

Freeze-drying Maltodextrin Chewing 
gum

Chranioti 
et al. (2015)

Chlorophylls Alfalfa 
(Medicago 
sativa L.)

Emulsification + 
Freeze-drying

Canola oil, 
glycerol 
monostearate, 
gelatin, agar

Gummy 
candy

Raei et al. 
(2017)

When considering the application of encapsulated ingredients into final food 
products the matrix can significantly affect its release behavior and particles physi-
cochemical properties. Diffusion of ingredients may be affected by the presence of 
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proteins, carbohydrates, fatty acids, pH, water activity, packaging material, and 
trace metals. Furthermore, physicochemical stress factors like food processing, 
preservation, storage, food ingredients, etc. may start the degradation and collapse 
of the encapsulation system making it inefficient.

There are a couple of examples (Table 13.3) that have proven to have problems 
when the implementation of encapsulated bioactive compounds like anthocyanins 
into food products have negative effects on the shape, size, and uniformity of prod-
ucts (e.g. cookies, and other dough-based products). Furthermore, protein-based 
coatings (encapsulation systems) might induce significant changes in the structure 
of dough-based products (proteins absorb water resulting in increased hardness) 
while the presence of an additional particulate phase can increase the fragility of 
dough-based products (hindering the formation of a continuous starch network).

The main applications of encapsulated ingredients can be classified into four 
groups (Table 13.4). (1) Direct mixing with liquid foods or mixing with the food 
ingredients before food preparation; (2) washing the product surface with carrier 
systems in an aqueous dispersion; (3) infusion in porous food matrices; (4) coating 
with a biopolymeric layer incorporating the active ingredients delivery systems. 
Details about the strategies for the utilization of different colloidal systems for 
active ingredients like essential oils (EO) alongside the examples of application in 
food products are listed in Table 13.4 (Fathi et al. 2021).

Published research mainly deals with the fabrication procedures and the work on 
implementation into food products is scarce (even often contradicts the in vitro 
results). Thus it is important to understand the issues related to the application of 
encapsulated bioactive compounds (or other ingredients like microorganisms) into 
various food matrices. It is also necessary to investigate the behavior of carrier sys-
tems (i.e. protein-based) in complex food matrices alongside the influence on the 
sensory characteristics of final food products (Jurić et al. 2021).

6  Future Remarks

Encapsulation is becoming essential for the sustainable and economic development 
of various products, from agri-food to nutraceuticals. Respectively, it can resolve 
some problems regarding the stability of payload during industrial processing and 
storage. Even though still there is a significant gap when considering using this 
technology for a large scale production due to the limitations. Advancing the encap-
sulation methodology and technology these limitations could be minimized signifi-
cantly. Advanced nanocarrier systems are becoming popular due to the low-cost 
materials necessary for their manufacturing especially when introduced to industrial- 
scale production.
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Table 13.4 Strategies of the utilization of different colloidal systems for essential oils (EO) 
delivery, together with examples of application in food products (Adapted from Fathi et al. 2021)

Nanoemulsions Liposomes Biopolymeric 
nanoparticles

Advantages Active barrier with 
controlled release of 
antimicrobial, low amount 
needed (surface treatment), 
low impact on organoleptic 
properties

High efficiency of 
delivery through the 
biological membranes, 
additional loading of 
hydrophilic molecules

High food compatibility, 
several natural 
polysaccharides and 
proteins available

Disadvantages Need for surfactant in 
formulation, high costs of 
nanoemulsion production

Limited loading of 
bioactives, high costs 
of phospholipids and 
of fabrication

Formation of particles in 
aqueous systems requires 
chemical/physical 
modification of 
hydrophilic polymers, or 
use of solvents for 
hydrophobic polymers

Shelf life extension of milk 
and quality preservation by 
encapsulation of thyme EO 
(Ben Jemaa et al. 2017)
Microbial stabilization of 
orange and pear juices by 
encapsulation of carvacrol 
(Donsì et al. 2011)
Microbiological 
stabilization of chicken 
pâté by encapsulation of 
oregano EO (Moraes- 
Lovison et al. 2017)

Microbial stabilization 
of tofu by clove EO 
encapsulation (Cui 
et al. 2015)

Shelf life extension in 
bakery products by 
encapsulation of thyme 
EO by complex 
coacervation (Gonçalves 
et al. 2017)

Microbial stabilization of 
fresh lettuce by washing 
with oregano EO 
nanoemulsions (Bhargava 
et al. 2015) or of spinach 
leaves by carvacrol or 
eugenol nanoemulsions 
(Ruengvisesh et al. 2015)

– –

Enhancement of 
organoleptic properties and 
extension of the shelf life 
of trout fillets by infusion 
of nanoemulsions of 
rosemary, laurel and thyme 
EOs (Ozogul et al. 2017)

Preservation of 
minced beef by 
Zataria multiflora EO 
liposomes (Khosravi- 
Darani et al. 2016)

Reduction of lipid 
oxidation and microbial 
growth by infusion in 
meat patties of chitosan 
nanoparticles containing 
cinnamon EO (Ghaderi- 
Ghahfarokhi et al. 2017)

(continued)
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Table 13.4 (continued)

Shelf life extension of 
rucola leaves coated with 
chitosan containing lemon 
EO nanoemulsions (Sessa 
et al. 2015)
Microbial stabilization of 
green beans (Severino et al. 
2014a, 2015) or broccoli 
florets (Severino et al. 
2014b) by modified 
chitosan coatings 
containing citrus EO 
nanoemulsions
Preservation of fresh-cut 
cheese by encapsulation of 
Oregano EO (Artiga- 
Artigas et al. 2017)
Microbial stabilization of 
bread slice by an edible 
coating containing clove 
bud or oregano EO 
nanoemulsions (Otoni et al. 
2014)

Shelf life extension 
and quality 
improvement of 
banana slices by a 
mucilage coating 
containing rosemary 
EO liposomes 
(Alikhani-Koupaei 
2015)

Microbial stabilization of 
beef cutlet by spraying 
with a chitosan-myristic 
acid nanogels containing 
clove EO (Rajaei et al. 
2017)
Enhanced antimicrobial 
and antioxidant activity 
of cinnamon EO on pork 
by encapsulation in 
chitosan nanoparticles 
(Hu et al. 2015)
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Chapter 14
Overview of Legislation Across the Globe, 
Diagnostics and Standards Which Provide 
a Legal and Regulatory Framework 
in Which NTP Is Used Worldwide

Nada Smigic  and Ilija Djekic 

1  Introduction

Food-borne diseases include a number of illnesses ranging from mild gastrointesti-
nal issues to life threatening conditions such as botulism, hemolytic–uremic syn-
drome, Guillain-Barre syndrome, etc. (Bari and Yeasmin 2018). Despite numerous 
projects and studies performed in the field of food safety, and various preventive and 
control measures defined and implemented in the food industry, the number of 
reported food-borne cases remains at an unacceptable high level (Havelaar et al. 
2010; Newell et al. 2010; Nyachuba 2010). World Health Organization (WHO) has 
estimated the burden of food-borne diseases, with more than 420,000 millions of 
people that fall ill, and 230,000 die every year from diarrheal diseases, caused by 
consumption of contaminated food and/or water (Kirk et al. 2015). Although the 
majority of cases occur in developing countries, a great number of people in 
developed countries still experience some food-borne threats (Painter et al. 2013; 
EFSA 2019). In the European Union (EU), more than 48,000 cases of food-borne 
illnesses, with 4588 hospitalizations and 40 deaths occurred only in 2018 
(EFSA 2019).

The reasons for this are numerous. On one side, food-borne pathogens are trig-
gered to survive and grow in different environments, and often occur in food not 
commonly associated with the specific pathogen, e.g. Escherichia coli O157:H7 
was found in fresh produce (Gelting et  al. 2011), E. coli O104:H4  in sprouts 
(Buchholz et al. 2011), Listeria monocytogenes in celery (Gaul et al. 2013), melons 
(Martinez et  al. 2016), or caramelized apples (Angelo et  al. 2017). Also, the 
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developments in the field of food microbiology and food analytics resulted in more 
precise and sensitive methods for the detection and quantification of microbial 
hazards (Ankireddy and Kim 2018). On the other side, consumers’ eating habits are 
continuously changing (Zink 1997). Compared with the food markets in the past, 
today’s marketplaces offer more fresh products and more innovative packaging. 
Nowadays consumers try to avoid traditionally prepared and preserved food, they 
prefer less-processed, fresher-tasting, nutritive foods without the use of heat and/or 
chemical preservatives and safe food products with extended shelf-life. Consumers’ 
food choices are also influenced by other factors, such as food origin, price, animal 
welfare, environmental impact, technology used, etc. (Nielsen et  al. 2009). 
Therefore, food producers are facing new challenges and constantly search for new 
and enhanced preservation treatments to improve microbial safety of food products.

Food preservation treatments are used to slow down or inhibit chemical deterio-
ration and microbial multiplication in food, including both pathogenic and spoilage 
microorganisms. For the aim of reducing or completely inactivating present micro-
flora in food, thermal treatments, such as pasteurisation and sterilization have been 
most commonly used (Tucker and Featherstone 2010). Although these treatments 
usually ensure safety of food products, often they unfavourably affects flavour, 
chemical composition and nutritional quality of the treated food. In the last few 
decades, together with the application and development of thermal treatments, food 
industries and research institutions have been developing and exploring novel non-
thermal processing (NTP) technologies. The term NTP is used to entitle and describe 
technologies that are effective at ambient or sub-lethal temperatures. They include 
treatments such as irradiation, high pressure processing (HPP), pulsed electric fields 
(PEF), pulsed light (PL), ultrasound (US), ultraviolet (UV) radiation, etc. (Smigic 
and Rajkovic 2014; Zhang et  al. 2019). The aim of NTP application is twofold, 
firstly to inactivate food-borne pathogens and spoilage microorganisms present in 
food, and secondly to maintain nutritional and sensorial characteristics of food 
products. In order to minimise limitations and drawbacks of NTP technologies, they 
are combined with low temperature, mild heat, modified atmosphere packaging 
(MAP), antimicrobial agents or other preservation treatments, within so called 
hurdle technology (Rajkovic et al. 2010; Smigic and Rajkovic 2014).

However, the commercialization and industrial application of NTP is still quite 
limited, mainly due to high investment costs, lack and often complicated procedure 
for the regulatory approval, and the lack of the consumer acceptance (Luckose et al. 
2019; Nath et al. 2019). The aim of this chapter was to give an overview of legislation 
and standards adopted in different countries towards commercial application of 
NTP technologies.
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2  NTP Treated Foods as Novel Foods

In their regulatory boundaries, many developed countries of the world perceive NTP 
treated foods as novel foods, as it is in EU, Canada, Australia/New Zealand, China, 
etc. Novel foods approval in these countries is based on a risk or safety evaluation 
model, with most also requiring final notification and approval. In general, foods 
that result from a production process that has not been previously used for food 
production should be initially considered as novel foods.

In EU, the assessment and authorization of novel foods was regulated by the old 
Regulation (EC) 258/97 (EU 1997) until first of January 2018, when new Regulation 
(EC) 2015/2283 (EU 2015) entered into force. According to new Regulation (EU 
2015), novel foods are defined by two key elements. Firstly, novel foods should not 
have been consumed to a significant degree within the EU before 15 May 1997, and 
secondly, novel foods have to fall within, at least, one of ten defined food categories. 
The most relevant food category for NTP treated foodstuffs could be the category 
(vii), which is defined as: “Food resulting from a production process not used for 
food production within the Union before 15 May 1997, which gives rise to significant 
changes in the composition or structure of a food, affecting its nutritional value, 
metabolism or level of undesirable substances.” This definition corresponds to the 
novel foods definition given in the old Regulation (EC) 258/97 (EU 1997). Despite 
the different wording used in old and new EU Regulations, the concept remains the 
same. It is the aim to cover and assess novel foods produced by novel production 
processes. Hence, the first question that arises is which treatments could be 
considered as production processes not used before in EU.  Neither old nor new 
Regulations define this. Only one legal document, EU Regulation (EC) 1334/2008 
(EU 2008), gives a list of traditional food preparation processes (Table  14.1). 
Although this is a list of processes permitted in the manufacturing of natural 

Table 14.1 List of traditional food preparation processes (EU 2008)

Chopping Coating

Heating, cooking, baking, frying (up to 240 °C at atmospheric pressure) 
and pressure cooking (up to 120 °C)

Cooling

Cutting Distillation/
rectification

Drying Emulsification
Evaporation Extraction
Fermentation Filtration
Grinding Stepping
Infusion Maceration
Microbiological preparation Mixing
Peeling Percolation
Pressing Refrigeration/

freezing
Roasting/grilling Squeezing
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flavouring preparations, it is still a useful indication for discussing novelty of 
production processes. In addition, the development of novel foods through the usage 
of NTP treatments could result in unintended changes in the composition and 
nutritional value of final foods. Therefore, these changes have to be evaluated and 
currently available literature data should indicate if significant changes in structure, 
composition or nutritional value occurred in foods, as a consequence of NTP 
treatments. The term “significant changes” is giving the most confusion, and even 
some authors have perceived the regulation of novel foods as a grey area (Sprong 
2014). Nowadays, European Commission (EC) conducts an initial evaluation of all 
applications and decides whether further assessment is needed or not. If no additional 
assessment is necessary, and if there are no objections from the EC or other member 
states, an authorization decision and approval is made. A risk assessment for novel 
foods is based on the data provided by the applicant and is in a charge of European 
Food Safety Authority (EFSA) (Ververis et al. 2020). All authorized novel foods are 
available on a positive list and can be marketed in the EU. Currently, this positive 
list includes only few products that have been obtained using NTP treatments, 
namely UV-treated mushrooms (radiation process in ultraviolet light within the 
wavelength of 200–800 nm), UV-treated baker’s yeast, UV-treated bread (radiation 
process in ultraviolet light within the wavelength of 240–315 nm for maximum of 
5  seconds with energy input of 10–50  mJ/cm2) and UV-treated milk (radiation 
process in ultraviolet light within the wavelength of 200–310 nm with energy input 
of 1045 J/l) (EU 2017). In addition to UV-treated products, EC also authorized the 
placing on the market HPP fruit-based preparations (EU 2001). It is of note that 
some other HPP treated foods have been marketed in the EU, without EC approval, 
due to the fact that these products had not been classified and assessed as novel 
foods. This was based on the evidence that no significant changes occurred in HPP 
treated foods (Kurowska et al. 2016). The reason for this can be found in different 
interpretations and approaches to novel food assessments that national competent 
authorities had in the past, based on the requirements set out in the old Regulation. 
Regarding EU novel food legislation, three main conclusions arise: (i) shift from old 
to new regulation widens the gap in (ambiguous) interpretation of novel foods; (ii) 
only technologies with a technology readiness level (TRL) above 5 (industrial 
application) may be considered for novel food applications; (iii) not all NTP 
technologies (regardless of their TRL level) have the potential of creating novel food.

The Food Standards of Australia and New Zealand, FSANZ, 1.5.1 – Novel Foods 
was adopted to regulate the area of novel foods production and distribution (Australia 
2015). Within this document non-traditional foods have been defined as a food 
which does not have a history of significant human consumption by the broad 
community, while novel foods as a non-traditional food that requires an assessment 
of the public health and safety. A commonly consumed food can be considered non- 
traditional if prepared by a process not previously applied to the food, therefore 
NTP treated foods fall under this definition. Nevertheless, the Advisory Committee 
on Novel Food (ANCF) assessed and adopted only one application of HPP for the 
production of yoghurt, and afterward in 2013, they have published its opinion that 
HPP-treated food products should not be treated anymore as novel foods (FSANZ 
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2018). There is no available data for the assessment and approval of other NTP 
treated foods.

Regarding the regulatory aspects of novel foods in Canada, Ministry of Justice 
had adopted the Food and Drug Regulations, in which novel foods is covered by 
part B, division 28 (Canada 2021c). Health Canada is responsible for the safety 
assessment of novel foods proposed for sale in Canada. In the period from 
2004-2016, this body has concluded that no reasoned safety objections could be 
posted for several NTP treated foods, including UV and HPP treated foods. 
Consequently, in 2016 they have published a document in which they have concluded 
that HPP-treated products does not pose an increased risk to the safety compared to 
their untreated counter-parts (Canada 2016).

3  Other Regulatory Aspects for NTP Treated Foods

On contrary to countries in which NTP treated foods have to be accessed as novel 
foods, the United States do not recognise novel foods as such. The US Food and 
Drug Administration (US FDA) has adopted “broader” definition of food additives. 
According to 21 CFR 170.3 “Food additives includes all substances not exempted 
by section 201(s) of the act, the intended use of which results or may reasonably be 
expected to result, directly or indirectly, either in their becoming a component of 
food or otherwise affecting the characteristics of food” (US FDA 2016). EU, 
Australian or Canadian food regulatory regime define food additive as substances 
added to food only to achieve a technological function. This further means that 
under the US regulatory approach, food additive could be also the source of 
radiation, including irradiation, UV radiation and PL (US FDA 2021). According to 
21 CFR 179.39, UV radiation can be used for the processing and treatment of food 
under following conditions:

 – Food and food products, with the aim to control surface microorganism, without 
ozone production; high fat-content food irradiated in vacuum or in an inert 
atmosphere; intensity of radiation, 1 W (of 2537 A. radiation) per 5 to 10 ft2.

 – Potable water, with the aim to sterilize potable water in food processing produc-
tion, without ozone production; coefficient of absorption, 0.19 per cm or less; 
flow rate, 100 gal/h per watt of 2537 A. radiation; water depth, 1 cm or less; 
lamp-operating temperature, 36 to 46 °C.

 – Juice products, with the aim to reduce foodborne pathogens, Turbulent flow 
through tubes with a minimum Reynolds number of 2200.

 – US FDA approved UV treatment to be used for sterilization of water for dairy 
industry within Pasteurized Milk Ordinance (PMO) (USPHS/FDA 2017).

Beside UV radiation, US FDA has also approved PL treatment for the purpose of 
controlling surface microorganisms in food, with the total cumulative effect up to 
12 J/cm2 (21 CFR 179.41) and irradiation of food (21 CFR 179.26) (Table 14.2).
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Table 14.2 Overview of the food approved to be irradiated in different countries

Food Purpose

Legally approved irradiation dose

USA (US 
FDA 2021)

Canada 
(Canada 
2021b)

Australia/New 
Zealand 
(Australia 
2017)

European 
Union (EU 
2016) a

Astronaut foods Sterilization Min. 44 kGy N/A N/A N/A
Dry or 
dehydrated 
aromatic 
vegetable 
substances

Control of 
foodborne 
pathogens

Max. 
30 kGy

Max. 
10 kGy

N/A Max. 
10 kGy

Seeds for 
sprouting

Control of 
foodborne 
pathogens

Max. 
8.0 kGy

N/A N/A N/A

Chilled or frozen 
raw, cooked or 
dried crustaceans

Control of 
foodborne 
pathogens

Max. 
6.0 kGy

N/A N/A N/A

Fresh/frozen, 
uncooked 
poultry products

Control of 
foodborne 
pathogens

Max. 
4.5 kGy 
non-frozen
Max. 
7.0 kGy 
frozen

N/A N/A N/A

Fresh/frozen, 
uncooked red 
meat products

Control of 
foodborne 
pathogens

Max. 
4.5 kGy 
non-frozen
Max. 
7.0 kGy 
frozen

Max. 
4.5 kGy 
fresh
Max. 
7.0 kGy 
frozen

N/A N/A

Fresh/frozen 
molluscan 
shellfish

Control of 
foodborne 
pathogens such as 
vibrio spp.

Max. 
5.5 kGy

N/A N/A N/A

Fresh lettuce and 
spinach

Control of 
foodborne 
pathogens

Max. 
4.0 kGy

N/A N/A N/A

Fresh shell eggs Control of 
salmonella

Max. 
3.0 kGy

N/A N/A N/A

Fresh foods Growth and 
maturation 
inhibition

Max. 1 kGy N/A 0.15–1 kGy b N/A

Pork carcasses Control of 
Trichinella 
spiralis

0.3–1 kGy N/A N/A N/A

Wheat Insect control Max. 
0.5 kGy

Max. 
0.75 kGy

N/A N/A

Potatoes Sprout inhibition Max. 
0.15 kGy

Max. 
0.15 kGy

0.15–1 kGy N/A

(continued)
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Table 14.2 (continued)

Food Purpose

Legally approved irradiation dose

USA (US 
FDA 2021)

Canada 
(Canada 
2021b)

Australia/New 
Zealand 
(Australia 
2017)

European 
Union (EU 
2016) a

Onions Sprout inhibition N/A Max. 
0.15 kGy

0.15–1 kGy N/A

a Only spices have approved for the irradiation within EU, while each country may authorize 
additional products
b Selected fresh fruits

One important aspect of commercialization of NTP treated foods in the US is 
laid down in the broader definition of pasteurisation. Accordingly, in 2004 the US 
Department of Agriculture (USDA) National Advisory Committee on 
Microbiological Criteria for Foods (NACMCF) has redefined definition on 
pasteurization as “any process, treatment, or combination thereof that is applied to 
food to reduce the most resistant microorganism(s) of public health significance to 
a level that is not likely to present a public health risk under normal conditions of 
distribution and storage” (NACMCF 2004). This was done as a consequence of 
novel, emerging new physical methods that appeared worldwide and up scaling of 
TRL level from proof-of-concept and lab-scale to industrial application. This 
definition allowed easier application of NTP technologies in food industry (HPP, 
UV, irradiation, PEF, ultrasound, high voltage arc discharge, etc.). Nevertheless, 
several aspects have to be taken into account when developing pasteurization 
processes (either thermal or non-thermal), being:

 – Conducting hazard analysis for the food;
 – Determining the most resistant microorganisms of public health concern that is 

likely to survive the pasteurization process;
 – Assessing and validating the required level of inactivation of the target microor-

ganism, to make sure it is “not likely to present a public health risk”;
 – Evaluating appropriate distribution and storage temperature and shelf life;
 – Considering the impact of the food matrix on pathogen survival;
 – Defining the critical limits that need to be met during processing;
 – Defining the specific equipment and operating parameters for the proposed pas-

teurization process (NACMCF 2004).

Opposed to EU legislation focusing on food product and its physical/chemical/
microbial characteristics as a result of any type of food processing (conventional 
and/or NTP), the US legislation is “process oriented” aimed at promoting technology 
development, with treated food as a consequence. To present the application of 
current legislation associated with NTP technologies, the authors have analysed two 
case studies.
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4  A Case Study of Irradiation

Food irradiation is a processing treatment that exposes food to radiation in the form 
of electron beams, X-rays or gamma rays. This treatment may be successfully used 
in destroying pathogenic microorganisms, reducing spoilage of foodstuffs, reducing 
the loss of foodstuffs by premature ripening, germination or sprouting, etc. The first 
international recognition of the possibility to use irradiation in food processing 
appeared in 1981, when World Health Organisation (WHO) issued a document 
titled “Wholesomeness of Irradiated Foods”. Following this, Codex Alimentarius 
Commission adopted The Codex General Standard for Irradiated Foods (Codex 
Alimentarius 1983), where it was underlined that the irradiation of foods up to a 
dose of 10  kGy does not introduce any special nutritional or microbiological 
problems. This publication was very important for defining and adopting legal 
documents related to food irradiation in many countries of the world (Carreño and 
Vergano 2012).

The first EU Directives on food irradiation were adopted in 1999, and they are 
still in force. First one is Directive 1999/2/EC, which covers general and technical 
aspects for carrying out the process, labelling of irradiated foods and conditions for 
authorising food irradiation (EU 1999a), and the second one is Directive 1999/3/EC 
which establishes an EU list of food and food ingredients authorised for treatment 
with ionising radiation (EU 1999b). Nevertheless, this positive list currently contains 
only one product dried aromatic herbs, spices and vegetable seasonings (EU 2016). 
In addition to herbs and spices, all foodstuffs that have been subject to a favourable 
opinion of the EU Scientific Committee on Food (SCF) may be authorised for 
irradiation by national committees of Member States, such as fruits, vegetables, 
cereals, starchy tubers, fish and shellfish, fresh meats, poultry, camembert cheeses 
manufacture from raw milk, frog legs, shrimp, gum Arabic, casein/caseinates, egg 
white, cereal flakes, rice flour and blood products (SCF 1998). It is of note that 
despite this opinion, only several EU countries including Belgium, Czech Republic, 
France, Italy, the Netherlands, Poland and the UK authorised additional foodstuffs 
to be irradiated (EU 2009). The other Member States may still restrict or ban these 
irradiated foodstuffs because they are not on the positive EU list.

Compared to EU, the list of authorized irradiated food in the US involves variety 
of foodstuffs, from astronauts’ foods, fresh and frozen poultry, beef, eggs and seeds, 
till fresh foods, iceberg salads and spinach (US FDA 2021) (Table 14.2). In Canada, 
foods as potatoes, onions and wheat, whole or ground spices and dehydrated 
seasoning preparations, have been complemented with fresh and frozen raw beef in 
2017 (Canada 2021b). However, in Australia and New Zealand selected fruits and 
vegetables can be irradiated for the purpose of pest disinfestation for a phytosanitary 
objective, with the dose 0.15–1  kGy (Australia 2017). Currently, FSANZ is 
analysing the possibility to give the permission for the irradiation to all fruit and 
vegetables that are not produced and consumed within the same quarantine region.
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Despite the advantages that irradiation may provide for the treated foods and 
long regulatory history in many countries of the world, the commercial success is 
still limited due to negative public perception of irradiated foods (Nielsen et al. 2009).

5  A Case Study of High Pressure Processing

The drawbacks and public aversion towards commercialization of ionizing radiation 
for food preservation highlighted the challenges that had to be overcome with other 
NTP technologies to be widely accepted. All interested parties, consumers, food 
processors, equipment manufactures, and regulatory agencies had to accept novel 
technology. The great potential for broad acceptance is seen in HPP treatment. This 
technology might be an alternative to thermal food preservation, in which a food is 
processed under very high pressure, leading to the inactivation of most 
microorganisms and enzymes in the treated food, without significant alteration of 
the organoleptic characteristics of food. The inactivation mechanism of HPP 
proceeds through low energy and does not promote formation of unwanted chemical 
compounds, or free radicals (Mújica-Paz et al. 2011). Currently, HPP is the most 
successfully commercialized NTP technology worldwide. In most cases, HPP has 
been applied as a final step after packaging, to extend the shelf-life of the product or 
to enhance microbial safety. As mentioned in previous paragraphs, the application 
of HPP has been regulated by the novel food Regulations in EU, Australia/New 
Zealand and Canada. In the last few decades, several scientific committees have 
analysed and evaluated the safety of HPP treated foods. They all agree that there is 
no reason for concern regarding industrial application of HPP technology (Canada 
2016; FSANZ 2018). In EU, all HPP foodstuffs have to pass premarket evaluation 
of novel foods (EU 1997, 2015), and until now only a HPP treated fruit-based 
preparation had been approved on the EU level. There is no agreement by all 
Member States, on whether HPP treated foods are considered to be novel. For 
example, the Spanish Food Safety Agency and the UK Food Standards Agency 
permitted the sale of HPP treated food products without EU approval because they 
consider that HPP does not produce novel foods. The detailed evaluation of its fate 
in last few decades has been given in the document written by Kurowska et al. (2016).

Health Canada has assessed a great number of HPP treated foods, including 
Ready-To-Eat (RTE) meats, raw meats, fruit and vegetable-based juices/smoothies, 
egg products and other spreads, etc. Based on these assessments and available 
scientific literature on HHP, they concluded that HPP treated foods should no longer 
be considered as novel foods, starting from December 2016 (Canada 2016). 
Recently, Canada Health has also issued Guidance on food products treated with 
HPP (Canada 2020). Although their conclusion was that HHP treatment of no more 
than 87,000 psi (600 MPa) for no more than 27 minutes can be applied to a food 
without compromising nutritional quality or chemical safety relative to its untreated 
counterpart, it has been indicated that the food processors have to validate treatment 
parameters in the case of food safety implication (Table 14.3).
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Table 14.3 Validation requirements for specific HPP applications (Canada 2020)

The target of HHP treatment Validation requirements

Shelf life extension Validation is not required unless a food 
safety hazard(s) may be introduced by the 
extended shelf life

Quality improvement Validation is not required for non-food 
safety purposes

Lethality treatment Validation is required demonstrating the 
intended log reduction is achieved

Post-lethality treatment of ready-to-eat (RTE) food 
to support applying a reduced listeria monitoring 
frequency based on a lowered risk

Validation is required demonstrating at 
least a 3-log reduction of listeria 
monocytogenes is achieved

As the US regulatory system does not recognize novel foods, they have accepted 
HPP as an antimicrobial treatment and as a treatment to improve microbial safety of 
RTE products. USDA Food Safety and Inspection Service (FSIS) adopted Directive 
6120.2 (FSIS 2012), with a request to verify that the hazard analysis supports the 
use of HPP treatment in controlling pathogens in the product. The critical parameters 
for this evaluation include operating parameters such as target pressure, holding 
time, pre-compression and pressurised temperatures, compression and 
decompression times and the absence or presence of added CO2 within packaging, 
but also food specific factors such as pH, water activity, composition and added 
preservatives.

HPP could be also used as post-lethality treatments (PLT) in order to control 
Listeria monocytogenes in RTE such as sliced ham, chicken and cured meats. As 
such it has been incorporated in the US legislation (9 CFR 430.4) (FSIS 2003). PLT 
is an additional lethality treatment that is applied or is effective after post-lethality 
exposure of the product. It is applied to the final product or sealed package of 
product in order to reduce or eliminate L. monocytogenes should contamination 
occur during post-lethality exposure. Some examples of post-lethality treatments 
include steam pasteurization, hot water pasteurization, radiant heating, and HPP. The 
possible pressure resistance of foodborne pathogens has been also taken into 
account. The FSIS requires HPP treatment to obtain at least 5-log reduction of 
E. coli O157:H7 as the indicator microorganism for reprocessing, to ensure 
microbial safety, due to its great pressure resistance (FSIS 2012).

6  Labeling Requirements for NTP Foods

Food labelling presents an important regulatory issue for all foodstuffs. It is the 
question whether and how the NTP treated should be declared. When it comes to 
declaring irradiated food, legal requirements have been very explicitly stated 
(Maherani et al. 2016). According to Codex Alimentarius standard, when the food 
or an ingredient product is treated with ionizing radiation a written statement shall 
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be placed in proximity to the food to indicate that the treatment was done. The form 
of labelling requirement might slightly differ from country to country. In the US, the 
Code of Federal Regulation (179.26 (c) of 21 CFR) requires that the label of retail 
packages of foods irradiated shall bear the “Radura” logo along with either the 
statement “Treated with radiation” or the statement “Treated by irradiation”. In 
Canada, when the whole product was irradiated or more than 10% of the ingredients 
that compose the final product, than the written statements such as “irradiated,” 
“treated with radiation,” or “treated by irradiation” and usage of Radura logo is 
required (Canada 2021a). In EU, any irradiated food, or food containing an irradiated 
ingredient must carry the word “irradiated”, while the usage of “Radura” log is 
optional (EU 1999a). However, Australia and New Zealand demands labelling for 
even minor ingredients (Australia 2017).

Nevertheless, for other NTP treatments, the legal requirements related to label-
ling have not been very clearly defined. EU Regulation (EC) No 1169/2011 (EU 
2011) requires that the name of food shall include or be accompanied by particulars 
as to the physical condition of the food or the specific treatment which it has under-
gone (for example, powdered, refrozen, freeze-dried, quick-frozen, concentrated, 
smoked) in all cases where omission of such information could mislead the 
purchaser. Now the question is whether the information related to NTP treatments, 
other than irradiation are essential for the consumers and whether without this 
information consumers would be misled. The major purpose for the application of 
majority of NTP treatments is to prolong shelf life and to obtain microbial safety of 
treated foods. In this sense, some authors have concluded that the omission of 
information on the NTP treatments, such as HPP would not mislead the consumers 
and it seems that mentioning production process with the food label is not a 
mandatory requirement (Kurowska et al. 2016). Nevertheless, within the Article 2 
of Commission Decision authorizing the placing on the market of high-pressure 
pasteurized fruit-based preparations, it has been required to use following statement 
“pasteurised by high-pressure treatment” on the label of fruit preparations (EU 
2001). In addition, the Food Safety Authority of Ireland (FSAI) recommended that 
the food label should have clearly stated that the food has been treated with HPP in 
a non-abbreviated form, as its absence is potentially misleading to the consumer 
(FSAI 2015). It is also important to note that food treated with HPP should not be 
marketed in such a way as to mislead the consumer, e.g. fruit juice treated with HPP 
should not be marketed as “fresh” or “raw”. Anyhow, the uniformed and clear 
guidance on the labelling requirements would be helpful for all novel NTP treatments 
that might be expected to be approved and marketed in the future.

7  Hygiene Aspects for NTP Foods

NTP treated foods have to fulfil the requirements of the food legislation in terms of 
hygiene, microbiological limits, and chemical contaminants, as it is applicable for 
all other foods. According to EU Regulation (EC) 178/2002 (EU 2002), the main 
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responsibility for the production of safe foodstuffs is set on food producer. At the 
same time, EU machinery directive requires from the manufacturer of equipment to 
lay out cleaning rules (EU 2006). Therefore, the producer of NTP treated foodstuffs 
has to take the responsibility for the production of NTP treated foodstuffs. Food 
producer has to comply with the general hygiene requirements, as requested by 
Regulation (EC) 852/2004 (EU 2004a), which cover Good Hygiene Practices 
(GHP), Good Manufacturing Practices (GMP), so-called prerequisite programs 
(PRPs). They include infrastructure, cleaning and disinfection, technical 
maintenance and calibration, physical and chemical contaminations from production 
environment, allergens, waste management, water and air control, personnel, raw 
materials, temperature control, etc.

When one is aiming to produce NTP treated products of animal origin, then 
additional requirements given in Regulation (EC) No 853/2004 (EU 2004b) should 
be also followed. Following implementation of PRPs, food producer using NTP 
treatment have to put in place, implement and maintain a permanent procedure 
based on Hazard Analysis and Critical Control Point principles (HACCP) as 
requested by legislation. In addition, it is of great importance for FBO to apply 
effective traceability and recall system in place (EU 2002). As for all other foods, 
NTP treated foods should be in compliance with legal microbiological criteria given 
in Regulation (EC) 2073/2005 (EU 2005).

8  Standards Associated with NTP Food Technologies

When it comes to standards that are directly or indirectly linked with NTP technolo-
gies, three main perspectives may be recognized (Fig. 14.1): (i) standards associated 
with food characteristics; (ii) standards related to the technology and (iii) standards 
connected with the equipment.

The first dimension covers standards from the “food safety” perspective. 
International food safety management system standards have not directly included 
NTP technologies, but have left the door open for their possible application. The 
International Featured Standards (IFS) recognizes irradiation of food, HPP and 

Food

Equipment EqTechnology

Fig. 14.1 Perspectives of 
standardization of NTP 
food technologies
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microwave as certifiable technological scopes (IFS 2017), while the BRC Global 
Food standard allows that alternative thermal processes may be accepted or required 
if they meet national guidelines and/or are supported with validated scientific data 
(BRC 2018). Both standards recognize and approve use of X-ray systems for 
detecting foreign bodies in food. As both technological processes and control 
measures need to be trustful, ISO 22000:2018 standard requires that all food 
companies validate their control measures prior to their implementation either as a 
part of their operational prerequisite plans or through Hazard Analysis Critical 
Control Points (HACCP) plans to justify that these measures are effective and 
capable of achieving the intended level of control (ISO 2018).

When it comes to validation, this activity includes several stakeholders occurring 
in the food supply chain continuum. Food companies plays the most significant role 
in validating its control mechanisms aiming to achieve the intended level of food 
safety hazard control, as the most responsible player for placing food on the market. 
However, national competent authorities, such as inspection services and/or 
governments should support companies in their food safety risk management 
decisions by performing validation studies (Codex Alimentarius 2008). Also, the 
Food and Agriculture Organisation and the WHO need to develop standards, 
guidelines and codes of practice contributing to food safety having the foundation 
of these standards supported by scientific evidence (FAO/WHO 2020). Currently, 
the technological dimension is represented by ISO 14470:2011 covering control of 
food irradiation process (ISO 2011). It specifies requirements for the development, 
validation and routine control of the irradiation process applied for the treatment of 
food by using the radionuclides 60Co or 137Cs, electron beams or X-ray generators. 
This standard addressed only aspects of the food production related to the irradiation 
process that affects the safety or quality of food.

Finally, when it comes to the equipment, hygienic design standards are the com-
mon denominator for most of these standards, especially since they occur and are in 
use at different TRLs. The most popular hygienic design standard (EHEDG 2018) 
outlining principles in designing equipment from a hygienic perspective to prevent 
food contamination, joint with standards for materials used in constructing equip-
ment (EHEDG 2005) and cleaning validation guidelines (EHEDG 2016). It is worth 
mentioning that there are similar standards in the US prescribing minimum sanita-
tion requirements for materials and finishes used in manufacturing food equipment 
(NSF 2019) or ISO 14159 concerned with the associated hygiene risks of the 
machinery to the consumer of the product being processed (ISO 2002).

9  Conclusion

Nowadays, two regulatory approaches associated with approval of NTP treatments 
at the global level prevail. The first consider NTP treated foods as novel foods like 
in EU, Canada, Australia and New Zealand. Second, being in force in the US, where 
the NTP treatments have been seen as either food additives or pasteurisation 
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processes. In both cases, the successful industrial application of NTP treatments is 
dependent on the ability to prove compliance with the relevant legislation. However, 
although regulatory aspects are important, they are not the only limitation factor for 
the commercialization of NTP treatments since TRL level, marketing of products 
and labelling have specific impact on NTP development and industrialization. In 
addition to legal acts, numerous international standards governing the field of food 
safety give the opportunity for the application of NTP treatments, with mandatory 
compliance with national legislation.

This chapter reveals that in spite of a large number of different NTPs, only two 
merits to be considered as currently applied in accordance with legal framework – 
irradiation and HPP. The first has a long legislative history in most countries in the 
world. Although numerous advisory bodies have concluded that irradiated food 
products are safe for human usage, its wider application is limited due to the negative 
attitude that consumers have towards this treatment. On the contrary, HPP has a 
much shorter history in legislation acts but its great efficiency, high TRL levels and 
general consumer acceptance, creates an environment for a wider application. Legal 
committees in Canada, Australia and some EU countries have even concluded that 
HPP can be safely used for the food production and processing, if applied in line 
with hygiene principles and should not be considered as a novel treatment anymore.
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Chapter 15
Current Technology Readiness Levels 
(TRL) of Nonthermal Technologies 
and Research Gaps for Improved Process 
Control and Integration into Existing 
Production Lines

Edward Ebert and Kemal Aganovic

1  Introduction

It is within the human being to judge and estimate characteristics observed in nature, 
and then, often using numerical values, assign them to different scales and rank 
them to different levels. Technological development has been a powerful driving 
force for human progress and the search for solutions to social problems, and it is 
an inevitable process and a natural course of things. Although technological innova-
tions and changes from “conventional-to-novel” represent a long-term perspective 
for competitive and sustainable production, development often comes with eco-
nomic and success risks. Looking at the food sector, as one of the largest manufac-
turing sectors in terms of jobs and value-added in the European Union, it has 
enormous innovation potential, but compared to other industries is rather slow and 
conservative. The majority of food production still relies on traditional products and 
processes with low R&D expenditures. Development and introduction of new tech-
nologies typically depends on the quality of previous research and level of investi-
gation as a starting point, inputs and efforts put in the development, and risk ready 
to take. In the food research community, significant amount of resources has been 
spent on R&D activities on the investigation of new technologies and production 
concepts, their suitability for different applications and products, all with the goal to 
improve food quality, process efficiency and sustainability, along with increasing 
their readiness level. In general, many technologies undergo similar development 
paths and are usually first investigated at the lab-scale level, following validation on 
a pilot-scale, and eventual test applications in an industrial environment. The appli-
cation at the industrial level still does not guarantee the success of the technology, 
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where numerous examples are available in the food industry. Exceptions in these 
development paths are technologies already applied in industries other than the food 
sector, with already high maturity level, which can be translated in the food sector 
with marginal efforts. The development and maturing of a technology and related 
activities often face three major challenges: performance, schedule and budget 
(Mankins 2009), and include a great deal of risk and uncertainties for machine man-
ufacturers and technology users. The risk and uncertainty are reflected in technol-
ogy performances, possible integration into an existing system, and reliability 
(Olechowski et  al. 2020). Thus, the task of developing engineers is not only the 
development of the technology itself, but at the same time, it includes planning and 
consideration for the technology to be easily integrated into the existing production 
lines and operational reliability. In contrast, premature attempts to integrate the 
technology can lead to increased costs and delays, and in certain cases failures 
(Meier 2008; Dubos et al. 2008).

At the same time there is a significant amount of uncertainties and challenges 
present related to the point of knowing how to measure the progress of the technol-
ogy development; if the technology is ready for the transition from research level to 
pilot scale and to  industrial environment; and how to ensure that a  process or a 
technology is reliable, and meets the standards and expectations of the technology 
users (Olechowski et al. 2020). For the purpose of this book chapter, the focus will 
be on food sector stakeholders. In order to try to overcome these issues, engineers 
of the national aeronautics and space administration (NASA) introduced the tech-
nology readiness level (TRL) scale in the 1970s for easier understanding using a 
standard language that can be used across different disciplines, organizations, and 
functions. (Banke 2019). The TRL is a tool for assessing the maturity and level of 
development of a technology, from the early beginning, through its development, 
until its integration into the production system. Nowadays the TRL scale is com-
monly accepted and used for consistent assessment of technology maturity, moni-
toring its progress and managing risks associated with its development. At the same 
time, TRL is a scale for comparison of the technologies and plays an important role 
in decision making, not only in aerospace but also in projects in other industries 
such as energy, transportation, food production and similar.

The TRL assessment is in general quite a challenging task, and the description 
for the technologies selected in this book chapter is based on the current status and 
available literature, supported by information from  the machine manufacturers. 
TRL is a rather subjective assessment, where different levels are not perfectly dis-
tinct from one another, and such assessment would typically require a consensus 
among several stakeholders, that may hold conflicting perspectives when it comes 
to how mature the technology really is, and in which fields it has been validated. 
Further, when TRL is used for decision making, it is recommended to have criteria, 
not only machine- or technology-specific, but also product-line or product-type spe-
cific (Olechowski et al. 2015).
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1.1  Terminology and Focus

We use the term technology to describe a processing step based on a phenomenon 
of the certain processing technology. It is difficult to consider different applications 
of one technology to describe its readiness level, thus we will rather focus on the 
technology as a system. In this context, parameters such as level of technological 
development (size and production scale), design maturity, risk assessment, reliabil-
ity, and certification are considered. It is important to notice, that the TRL is only a 
measure of the maturity for an individual technology, and not necessarily a system 
readiness. Moreover, TRLs offer only limited information on the integration of the 
technology into a system, and how these changes would affect the system or other 
technologies in general.

2  Technology Readiness Level as a Tool 
for Development Maturation

Soon after the implementation of the NASA TRL system, it was widely adopted and 
developed into a nine-level measurement system for assessing the maturity of a 
technology. It allows consistent comparison of maturity between different types of 
technologies (Sauser et al. 2006). In the following, a brief description of each of 
nine TRL is given, based on the description by Moorhouse (2002) and Mankins 
(2009), and an overview is depicted in Fig. 15.1.

TRL 1 – fundamental principle observed – is the lowest level of technology 
maturation, and includes fundamental elements of basic theoretical research, where 
scientific questions are translated into applied research i.e., basic working principles 
of a technology or a working concept. On the example of food science, these can be 
fundamental questions e.g., if a phenomenon or a technology is suitable for the 
treatment of food and framing the working parameters with a particular goal. Very 
often the results are supported by analytical or theoretical predictions and test data.

TRL 2 – technology concept and/or application – represents the next step in 
the maturity of a technology, after the physical principle was observed. At this level, 
the practical applications are investigated; on previous examples, if the technology 
can be applied for inactivation of microorganisms in selected matrices, surface, or 
in other fields like biotechnology or medicine. Usually, TRL1 and TRL2 are driven 
by scientists, and costs to achieve this stage and risk related to it remain usually low, 
except for the risk of application feasibility due to unknown effects, and costs in 
certain other research disciplines (e.g. nuclear research). The application remains 
still rather speculative, as usually no supportive experimental protocols exist.

At TRL 3  – experimental proof of function  – more intensive research and 
development activities are performed, and the first proof of concepts are designed. 
From the food science perspective, at this stage scientist are mostly looking into 
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Fig. 15.1 Technology readiness level and risk and cost assessment of selected non-thermal pro-
cessing technologies. (Adapted from (ESA 2019))

analytical and experimental setups for validation of previous observations, as well 
as general applicability of a technology, along with the impact on quality and safety 
aspects in terms of any untypical changes, chemical reactions or residues. Most of 
the research can be still assigned to the lab scale, thus the costs to achieve this level 
remain relatively low and in certain cases moderate, compared to the costs of the 
eventual system with proven functions.

TRL 4 – functional verification in lab environment – follows activities beyond 
the proof of concept and moves from investigating core elements of the innovation 
to the integration of these elements into a single system or a unit. This usually aims 
at the development of first prototypes, which can support the concept proven earlier, 
but also considers requirements for the final “future” system. The validation at this 
level can still be considered as of low accuracy if compared to the eventual system 
applications. At this stage, the costs are rather moderate, as the first investments are 
usually required for setting up test systems and prototypes.

TRL 5 – functional verification in relevant environment – applies for func-
tional investigation of the technology in a relevant environment, larger than a lab 
scale. At this stage, processing parameters must be realistic, comparable, and rele-
vant to those applied in the final “future” system. The system of sensors or monitor-
ing  controls does not have to be at the required level of development, but the 
supportive elements should depict a realistic and relevant working environment. 
This level can be allocated to prototype testing on a pilot scale, preferably integrated 
into a small production line (e.g. transporting, pre-heating or cooling etc.). The 
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costs at this stage can be considered as moderate to high and are typically signifi-
cantly higher compared to TRL4  in the same area. This is related to necessary 
investments by scientists, but sometimes in collaboration with machine manufactur-
ers and equipment providers.

TRL 6  – model system or prototype demonstration in relevant environ-
ment  – represents a sort of breaking point in the development maturity. At this 
stage, technology is demonstrated in a relevant environment and the maturation is 
driven by validation of R&D outcomes. At this level mostly assuring of upper man-
agement and investors in the technology takes place. Besides the innovation tech-
nology itself, other system relevant peripheral technologies can be integrated into 
the demonstrator. The technology is characterized by a moderate risk, but costs can 
be moderate to high, depending on the requirements of the prototype and relevant 
working  environment; however, still significantly lower compared to costs for 
reaching TRL 7 for the same technology.

TRL 7 – technology and application demonstrated – represents a significant 
advancement of the prototype, which requires  its demonstration in the expected 
operational environment. In the case of food science, the prototype demonstration 
requires operation in the food production environment, at least close to the full pro-
duction scale. It serves also for operational managers and assuring technology users, 
and as such requires a prototype level of an actual application. Accordingly, the 
TRL7 usually requires very high costs and typically represents a large portion of the 
costs for the development of the final operational system. The risk to achieve this 
level is considered moderate, having already proven concept and small scale proto-
type functionality.

TRL 8 – technology qualified through demonstrations – is achieved through 
completed demonstration and qualified tests in the industrial environment, and the 
final system is ready for operation. In most cases, this stage represents the end of the 
final system development. The costs to achieve TRL8 can be considered moderate, 
as TRL 8 represents the end of the development, and typically only minor changes 
and adjustments of the systems are required. The risk can be recognized as low. 
However, both costs and risk might vary for different applications and different 
technologies.

TRL 9 – technology launched and application proven – According to Mankins 
2009, all technologies that succeed in application actually go through the TRL 8 and 
TRL 9, while sometimes some levels (e.g. TRL7) do not have to be necessarily 
implemented in the development and can be skipped. Bug-fixing and final tuning 
that takes place at the very end is a good indication of TRL 9, and can only occur at 
that level. The major difference between the TRL8 and TRL9 is the operation – 
building an industrially qualified machine and testing it in the industrial environ-
ment is TRL 8; launching and operation during the regular production is TRL9. The 
costs for TRL9 can be considered as marginal, at least for the food sector or more 
precisely for machine manufacturers.
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3  TRL of Non-thermal Food Processing Technologies

After getting familiar with the 9 TRL scales, we can take a look in the brief over-
view of the TRL for selected non-thermal technologies. For certain technologies, 
information was obtained directly from machine manufacturers using question-
naires containing questions related to the TRL assessment. It is worth mentioning 
that it is challenging to group certain technologies with different characteristics into 
a single group. However, in an attempt to group them according to their working 
phenomenon as a major driving force, still, there are certain overlappings between 
the technologies, as clear distinction is not always possible. Beside TRL assess-
ment, limitations for their implementation and increasing TRL, as well as research 
gaps are briefly discussed.

3.1  Technologies Based on Pressure

Within this chapter technologies that use pressure as a physical phenomenon as a 
major working principle are considered, and include high hydrostatic pressure 
(HHP), ultra-high pressure homogenization (UHPH) and application of supercriti-
cal fluids (in particular water and carbon dioxide).

3.1.1  High Hydrostatic Pressure

Thank its industrial use since the 1990s, continuous machine development and 
broadening of applications for different food products, the TRL for high hydrostatic 
pressure (HHP) technology is estimated at the level of 8 and 9. It can be considered 
as one of the highest among the non-thermal processing technologies. By looking at 
different applications of HHP, the TRL might vary, but for the machine and the 
technology, typically used for major applications like batch-preservation of differ-
ent food and beverages at the pasteurization equivalent, or seafood opening, can be 
considered TRL 9. The bulk treatment, where pumpable products are directly 
pumped in and out of the pressure vessel and aseptically filled after the treatment, is 
recently introduced into the industry by a French company Ateliers Hermes 
Boissons, and as such can be considered slightly lower at TRL 8. In 2019, over 550 
industrial machines were installed in operation worldwide, with most of them in 
North America, followed by Europe and Asia (González-Angulo et  al. 2021; 
Tonello-Samson et al. 2020).

Although the capital investment for the pressure machines has decreased around 
15% over the last five years, investment and operation costs remain one of the great-
est challenges for the technology implementation, especially for the small-scale 
producers. On the other hand, for large scale producers, a higher level of automa-
tion, a higher number of intensifiers or even more vessels, are required to meet the 
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Fig. 15.2 HHP Uhde 350–60. (Source: Uhde High Pressure Technologies GmbH, HPP Center 
Quakenbrück, Germany)

capacity demands, resulting in higher investment costs. Products suitable for HHP 
treatment have to be contained in a flexible packaging able to withstand high pres-
sures of up to 6000 bar, thus, sometimes adjustments of an existing product packag-
ing are required, resulting in additional investment costs. Every change of the 
packaging material needs to be evaluated concerning food safety and possible inter-
action between the food and the packaging material, especially if the packed food is 
treated by high pressure. As an alternative to the conventional fossil-based packag-
ing materials, more eco- and environmentally friendly bioplastic materials are avail-
able, for which a lack of knowledge exists with respect to the impact of the 
HHP-treatment on the packaging materials exists (Aganovic et  al. 2021b). 
Nevertheless, unlike other technologies, HHP technology can be found in toll pro-
cessing centres of machine owners, offering processing facilities and HHP services 
to other food companies. This is especially attractive for young start-ups and com-
panies with small production batches (Fig. 15.2).

On the other hand, pressure combined with thermal treatments (high-pressure 
thermal sterilization - HPTS) with the purpose of inactivation of all microorganisms 
including bacterial spores (sterilization equivalent), has a lower TRL between 6 and 
7. In particular, for this application, the cost and risk related to achieving a higher 
TRL level seem to be higher than moderate. In order to improve the technology and 
achieve increased process control, a better understanding of temperature distribu-
tion over the processing cycle at various pressure and temperatures should be 
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studied. Moreover, development of wireless sensors, modelling and validation of 
temperature distribution is of major importance when considering HPTS. Also, the 
development of systems and packaging materials, that would allow for HPTS treat-
ment at a large industrial scale is required (Aganovic et al. 2021b).

For broadening the HHP application, combined treatments are also suggested, 
e.g. combination with natural antimicrobials or microbial phages (Chien et al. 2017; 
Komora et al. 2018). These combined treatments have the potential for lowering the 
required pressure level to achieve the necessary level of safety and are suitable e.g. 
for raw meat, or other pressure-sensitive and protein-rich products. Other pressure 
applications, like structure modification, salt reduction (Olsen and Orlien 2016; 
Bolumar et  al. 2020), or development of new functional foods, are still under 
research and have usually lower TRL than existing applications for preservation. In 
a conclusion, despite the high TRL of the HHP technology, there are still certain 
research topics that would help this technology and increase its usefulness for food 
manufacturers and consumers.

3.1.2  Ultra-High Pressure Homogenization

Ultra-high pressure homogenization (UHPH) also called dynamic high-pressure 
processing, is well developed and established for large scale applications in the 
biotechnology or pharmaceutical industry, where typically production capacities 
are lower compared to traditional food scale production. In this case also the mar-
gins and added value are higher, compared to food. In this case, the UHPH technol-
ogy has a high level of TRL between 8 and 9. However, with relevance for this 
chapter and the food industry, the TRL of the UHPH can be considered at level 6. 
Depending on the application, manufacturers are offering machines with production 
capacities from a few L/h up to a few thousand L/h (Table 15.1). Increasing produc-
tion capacity typically results in a decrease of the maximum achievable pressure. 
Still, compared to conventional milk homogenization and production lines reaching 

Table 15.1 UHPH machine manufacturers with maximum operating pressure and production 
capacitya

Manufacturer Maximum operating pressure Maximum throughput

Stansted fluid power (UK) 3500 bar 100 L/h
PSI (Italy) 2000 bar 84 L/h
IKA (Germany) 2000 bar 100 L/h
Microfluidics MPT (USA) 2068 bar 900 L/h
GEA Niro Soavi (Germany) 4000 bar

1500 bar
250 L/h
5000 L/h

SPX flow (USA) 1500 bar 800 L/h
Avestin (Canada) 2000 bar 1000 L/h
Bee international (USA) 3100 bar

1370 bar
60 L/h
120 L/h

aThe data is based on web search
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capacities of up to 50.000 L/h, the actually achievable capacities are still low to 
match the needs and requirements of the food industry. When considered as a tool 
for sterilization of pumpable products (Georget et al. 2014), the UHPH TRL can be 
considered even lower. Nevertheless, for small scale production of a high-value 
product, the TRL can be considered high as 8.

To reach the next TRL in applications for food processing, the UHPH still needs 
certain research supported developments. At first, from material science and 
mechanical engineering perspective, there is a need for the developments of new 
concepts and materials, that would allow large scale UHPH treatment at a technical 
scale. This can be achieved by increasing the capacity and endurance of the core 
components of the machine (valves, needle, seats, fittings etc.). The occurring phys-
ical phenomena responsible for the treatment effects, shear effects, turbulence and 
cavitation, are often discussed in the literature, but it is not fully clear which of these 
effects is the major driver and which factors can be optimally combined. More 
research is required for modelling the flow behaviour and energy dissipation of dif-
ferent valve types and configurations, and related different effects on food (cell 
disruption, droplet size reduction, hydrocolloid modification etc.) (Martínez- 
Monteagudo et  al. 2017). Modification of hydrocolloids and obtaining 
their improved functionality, gain attention from many researcher groups, but are 
not completely elucidated (Levy et al. 2020). With a better understanding, the indus-
try would gain different possibilities to develop new foods with unique properties, 
e.g. fat-reduced products without artificial emulsifiers and thickeners (Aganovic 
et al. 2018), dairy-free yoghurt-like fermented product (Levy et al. 2021), inactiva-
tion of spores (Dong et al. 2016) or stabilization of plant-based milk alternatives 
(Poliseli-Scopel et al. 2013).

The UHPH has a great potential for the production of new structures and healthy 
food products, while at the same time can be used for microbial inactivation (e.g. 
simultaneous homogenization and preservation)  and cell disruption. Therefore, a 
significant amount of research is needed with respect to up-scaling, valve design 
and understanding the interactions and phenomenon occurring during the UHPH 
treatment.

3.1.3  Supercritical Fluids (CO2 and Water)

Supercritical fluids (SCF) is a well-established technology mostly used for mass- 
transfer processes, phase-transition processes and reactive system processes, among 
others (Brunner 2010). Particularly relevant processes for food production include 
removal of certain substances like fat or alcohol, or enrichment of food with certain 
functional substances (Brunner 2005). It is important to note that SC-CO2 has a 
higher TRL compared to SC water, and as such fulfils the criteria for the TRL 9, 
whereas SC water is estimated lower (at least in the food and agricultural sector). 
Despite the high TRL and several plants operating worldwide, the technology still 
did not find a wider application in food production systems. Similar to other non- 
thermal technologies, increasing the production capacity, reduction of investment 
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Fig. 15.3 2×200L Supercritical Extraction Plant, USA, with permission of Uhde GmbH

cost due to new material for the high-pressure equipment or due to new design 
concepts for pressure build-up, are desired. Also, machine manufacturers of this 
technology have a huge interest in the development of new methods and equipment 
for the characterization of the product properties (concentration, thermal, chemical) 
under high-pressure extraction conditions (Zhou et al. 2021) (Fig. 15.3). Similar to 
the HHP, in some countries there are toll processing centres offering SC-CO2 pro-
duction of small batches. 

A better understanding of kinetics during the extraction processes is of high 
interest, which could lead to an increase in extraction yield or development of more 
selective extraction processes (e.g. for pesticides), which in turn would increase the 
number of applications and allow for further equipment optimization. So far extrac-
tion of molecules with a relatively large molecular size is challenging, thus requir-
ing more research effort to close the knowledge gap and create possibilities for an 
industrial-scale extraction of valuable macromolecules, in an efficient and energy- 
saving way (Zhou et al. 2021; Ziero et al. 2020). Moreover, increase of the solubili-
zation of molecules with high-molecular-weight (Steiner et al. 2018) and possible 
utilization of side streams and agricultural goods for fermentation purposes (Yin 
et al. 2014) or for energy production (Saqib et al. 2019) are recognised as promising 
future applications for SC-H2O.

In recent years, promising results have been achieved for the development of 
SCF-impregnated active packaging or encapsulated bioactive substances with the 
aim of slowing down and controlling the release of these substances into the food 
matrix during the shelf-life. However, this type of applications is still in the early 
stage with relatively low TRL. Further research is needed to develop large-scale and 
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cost-effective production of active packaging materials or encapsulations of bio- 
substances to be of greater use, and thus increase the TRL level for this application 
(Bastante et al. 2017; Franco et al. 2019).

3.2  Technologies Based on Pressure Waves

In this section, the TRL of different technologies based on effects of wave energy 
are discussed: ultrasound and shockwaves, as a form of hydrodynamic pressure 
treatment.

3.2.1  Ultrasound

Ultrasound (US) technology is typically used for emulsification, defoaming, viscos-
ity alteration, encapsulation, supporting the drying, tenderization of meat, freezing 
and thawing processes, and inactivation of microorganisms or modification of 
enzymes (Gallo et al. 2018; Singla and Sit 2021). Typically the applications can be 
found in the food industry, but also in the chemical, biotechnology and pharmaceu-
tical industry (Jiang et al. 2020; Taha et al. 2020). Several companies offer machines 
for industrial processing or cleaning applications (Table 15.2). However, mostly the 
US technology can be found still in a prototype and testing phase, resulting in TRL 
classification between 7 and 8.

Although some industrial applications exist and the TRL for these applications 
can be considered high, there is still potential for other applications where funda-
mental principles are proven, to be improved and transferred on a large industrial 
scale. These include preservation, emulsification or US-assisted extraction (Chemat 

Table 15.2 US machine manufacturers with different reactor systems and maximum production 
capacitya

Manufacturer Reactor system Maximum throughput

Industrial Sonomechanics (USA) Batch/bath 250 L/h depending on the 
application

Bandelin Electronic GmbH & Co. 
KGB (Germany)

Batch/bath 600 L/h

Hielscher Ultrasonics GmbH 
(Germany)

Batch and 
continuous

1000 L/h or more depending on the 
application

Sonics & Materials, Inc. (USA) Batch and 
continuous

30 L/h

Advanced Sonic Processing Systems 
(USA)

Batch and 
continuous

n.a.

Synetude Sas (France) Batch and 
continuous

500 L/h

aThe data is based on web search
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et al. 2020). During the development of large-scale applications, it is necessary to 
investigate potential negative effects of transmitted soundwaves on workers, as well 
as the maximum exposure to these soundwaves, and these findings could be framed 
into safety regulations (Harvey et al. 2014).

Besides developments in machine and engineering aspects to increase the techni-
cal TRL, potential further research could be identified in promising US treatment on 
(anti-)nutritional properties, e.g. the impact of high-intensity US on allergens or 
speed of degradation of certain chemicals. So far there is a lack of knowledge on the 
formation of potentially harmful substances, as a result of the US treatment, and 
certainly more studies would help to assess possible risks due to radical formation 
and chemical alteration of ingredients. This is of particular importance for decision- 
makers in order to give the technology push for legal authorities, as well as for 
machine manufactures, and at the end more certainty to food producers (Bhargava 
et al. 2020). A better understanding of the complex physiochemical reactions, in 
particular process-product interactions and resulting impact on technological and 
functional properties of foods, would support wider commercialization of US in the 
food industry (Soria and Villamiel 2010).

Finally, US is a proven technology for emulsification and defoaming and some 
other applications. However, it is expected that the scientific community would take 
an effort for broadening the range of application and allow for the scaling up of the 
technology for these applications.

3.2.2  Hydrodynamic Shockwaves

Shockwave (SW) technology has been introduced in the late 1950s and 60s with the 
first patents reporting applications of hydrodynamic pressure for modification of 
food structure by the detonation of explosives in the vicinity of the product placed 
in water (Simjian 1958; Godfrey 1970). The technology is recognized as promising 
in terms of improving the tenderness of low-value meat cuts, but also for cracking 
of shells of seafood, like oyster, lobsters and mussel (Bolumar and Toepfl 2016). 
Since then significant scientific effort has been taken to increase the TRL of the 
technology which today is still at the TRL 6. Within the EU FP7-SME project 
“ShockMeat” a continuous shock wave plant prototype was built by the German 
Institute of Food Technologies (DIL e.V.) and tests in relevant industrial conditions 
have been performed. In 2018 second improved pilot-scale machine was built by the 
DIL and installed at CSIRO in Australia. To the best of our knowledge, these two 
pilot-scale prototypes are the only ones currently operating at the pilot scale for 
research purposes, feasibility tests and small-scale production (Aganovic 
et al. 2021a).

Despite improvements in meat quality and tenderness (McDonnell et al. 2021; 
Bolumar et al. 2014; Chian et al. 2021), to further increase the TRL of this technol-
ogy, a significant amount of research is required, especially from the machine 
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manufacturing perspective. At first, the generation of shockwave can be improved, 
and operator safety and quality of the operational environment has to be considered. 
In that sense, an improved way of conversion of electrical energy into mechanical 
energy is required, optimally resulting in the generation of more less-intensive sin-
gle shockwaves, at a comparable level of mechanical energy like one high-intensive 
shockwave. With more less-intensive shockwaves, the peak stress to the packaging 
and the machine components would decrease, which is beneficial for the life span of 
the machine components and would most likely cause less damage to the packaging 
material. Although certain packaging solution exists (McDonnell et al. 2021), the 
packaging material needs to be improved further, to be able to withstand damages 
caused by the pressure shock or eroded material from the wire or electrodes.

Another possibility could be the development of a machine with a membrane, 
e.g. made from silicon, to shield the product against the shockwave transmitting 
medium (ShockMeat 2016). Further, from the mechanical engineering and material 
sciences perspective, the durability of the electrodes and insulators, but also electri-
cal and mechanical components in general, could be improved to allow for lower 
costs and faster uptake by the industry. To the best of our knowledge, so far, the 
impact of long-term operation on durability and erosion of the electrodes and insu-
lators has not been fully evaluated. Finally, the production scale should be increased 
to meet the industry requirements, by either enlargement of the treatment zone or 
more powerful shockwave generators should be developed (Aganovic et al. 2021a; 
Bolumar and Toepfl 2016). The cost-benefit of this application is also not com-
pletely assessed so far and would be crucial for bringing the TRL higher.

In order to better assess the applicability of SW in food processing, a better 
understanding of the effects of different shockwave intensities, pulse counts and 
time between shockwaves for different muscle types (e.g. striploin, brisket), as well 
as the impact on bones is recommended (McDonnell et al. 2021). The acceptability 
of SW treated meat cuts so far was mostly investigated with trained or untrained 
sensory panels, but mostly the panel was already familiar with the technology to a 
certain extent. However, the question remains if the acceptance of these small test 
groups could be translated into general consumer acceptability. Besides tenderiza-
tion of meat, the focus could be also on other applications, where perhaps the poten-
tial benefits are higher, e.g. cracking seafood shells. Another application is softening 
of plant tissues and increasing the extraction of valuable compounds of interest, thus 
reducing extraction time and extraction energy. Although these types of experi-
ments are conducted in a lab-scale environment (Kuraya et al. 2017; Yasuda et al. 
2017), and thus have a lower TLR, with available pilot-scale equipment it can be 
assumed that a higher level could be achieved with minor costs and risks.

Finally, the SW technology is a promising tool for improvement of meat tender-
ness, acceleration of meat ageing, or for shucking of oysters or disintegration of 
grains or similar plant products. However, the limited availability of the processing 
equipment and related challenges, limit the applications so far to pilot-scale testing 
at TRL 6. In order to reach a higher level, these technical challenges have to be 
overcome.
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3.3  Technologies Based on Electromagnetic Phenomenon

In this subchapter, the TRL of technologies whose effects are based on electromag-
netic phenomenon are discussed. These include pulsed electric fields, radiofre-
quency and magnetic fields.

3.3.1  Pulsed Electric Fields

Along with the HHP, pulsed electric fields (PEF) is another technology already used 
worldwide which can be assessed with a high TRL. The technology is used primar-
ily for pre-treatment of plant materials for softening the tissue prior to cutting and 
facilitating further processing, for example in potato processing. Further, less num-
bered applications include increasing the extraction yield, or gentle preservation of 
liquid products, such as juices and fruit preparations. Currently, there are over 250 
PEF machines in total worldwide, operating in different fields: around 110 machines 
operate in the production of French fries, 50 in the processing of potato and vegeta-
ble chips, 15 machines for preservation and shelf-life extension of juices, around 25 
for enhancing the extraction processes. Besides these machines, another 50 are 
owned by different universities and research facilities for tests and feasibility stud-
ies. Based on the development and number of installations, this technology can be 
classified in TRL 8 or 9.

Even if this technology is well developed and researched, it is still considered 
emerging and its users are pioneers. Thus, certain research topics need to be 
addressed in order to increase the number of applications. At first, further develop-
ment is seen in the improvement of treatment electrodes, in order to reduce erosion 
during the processing. Therefore, the experimental evaluation of different materials 
will be of great interest to the scientific community for the next years. Also, the 
process parameter and product properties could affect the erosion, and more research 
is needed to evaluate the connection between the process parameter and the electron 
eroding (Arshad et al. 2020; Pataro and Ferrari 2020).

As for the most other emerging technologies, several theories on pore creation, 
PEF-induced cellular interactions, mechanism of microbial inactivation, or applica-
tion in (bio-)medicine, can be found in the literature, however, it seems not fully 
understood so far (Garner 2019; Saulis 2010; Perrier et al. 2017). Evaluation of the 
underlying mechanism of action at a cellular level could allow for even more tar-
geted treatment and could help increase the number of new applications, also out-
side of the food industry. Especially the impact of PEF on animal-based cells, 
proteins or products thereof should be further elucidated. In recent years, several 
studies with promising results have been published, which demonstrated that PEF 
treatment can be used as a tool for improving the drying process of several goods, 
by decreasing drying time or drying intensity (Ostermeier et al. 2018; Lebovka et al. 
2007; Shorstkii et al. 2020; Telfser and Galindo 2019; Wiktor et al. 2016). Also so 
far there are no applications in the dairy sector, for which some studies reported 
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promising results (Buckow et al. 2014; Bendicho et al. 2002; Sharma et al. 2014), 
or in the processing of insects (Alles et al. 2020; Shorstkii et al. 2020), or algae 
(Smetana et al. 2020).

Needless to mention that during food production, sometimes significant quanti-
ties of side products are generated. Disposal of these products is sometimes associ-
ated with costs and environmental issues. Nevertheless, in certain cases, these side 
streams still contain valuable ingredients, which can be obtained and further uti-
lized. The PEF was suggested as one of the technologies that can help in the extrac-
tion of valuable compounds and improved the utilization of side streams (Rocha 
et al. 2018).

3.3.2  Radiofrequency

The radiofrequency (RF) technology is studied for more than 60 years, where initial 
studies were mostly focusing on the assessment of thermal effects during the RF 
treatment. In the last 20 years, the research in this field intensified, focusing on the 
inactivation of microorganisms in culture media and different foods, as well as 
applications of RF for enhanced heating (Altemimi et al. 2019; Awuah et al. 2014).

In general, RF is a technology comparable to microwaves (MW), with the differ-
ence in wavelengths, where RF operates at much longer wavelengths  than the 
MW. In the US, only frequencies of 13.56, 27.12 and 40.68 MHz are permitted for 
use in industrial applications (Wang et al. 2011), for these frequencies the wave-
lengths are 22.1, 11.1 and 7.4 m respectively. The wavelengths at the allowed work-
ing frequencies of MW (915; 2450 MHz) are 0.33 and 0.12 m (Jiao et al. 2018). The 
dielectric field generated at these frequencies has a higher penetration depth than 
the MW or conventional heating, resulting in a faster temperature increase in a more 
homogenous way (Altemimi et al. 2019). During the treatment, the dielectric mol-
ecules in the foods (e.g. water) rotate, while the electromagnetic field alternates. 
This movement generates frictions in the food, increasing the temperature in a rapid 
and volumetric way. Next to the faster heating, another benefit is, that construction 
complexity, as well as the construction costs of RF, are lower in comparison to MW 
(Jiao et al. 2018).

Radiofrequency electric fields (RFEF) is a technology comparable to PEF, with 
the difference that it applies sinusoidal waves, with a high-frequency range from a 
few kHz to a few hundred MHz. The most promising results were obtained in the 
frequency range of 15–70 kHz (Trujillo and Geveke 2014). The sinusoidal wave-
form is beneficial, considering that the potentially occurring electrochemical reac-
tion could be reduced or avoided compared to monopolar pulse generation, which 
potentially can reduce erosion of the electrodes and lower maintenance costs.

So far, the RFEF was mostly studied as a potential technology for the inactiva-
tion of microorganisms, with less focus on quality aspects of treated food. Performed 
research and development in recent years led to the development of first prototypes 
and trials at a larger scale (Geveke and Brunkhorst 2008). Nevertheless, the RFEF 
technology can be considered still in an early stage and classified at a TRL 4. For an 
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increase in TRL, it is necessary to broaden the existing knowledge on the RFEF 
inactivation fundamentals, and impact on food quality, especially when compared to 
traditionally processed and well-established foods and technologies (Masood 
et al. 2017).

The development of prototypes on a technical scale requires in general a signifi-
cant amount of research, resources and time. Important factors for a successful 
upscaling include the design of the treatment chamber, design of the electrodes, 
mapping the flow profile, one or more treatment zones (with/without cooling 
between the treatment zones) and how temperature profile changes during the treat-
ment (Masood et al. 2017; Trujillo and Geveke 2014).

Similar to other non-thermal, but also in some cases thermal technologies, not 
necessarily all possible side effects of the treatments have been investigated and 
understood so far. It is important to consider whether chemical reactions take place 
during the treatment, in which potentially harmful substances are created.

Another promising application is the RF supported drying or radiofrequency hot 
air drying (RF-HAD). The product is placed between two electrodes, which gener-
ate an alternating electromagnetic field, while hot air is flowing over the product. 
The term hot air is somewhat misleading in this application because usually, the air 
has a temperature between 40 and 60 °C (Chian et al. 2021; Xie et al. 2020; Wang 
et al. 2014; Zhou et al. 2018).

Worldwide only few companies offer industrial-scale RF-HAD equipment, 
mostly for post-backing drying to adjust the final moisture. Compared to conven-
tional drying, the RF-HAD has the potential for reduced drying time, drying at a 
lower temperature, resulting in improved quality and sensory properties (McHugh 
2016; Zhou et al. 2018). Until now, the RF-HAD industrial applications are very 
limited, mostly due to high investment costs compared to conventional drying tech-
niques. The overall TRL for this RF application can be classified between 6 and 7. 
To increase the TRL and the industrial penetration for RF-HAD more research is 
needed with respect to broader applications, improved benefits of the technology 
and for reduction of the investment costs, as well as equipment development to 
avoid dielectric breakdowns (McHugh 2016).

Furthermore, the type of products suitable for treatment with a combination of 
hot air and RF should be investigated, as the results of some existing studies are 
sometimes contradictory (Wang et al. 2014; Naidu et al. 2016; Zhou et al. 2018). As 
food is a very complex and usually inhomogeneous system, the drying kinetics need 
to be evaluated for more different types of foods, to assess whether RF-HAD is suit-
able for applications other than post-baking drying. It may be beneficial to explore 
the combination of different non-thermal processing technologies with RF-HAD to 
further reduce drying time and/or heat generation, to improve product quality and 
increase treatment homogeneity (Zhang et al. 2017).
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3.3.3  Microwave

Microwave (MW) is an established technology for heating, finding increasing appli-
cation in a wide variety of domestic, commercial and industrial food processing 
operations, mostly applied in industrial and commercial food applications for tem-
pering of frozen meat and poultry products, precooking of bacon for food service, 
to the cooking of sausages (Ahmed and Ramaswamy 2007). As this book focuses on 
non-thermal technologies, in the following focus will not be given to heating, but 
rather the increasing interest microwave-assisted freezing (MAF) and microwave- 
assisted drying (MAD). MAF is an interesting technology, with however low TRL, 
in the range between 2 and 3. In the literature, it is discussed how the MW affect the 
nucleation and the growth of ice crystals during the freezing process. Xanthakis 
et al. 2014 proposed that the water molecules rotate with the applied alternating 
electromagnetic field which has two main effects. First, the rotation generates a 
marginal heat in the product, which causes melting of the ice crystals and could 
induce a second nucleation which is associated with generation of more small crys-
tals. The second effect of the rotation is related to disrupted H-bond network 
between the water molecules during both the nucleation and growing phase (Sadot 
et al. 2017). MAD is new approach for MW vacuum drying, where high energy 
water molecules diffuse to the surface and evaporate due to low pressure. As such, 
it results in improved dried product quality, by preventing oxidation due to absence 
of air and by reduced drying temperature (Zhang et al. 2006). TRL for this applica-
tion can be considered between 7 to 8.

Few studies showed beneficial effects of applying MW during the freezing in 
sense of a reduction of the size of ice crystals associated with a reduction in damage 
to the tissue and improved product quality (Xanthakis et al. 2014; Jha et al. 2020; 
Sadot et al. 2020).

However, still there is a limited number of studies and lack of fundamental 
understanding of the responsible phenomena and more research is needed, sup-
ported by real-time temperature measurements and modelling of the wave behav-
iour, as well as the heat and energy distribution during the treatment. The reported 
sample size used in these studies were rather small (Xanthakis et al. (2014), Sadot 
et al. (2020)), indicating the need for further evaluation on a larger scale, in particu-
lar for freezing of whole foods. To the best of authors knowledge, so far, there are 
no indications of the technical and large scale systems in operation.

3.3.4  Magnetic Fields

The magnetic fields (MF) is a technology in its early development phase, and as 
such can be assessed at TRL 2. Only a few studies are reporting promising results 
for the inactivation of microorganisms, partly in food systems (Lipiec et al. 2004; 
Lipiec et al. 2005; Grigelmo-Miguel et al. 2011). To the best of our knowledge, the 
inactivation effects and kinetics are not completely elucidated so far, and there is 
still a need for further improvements and better understanding of the process. With 
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good explanatory models, prototypes could be built for proof of concept, which 
could lead to increased maturity. According to Barbosa-Canovas et al. (2000) the 
following aspects should be further studied and elaborated:

• identification of the inactivation kinetics and models,
• determination and validation of critical process parameters and
• isolate major specific resistant microorganisms.

At the beginning of the twenty-first century, certain patents for MF-assisted freezers 
were filed (Hirasawa et al. 2001; Owada and Saito 2010). Since that time, there is a 
lack of evidence on the benefits of MF-assisted freezing, and in some cases the 
results are contradictory, indicating that more research is needed (Otero et al. 2016).

Another proposed application of MF was the solid-solid separation, without any 
use of chemicals, and improved separation compared for example to air separation 
(Maki and Hirota 2014). However, to the best of our knowledge, this is the only 
study reporting this application, thus more extensive research and development of 
prototypes is required to confirm this topic.

In conclusion, the MF could have beneficial effects for either food processing, 
purification, or preservation; however, the mechanisms of action and scalability are 
still considered under-investigated. Until then the technology remains at TRL of 2.

3.4  Radiation-Based Technologies

In this chapter, the TRL of technologies whose basic working principles are on the 
radiation of energy in form of electrons or light, or a combination, are discussed. 
These include irradiation by electrons and gamma irradiation, light-based technolo-
gies and applications of cold plasma.

3.4.1  Ionizing Radiation

Radiation is called ionizing radiation (irradiation) when it has a sufficiently high 
frequency so that it results in the production of charged particles or ions in the mate-
rial that it comes in contact with. Irradiation energy can be generated in different 
ways, as gamma rays from radioisotopes of cobalt-60 and cesium-137, x-rays (using 
electricity) and electron beam (EB) (using electricity). Irradiation technology is 
investigated over a long period of time, in particular for inactivation of microorgan-
isms, shelf-life extension, inhibiting sprouting, ripening delay or insect disinfesta-
tion (Farkas et al. 2014). Several studies have shown that irradiation has a positive 
effect in terms of decontamination of food, degradation of mycotoxins and reduc-
tion of allergenic potential (Khaneghah et  al. 2020), although for degradation of 
mycotoxins could not always be confirmed (Woldemariam et al. 2021).

Besides the classification based on energy generation, it can be also divided into 
two groups, depending on the intensity of the treatment: low energy EB (LEEB, 
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≤300 keV) and high energy EB (HEEB,>300 keV), and from that resulting penetra-
tion depth. While HEEB has the necessary energy to penetrate up to few centimetres 
and throughout the product, the LEEB penetrates only up to a few hundred microme-
tres from the food surface. Comparing EB to gamma rays, the advantage of EB, is 
in the generation of the electron beams, where for EB no radioactive material is 
required. Although it has a high TRL level of 8 to 9 in many cases, current technical 
limitations for radiation technology (HEEB) is generally recognised in a relatively 
low throughput and, the need for special radiation-shielded facilities. In the case of 
LEEB, the equipment has a much smaller footprint and machines could be self- 
shielded, but this increases the weight and the production costs. Based on the tech-
nical developments and industrial tests and applications so far, the LEEB can be 
estimated at the TRL of 8.

The main limitation of wider commercialisation of this technology is seen in no 
harmonised regulation in different regions of the world, which makes a global 
implementation challenging. In most cases, all products treated with EB must be 
labelled either with the term “irradiated” or “treated with ionizing radiation” and/or 
accompanied with a certain logo. This label faces a problem with the retailer and 
consumer acceptance and is mostly related to regulation, understanding the process 
and with it related product benefits. Usually, consumer acceptance increases if the 
consumers are better informed about the benefits of the treatment, related to product 
safety and quality (Balatsas-Lekkas et al. 2020).

Besides the market barriers related to acceptance, EB treatment of food is limited 
to few product groups (e.g. spices, herbs and vegetable seasonings in the EU, 
Directive 1999/3/EC). In the EU an evaluation process of food irradiation direc-
tives, that may lead to a new legislative proposal, is ongoing. More extensive studies 
on retailer and consumer perspectives on the communication of different preserva-
tion technologies and possibly their labelling would be useful. Also, an evaluation 
study that would compare the effects of chemicals and EB treated foods in terms of 
acceptance, safety, wholesomeness, and impact on the environment etc., would be 
beneficial for the decision-makers.

Also, more research is needed regarding the building of radiolytic substances for 
different foods at different doses and whether these substances have toxicological, 
genotoxic, cytotoxic concentration and/or any other adverse effects. For the cyto-
toxic substances, it is known that irradiation could build 2-alkylcyclobutanones 
(2-ACBs) during the treatment of fat-rich products, but more studies are required to 
determine whether the concentration of these products is high enough to cause a 
cytotoxic effect. This could have a positive impact on the breakdown of consumer 
preconceptions and on the regulatory approval of new fields of applications for EB, 
especially in the EU (Ravindran and Jaiswal 2019).

Further improvements in the machine-building sector are required in order to 
allow for scaling up, which include a competitive manufacturing, as well as the 
establishment of stable supply chains, to be able to decrease the price of the equip-
ment and so far high investment costs. In combination with broadening the fields of 
application and a better-informed consumer could help higher implementation of 
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EB on the market. In the course of development, the improvement of measuring 
devices and instruments should be improved as well. In particular, dosimetry is an 
important and critical aspect of this technology, should be further improved. Despite 
appropriate tools for ensuring traceability and different dosimeters are available, 
there are described issues that should be solved in the future (Kuntz and Strasser 
2016). Moreover, research on novel dosimetry methods such as product coating 
dosimeter or in-product dosimetry should be continued.

In conclusion, EB-irradiation is a useful technology for providing food safety in 
a fast and energy-saving way, with minimal quality impact for selected foods. The 
main limitation so far is strict regulation (especially in the EU) and consumer and 
retail acceptance. For the new approach, LEEB, acting only on the surface of the 
product, scalability, operational safety, and affordability should be improved.

3.4.2  Light Technologies

Pulsed light (PL) is a so far well-developed technology that applies light pulses of 
very high intensity at wavelengths of the whole light spectrum, where most of the 
inactivation effects are based on the UV-C spectrum (Mandal et al. 2020). The FDA 
approved PL for decontamination of food and food packaging surface treatments 
(Food and Drug Administration 1996). Nevertheless, the technology is not yet 
widely used and most of the applications so far found are based on the approved 
ones - systems for decontamination of surfaces of food packaging, like bottle pre-
forms or trays, and few for foods. Based on these facts, the PL can be estimated at 
a TRL in the range between 7 and 8.

The FDA also defined treatment parameters and a processing window, as a 
cumulative total fluence that must not exceed 12 J/cm2 and a pulse duration of <2 ms 
(FDA 1996). A harmonization and uniform guidelines would be beneficial, espe-
cially having in mind studies reporting different parameters, which makes some-
times the comparison of results difficult.

Several studies reported a successful reduction of microorganisms by PL, either 
in culture media, liquid products or on the surface of solids (Gomez-Lopez et al. 
2007; Mandal et al. 2020; Heinrich et al. 2015). However, more research is needed 
for a better understanding of the inactivation mechanisms with respect to different 
morphologies, classification (Gram + vs. Gram -) and growth phases of different 
microorganisms. Regarding to the impacts of the PL treatment on organoleptic 
properties of food, varying results can be found. In general, more research is needed 
for a better understanding of PL suitability for specific food types, and how specific 
food groups, depending on their composition (fat content, fat composition, or mois-
ture) are affected by the treatment (Mandal et al. 2020).

Finally, to reach a higher TRL for this technology, further up-scaling and modi-
fications of equipment are required, in particular modifications of the treatment 
zones for various range of products, solids, liquids or particulate food. One limita-
tion of the PL technology is the generation of heat by the lamps during continuous 
production, thus, an improved cooling system for equipment cooling is necessary to 
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avoid thermal changes. Furthermore, a longer life span of the lamps is desired and 
should be in the focus of development, in order to reduce the operating costs 
(Gomez-Lopez et al. 2007).

Ultraviolet light (UV) is a technology for decontamination of surfaces of solid 
foods or shelf-life extension of liquid foods. In this technology, a light source 
(mostly low or medium pressure mercury lamps) emits the UV light continuously at 
wavelengths between 140–400 nm, where the highest germicidal effect is recog-
nised in the range between 250 and 280 nm (UV-C). UV treatment is recognised as 
a successful approach for shelf-life extension of various liquid products, decontami-
nation of microorganisms on fruits, meat and seafood (Keklik et al. 2012; Koutchma 
2008; Müller et al. 2011). The FDA approved UV-C treatment for the reduction of 
human pathogens and other microorganisms in juices. Considering that the majority 
of the results are generated at a lab scale, and based on few machines that exist in 
the industry, the current TRL for UV can be estimated in the range between 6 and 7.

In order to reach higher TRL for UV technology, the development of large-scale 
industrial equipment, with improved treatment homogeneity is required. Most of 
the reported studies are performed on custom-made and lab-scale equipment, in 
either batch or continuous systems, making the comparison of the results challeng-
ing. The treatment homogeneity is especially important for the treatment of particu-
late foods, powders, liquids, as the most challenging products for the UV light 
treatment. Another challenge represents the design of a continuous UV system, and 
characterization of the dose, as well as mixing efficiency in order to be able to 
assess process performance and delivery of UV homogeneously (Koutchma 
et al. 2016).

Another field of further development is the development of new lamps, as an 
alternative for the existing and mostly used mercury lamps. It was recommended 
that this type of alternative lamp emits poly-wavelengths within the UV-spectrum 
(200–280 μm), therefore different microbiological species can be inactivated. LED 
is a promising alternative for mercury lamps, however, they have higher costs, they 
are weak light emitters (especially in the needed wavelength) and they have a lower 
life span. By overcoming these drawbacks, the UV treatment could be established 
as an environmentally friendly and energy-saving solution, to provide safe food, 
without using chemicals and without contact with food (Koutchma et al. 2019).

The UV treatment is recognised also for helping in the degradation of undesir-
able substances, like mycotoxins, pesticides and process-induced contaminants 
(Zhu et  al. 2014). Still, this application is not extensively investigated, and it is 
necessary to generate more knowledge on the effects of UV light on the degradation 
of a wide range of food contaminants. In most of the studies, very few targeted sub-
stance typically in high concentration were in focus, so that the effects of the UV 
treatment on multi-target contamination or the effect on lower concentrated com-
pounds remain unclear. Next to the focus on the degradation of undesirable sub-
stances, further studies are recommendable on the toxicity of potentially produced 
degradation products or synthesis of new compounds. As the effect of UV treatment 
is limited only to the area exposed to the light, it was recommended to use it as 
part of a hurdle concept and in combination with other technologies 
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(Hernández-Carranza et al. 2021) or approaches, such as photo-active or light dif-
fraction substance.

Besides the applications of UV for preservation, this technology is used for vita-
min D enrichment in mushrooms and bread (Kalaras et al. 2012; Urbain et al. 2016). 
UV-treated mushrooms and bread are authorised to be placed as novel food on the 
EU market, with the insinuation that the products are labelled to inform consumers 
of the UV treatment (EC 2018). Based on the tested and validation applications and 
approval, the TRL of this UV application can be considered in the range between 
8 and 9.

3.4.3  Cold Plasma

The cold plasma (CP) technology is based on treatment with partially or fully ion-
ized gas composed of highly reactive species like electrons, negative ions, positive 
ions, free radicals, excited or non-excited atoms and photons. It usually takes place 
at around ambient temperature and can be applied for the inactivation of microor-
ganisms (Whitehead 2016; Misra et  al. 2011; Mandal et  al. 2018). Most of the 
research activities so far were performed on custom-made lab-scale equipment, as a 
proof of concept for different applications. To the best of our knowledge, so far, no 
technical scale prototypes exist, classifying the CP at a TRL 4.

Several studies focused on the inactivation of different microorganisms using CP 
and its effects on surfaces of solid foods, but also for decontamination of liquid 
foods (Ziuzina et al. 2013, 2014; Lacombe et al. 2015; Hertwig et al. 2015). It was 
mostly described that the impact of CP on food quality strongly depends on the 
composition of food, along with selected processing parameters and intensity of the 
treatment. Therefore, optimisation of product-specific processing conditions, in par-
ticular for products challenging for other preservation approaches (e.g. nuts, herbs 
or spices), along with mapping the treatment intensity and homogeneity would be 
of great importance. The microbial inactivation data is up to this moment scarce, as 
well as scientific data on CP impact on food quality attributes, compositional 
changes, especially related to potentially harmful substances (Schlüter et al. 2013).

Since CP is a relatively new technology, there are no standardized approaches for 
the characterization of systems, methods and treatments, making it very difficult to 
compare results from different studies. Only one study demonstrated low-pressure 
microwave plasma as a potential technology to be upscaled for disinfection of food 
packaging surface (Schneider et al. 2005). Like several other non-thermal technolo-
gies, the exact mechanisms of inactivation of microorganisms are still not com-
pletely elucidated. So far there are three models discussed, namely: (1) 
permeabilization of the cell membrane, (2) intercellular damage of the proteins 
from oxygen or nitrosative species, and (3) damage of the DNA (Mai-Prochnow 
et al. 2014; Niemira 2012; Mandal et al. 2018). A more general understanding of the 
process-product interactions, in particular, any plasma-induced changes in physical, 
chemical, biochemical or microbiological aspects, including more precise studies 
on penetration depths are necessary (Schlüter et al. 2013).
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Besides the inactivation of microorganisms using CP, the technology delivered 
promising results in the immobilisation of bioactive compounds on the surface of 
the material, making it a potential technology for further studies with the aim of 
developing new active surfaces (Mastromatteo et al. 2011; Popelka et al. 2012). CP 
could potentially contribute to the degradation of food undesired compounds and 
contaminants, like pesticides and allergens (Wu et  al. 2014; Ng et  al. 2021; 
Venkataratnam et al. 2019, 2020), however, this should be also further studied and 
evaluated as the current number of studies is very limited.

In summary, CP is a very promising technology for the reduction of microbial 
contamination on different surfaces, but there is still a limited amount of scientific 
data to accelerate its technological development and increase its TLR. At first, the 
number of studies on microbial inactivation should be improved, and quality 
changes of food and risk assessment should be carried out, in order to encourage the 
construction of larger prototypes and further technological development.

4  Conclusion

For most of the discussed technologies, there are proven concepts and defined major 
applications; in certain cases, there are machine manufacturers and disruptive start- 
ups, along with large companies, successfully using them. Even where selected 
non-thermal technologies exhibit high TRLs, they are still largely considered 
emerging and are facing implementation and commercialisation barriers. These are 
mostly related to throughput and cost-related barriers, legal constraints, and con-
sumer acceptance. For the technologies with high TRL, further improvements 
through research and development might not be urgently necessary but are certainly 
highly desired, in particular for smaller and medium-sized equipment building 
enterprises, where their own R&D resources are rather limited. For the technologies 
with low TRL, most of the activities are related to improved mapping of the treat-
ment, standardization of treatment conditions, and risk assessment for the formation 
of undesired substances, which would allow for the elaboration of scale-up strate-
gies and validation of concepts on the technical scale.

In terms the legal barriers, different rules may apply for different areas. In the 
EU, most of the food that is produced by described technologies may be considered 
as a Novel food and as such subject to authorization. Whether a product is subject 
to Novel Food Regulation ((EC) No 258/97), strongly depends on the technology 
and place where it is applied, as well as on the final product itself. Thus, before plac-
ing products produced using some of these technologies on the market, the respon-
sible local food authority must be informed, and it must be demonstrated that these 
products are safe for consumers. This can be a time-consuming and expensive pro-
cess, especially for start-ups and small and medium-sized enterprises. Therefore, 
one of the tasks of the scientific community in the coming years should be to prove 
the safety aspects of the technologies and products produced by them in order to 
support the decision-makers and to eliminate any concerns regarding their usage.
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Nevertheless, most of the considered technologies are rapidly maturing and con-
tinually going through improvements and optimization in their design, allowing for 
custom made and less expensive systems. The number of industrial machines for 
some of the technologies was increasing over the past few years, so it is to be 
expected that also the number of product applications and industrial systems will be 
increased in the future.
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Chapter 16
Industry Implementation (Scale-Up): 
Clients’ Experience Towards 
Understanding of How Regulations Are 
Affecting Novel Product Development

Yuthana Phimolsiripol, Noppol Leksawasdi, and Choncharoen Sawangrat

1  Regulation on Novel Food

The current “Thailand 4.0” policy focuses on driving the economy through innova-
tion, transforming the production of everyday mundane products to innovative 
products, changing the conventional industrial sector to be led by novel and creative 
technology. In addition, it is aimed to switch from service-oriented towards product 
manufacturing with food industry as one of the five target industries. Food and Drug 
Administration (FDA), the main food safety regulator under the Food Act, has 
revised its missions and strategies in responding to this policy. The emphasis is 
made on adjusting the rules and regulations to satisfy demands by the business sec-
tor according to the risks involved with quick response time and competitiveness. 
Along with the establishment of a reliable monitoring system which can respond 
quickly to identify unsafe products and thus building consumers’ confidence 
(FDA 2020).

However, the risks of food consumption can be altered according to consumer 
behavior. Most consumers have now become more aware of health care which influ-
encing their healthy food choices. Industries have also aimed to develop new/novel 
food ingredients and food products. Several new food ingredients and novel food 
processing technologies have been validated and applied in the attempt to satisfy 
insatiable marketing demands. These include providing relatively high nutritional 
value food products in a convenient and easy-to-buy form as adaptation to the 
changing lifestyles of society such as dietary supplements. Several food companies 
have taken further steps by taking the mixtures or compounds without prior 
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historical record of being consumed as food. These compounds may be herbs used 
for therapeutic purposes or extracts from plants that are previously restrict for ani-
mal feed. The addition of such ingredients to food or selling them as food accompa-
nying the development of new processes or production technologies, may result in 
unsafe food products for consumers. The FDA has therefore issued a notification of 
the Ministry of Public Health (No. 376) B.E. 2559 (A.D. 2016) regarding the new 
food (novel food), effective from July 16, 2016 to protect the health of consumers. 
Many oversea governing bodies have also already established novel food ingredi-
ents, such as Regulation (EC) No. 258/97 of the European Parliament and of the 
Council of 27 January 1997 concerning novel foods and novel food ingredients of 
the European Union (European Commission, 1997). In addition, Food Standards 
Code 1.5.1 Novel Foods of Australia, New Zealand (Food Standards Australia New 
Zealand, 2021) and the Generally Recognized As Safe (GRAS) Substance 
Regulations under Code of Federal Regulations Title 21 of the United States have 
been announced (U.S. Food and Drug Administration, 2020).

The requirements of these governing bodies including Thailand based on a con-
sistent principle that categorized the novel food into the defined definition. It is 
necessary to pass a safety assessment and obtain permission from the responsible 
government bodies first. Then, the permits for production or import for sale can be 
obtained. The safety assessment is based on reliable academic evidence and fol-
lowed internationally recognized auditing processes. Therefore, in order to bridge 
understanding and awareness of all involved parties including manufacturers, 
importers and consumers, the Ministry of Public Health Announcement of “novel 
food” definition has thus been announced to the public in response to the innovative 
economic development of Thailand according to the Thailand 4.0 policy.

2  What Is New/Novel Food?

According to the announcement of the Ministry of Public Health, the definition of 
new/novel food are as following:

 1. Food substances or ingredients that have been shown by academic evidence that, 
historically, they have been consumed for less than 15 years,

 2. Materials used as food or as an ingredient of food obtained from the production 
process that is not typical of that food. In addition, food components, food struc-
ture or the pattern of that food may have been changed significantly resulting in 
alteration of the nutritional value, chemical processes within the body of living 
organisms or their metabolism or level of undesirable substances, or

 3. Food products containing substance from (1) or (2). This does not include food 
additives and food derived from genetic modification techniques.

From the above definition, the “new/novel food” may stem from two important 
parts, namely, dietary history and uncommon production process. Dietary history 
referred to the way that particular food has been consumed based on accepted 
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historical academic data. For example, the root portion of ginseng is normally con-
sumed as food. If the other parts such as ginseng leaves are consumed with the 
historical academic data for less than 15 years, the leaves of ginseng are considered 
as new/novel food. The second part is production process that is considered unusual. 
This implies to any manufacturing process that may result in composition change of 
the food, food structure, or food patterns that may affect the nutritional value or 
chemical processes in the body after consumption. The process may also influence 
the level of unwanted substances such as environmental contaminants, mycotoxin, 
allergens, natural toxins, nutrient inhibitors, and harmful microorganisms, etc. in 
comparison with the conventional processes. For instance, manufacturing process 
based on nanotechnology that generates smaller particles of food components than 
the traditional production methods or non-thermal food pasteurization process.

3  Clients’ Experience Towards Understanding of How 
Regulations Are Affecting Novel Product Development

Manufacturers or importers who are going to produce or import novel food for sales 
must be concerned with the aforementioned regulations. The food producers must 
pass a safety assessment first then all documents and evidence relating to the new 
food must be submitted as specified in the attached list of the announcement such as 
quality or standard (specification) information on historical consumption of that 
food, results of production process analysis, recommended intake method or dietary 
advice and safety information. This also includes toxicology evidence in laboratory 
animals or humans, nutrition information, report of safety review from a relevant 
international agency or granted permit by safety assessment unit recognized by 
the FDA.

The food operator must deliver safety assessment results and related evidence to 
the FDA for approval and guidance for the use of new, safe and appropriate food. 
There are currently three agencies that can provide novel food safety assessment 
services which are recognized by the FDA, namely, (1) the Food Quality and Safety 
Bureau, Department of Medical Sciences, Ministry of Public Health, (2) Food 
Institute, Ministry of Industry, and (3) Thailand Risk Assessment Center Institute of 
Nutrition, Mahidol University. After passing the safety assessment, the results of the 
assessment can be submitted along with the official permission request to produce 
or import new food. The legal compliance of relevant standards of quality control 
must be followed and other requirements must also be met such as

 1. Good production process control (GMP)
 2. Contaminant control and pathogenic microorganisms
 3. Use of food additives and containers, labeling, in compliance with the notifica-

tion of the Ministry of Public Health Re: Labeling of Food in Containers
 4. The expiration date must be printed in the format of date, month, year in this 

specific order and labeled “manufactured” or “expired”
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The critical part is the labeling display on the product which indicates (1) the name 
of the substance (if any), for example. “Cactus/Caralluma fimbriata extract 100% 
contains important substances Pregnane glycosides and Saponin glycosides” and 
(2) method of consumption, methods of use, or conditions of use according to the 
safety assessment results, for example, “Oligonol extracted from lychee fruit and 
green tea leaves can be used in dietary supplements in the amount not exceeding 
200 mg per day”. The novel food regulatory system is presented in Fig. 16.1.

However, this announcement of the Ministry of Public Health does not apply to 
(1) new food produced for export, or (2) new food that manufacturers or importers 
have been allowed to produce or import prior this announcement comes into effect. 
Novel food can be used as food in general if it passes a safety assessment by sup-
porting academic documents confirming that innovation or technology applied in 
food production or components of that food still remain safe for consumers. One 
case study of novel food products or ingredients is longan syrup. The production 
process of this product includes simple and conventional processing such as grind-
ing, precipitation, filtration and evaporation. However, the longan syrup can be con-
sidered as novel food due to the active ingredients being released from seed and peel 
of longan fruit during production process (Leksawasdi et al. 2021). Therefore, fur-
ther perusal of longan syrup safety for consumption by Chiranthanut et al. (2020) on 
acute and chronic oral toxicity assessment of longan sugar extracts derived from 
whole fruit and from fruit pulp in rats were carried out. This study revealed that 
whole fruit longan did not cause any toxic effect in rats for consideration of the FDA 
approval.

For non-thermal processing in Thailand, the high-pressure processing (HPP) 
technique has already been approved for industrial commercialization and imple-
mentation. Other processes such as plasma and pulsed electric field are still in prog-
ress of consideration. Radio-frequency process is allowed to be applied in rice 
industry processing for removing insects. Therefore, the industrial manufacturers 
who utilize HPP have to be concerned with FDA guidelines (FDA 2020). General 
criteria and product scope for HPP are as following:

 1. General criteria

Fig. 16.1 Novel food regulatory system. (Source: Adapted from Hepburn et al. (2008))
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Implementation of HPP technology on pasteurization process instead of heat or 
used in conjunction with heat can be divided into two pH criterion subgroups includ-
ing the acidic group (pH ≤ 4.6) and the low acidic group (pH > 4.6) as shown in 
Table 16.1.

 2. Scope of food products processed by HPP pasteurization in accordance with 
established general criteria

This describes the product group relevant to HPP for ready-to-eat liquid products 
and concentrates including (1) Drink in a sealed container according to the 
announcement of the Ministry of Public Health: Drinks in a sealed container, (2) 
Tea according to the Notification of the Ministry of Public Health: Tea, (3) Coffee 
according to the Notification of the Ministry of Public Health: Coffee, (4) Soy milk 

Table 16.1 General criteria for HPP categorized by pH criterion subgroups

Product group Parameter Conditions

Ready-to-eat liquid 
products with 
pH ≤ 4.6

Storage conditions 
before pasteurization

Initial microbial load does not exceed 106 CFU/g 
and must be stored at <10 °C

Pasteurization 
conditionsa

   Pressure for 
pasteurization

   Holding time

≥400 MPa
1–20 min and must have scientific evidence 
indicating mitigation of the pathogenic 
microorganismsb by more than 5 log CFU

Storage conditions 
after pasteurization

Lower than 5 °C

Shelf life Results of product’s shelf life study
Ready-to-eat liquid 
products with 
pH > 4.6

Storage conditions 
before pasteurization

Initial microbial load does not exceed 106 CFU/g 
and must be stored at <10 °C

Pasteurization 
conditionsa

   Pressure for 
pasteurization

   Holding time

≥600 MPa
3–20 min and must have scientific evidence 
indicating mitigation of the pathogenic 
microorganismsb by more than 5 log CFU

Storage conditions 
after pasteurization

≤5 °C

Shelf life Results of product’s shelf life study (must include 
detection of Clostridium botulinum)

Source: FDA (2020)
Initial microbial load at storage conditions before pasteurization is the number of Total plate count 
(TPC) of raw materials which have been prepared before the pasteurization process. The unit of 
pressure 1 MPa is approximated to 10 Bar
aThe pasteurization condition is a guideline. Inoculated pack / challenge study results are required 
study, showing the reduction of the reference pathogenic microorganism by at least 5 log CFU/mL 
(5 log reduction)
bReference pathogens are (1) Listeria monocytogenes and (2) Escherichia coli O157: H7. In this 
way, microbial agents (surrogate organism) can be used in the test which has the ability to resist 
pressurized conditions equal to or greater than those of the underlying pathogenic microorganisms, 
such as L. innocua for L. monocytogenes, non-pathogenic microorganisms E. coli (e.g. E. coli 
K12) for E. coli O157: H7
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according to the announcement of the Ministry of Public Health: Soy milk. For 
inoculated pack or challenge study, FDA by the food board committee provides the 
guidelines for implementing HPP on food industry as follows:

 1. Types of studies: for assessing the capability of the HPP pasteurization process, 
a pathogen inactivation study in conjunction with a shelf life study or combined 
growth and inactivation study must be used.

• Pathogen Inactivation study demonstrates the ability of HPP pasteurization 
process at a predetermined pressure and duration which can destroy patho-
genic microorganisms in the food product by more than 5 log CFU.

• Combined growth and inactivation studies examine both the capability of the 
pasteurization process with HPP to destroy the underlying pathogenic micro-
organisms by more than 5 log CFU and assess the change in the number of 
microorganisms after the pasteurization process by HPP throughout the stor-
age period at the desired temperature and time of study. An educational insti-
tution or specialized service organization must perform the said study to 
ensure the precision and accuracy of the results.

 2. Experimental design

• Type and number of strains: studies should consider strains diversity for each 
pathogen. In growth and survival studies, more than one reference pathogen 
for each type (strain) must be used. Strains of reference pathogens used in the 
study must be a pure culture with evidence confirming the strain and purity. 
They must be compliance to the requirements of the Act Pathogens and 
Animal Toxins and then cultured in the culture medium to increase the micro-
bial load at the stationary phase before testing.

• Sample preparation: The test samples must be representatives the product 
being sold to the consumers. The standard quality measurements (pH, aw, % 
total solids) of the test samples must be within the acceptable ranges. In the 
case of multiple products or formulas, manufacturers can choose any formula 
as sample for testing. However, the formula with the highest pH must be 
selected for the test. The specimen must be prepared for at least 2 repetitions 
per test condition (pressure and time) against the underlying pathogenic 
microorganisms. Sampling at least 5 samples for each iteration must be used 
to support product variability.

• Inoculum level: Inoculation of each reference pathogen must have relatively 
high levels of vegetative cells of approximately 6–7 log CFU/mL.

• Inactivation level: for both inactivation study as well as combined growth and 
inactivation studies, the amount of pathogenic microorganisms or agent 
microorganisms included in the tested food samples must be mitigated by at 
least 5 log CFU/mL to ensure that the pasteurization conditions (pressure and 
duration) are appropriate and sufficient to ensure safety of the end product. 
After the pasteurization process for at least 24 h, the samples will be collected 
at conditions of 7 ± 2  °C for analysis of reference pathogens. The control 
group must be done in conjunction with the test group. It is a food sample of 
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the same type or formula as the experimental group with added reference 
pathogens to have a high initial pathogenic microorganism (6–7 log CFU/
mL) without passing through pasteurization process.

• Shelf life study: this can be performed by a specialist from an educational 
institution or staff with expertise in the factory. The test sample must repre-
sent the product being sold or representatives of product groups that are likely 
to pose risks related to microbial growth without the need to add any underly-
ing pathogenic microorganisms. The sample will be processed by HPP at the 
same conditions as the inactivation study test, it is then stored in a cool state 
not higher than 5 °C. The random sample will be sampling for at least 5 peri-
ods, covering 60 days from the date of production or the expiration date. In 
order to ensure the safety of storage, it is recommended to test the retention 
period at 25% longer than the specified expiration date, for example, if the 
shelf life is 100 days, the test period shall be about 125 days.

 3. Inoculated pack/challenge study results

Reports of studies for pathogen inactivation study, shelf life study as well as com-
bined growth and inactivation studies must be elaborated. The quality and standard 
of the products used for testing protocol, study design, study results and conclusions 
are then submitted to the FDA for approval in extending the permit.

In conclusion, the importers and food producers must ensure that their new / 
novel food products followed the regulations stipulated by Thai FDA in Food Act. 
Novel food with short dietary history (less than 15 years) and uncommon produc-
tion process are products of particular concern. HPP is one non-thermal processing 
technology that has been approved by Thai FDA for industrial commercialization 
and implementation. The parameters classified by pH subgroups to be used as safety 
criteria include storage and pasteurization conditions as well as shelf life.
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Chapter 17
Supercritical Fluids as a Tool 
for Sustainable Manufacturing of Added 
Value Products

Maša Knez Marevci, Darija Cör, and Željko Knez

1  Introduction

1.1  Development of High Pressure Processes

Application of high pressure in “food sector” was “digester” from Denis Papin in 
1680. He made experiments in high pressure vessel to prove that the boiling point 
of water could be increased by elevation of pressure. The practical application was 
cooking meals for King Charles II at elevated pressure (Reverchon 2002).

Several hundred years later high-pressure steam engines were invented by James 
Watt round 1785 (Reverchon 2002). In 1822 baron Cagniard de la Tour published 
the first manuscript on the observation of the critical point (Segura-Campos et al. 
2014). The thermodynamic fundamentals on P-V-T behavior of substances reported 
in year 1869 by Thomas Andrews (Jessop and Leitner 2008). Hannay and Hogarth 
did in years 1879 and 1880 several studies on the solubility of substances in super-
critical fluids (Jessop and Leitner 2008; Knez Hrnčič et al. 2018).

One of the most important invention for the application of high pressure in indus-
try was synthesis of ammonia by Haber and Bosch. For this invention they received 
Nobel prize in 1918. This application of high pressure is an important milestone for 
several processes which results in industry today. One of the most sophisticated is 
process for synthesis of polyethylene where pressures are between 2500 and 
3000 bar and temperatures round 300 °C.

M. Knez Marevci · D. Cör 
Faculty of Chemistry and Chemical Engineering, University of Maribor, Maribor, Slovenia 

Ž. Knez (*) 
Faculty of Chemistry and Chemical Engineering, University of Maribor, Maribor, Slovenia 

Faculty of Medicine, University of Maribor, Maribor, Slovenia
e-mail: zeljko.knez@um.si

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. Režek Jambrak (ed.), Nonthermal Processing in Agri-Food-Bio Sciences, 
Food Engineering Series, https://doi.org/10.1007/978-3-030-92415-7_17

mailto:zeljko.knez@um.si
https://doi.org/10.1007/978-3-030-92415-7_17


550

In high pressure pasteurization of food stuff static pressures up to 8000 bars are 
used. Today high pressure is applied in several industrial sectors. The highest pres-
sures are used for production of diamonds from graphite at pressures of 120.000 bar 
at 3000 °C.

Terminology of high pressure of industrial processes is presented in Table 17.1.
The definition of supercritical fluids is defined by IUPAC. In literature (Jessop 

and Leitner 2008) more precise definition is given where “SCF is defined as a state 
of a compound, mixture or element above its critical pressure (Pc) and critical tem-
perature (Tc) but below the pressure required to condensate into solid” (Fig. 17.1). 
Considering the fact that supercritical fluid (SCF) solvents are intermediates 
between liquid and gases, by increasing the density of fluid often an increased solu-
bility is achieved. Viscosity, which is similar to viscosity of gases, enables better 
transport properties. The main property of SCFs is the possibility to change the 
characteristics of solvent near the critical point dramatically. Also, selectivity of a 
solvent is an important characteristic. It varies by changing pressure and/or 
temperature.

The advantages on use of high-pressure processes especially the use of super-
critical fluids have numerous advantages, but the main are environmental, health 
and safety, process and chemical benefits. Nowadays, there is a trend to develop 
alternative technologies with minimal environmental impact for products with spe-
cial custom designed properties. Reduced energy consumption, less toxic residues, 
efficient conversion of reactants to products, less byproducts and higher quality and 
safety of final products are crucial requirements for the future processes. High pres-
sure technologies are a relatively new tool to satisfy the mentioned demands. 
Technologies using high pressures developed several processes which resulted in 
completely new products with special characteristics (Aymonier et  al. 2011; 
Reverchon 2002).

Using supercritical fluids (SCF) as solvents in chemical processes means an 
advantage in many points of view. It has health, safety, environmental and also 
chemical benefits. Commonly SCFs are termed as green solvents. Using high pres-
sure as a processing tool surpasses legal limitations for solvent residues and restric-
tions on use of conventional solvents in chemical processes. Additionally, particulate 
products can be also achieved by means of SCF.

Supercritical fluids are already applied in several processes developed to the 
commercial scale; − from pharmacy, food sciences to the textile industry. Most of 

Table 17.1 Terminology of high pressure of industrial processes

Pressure (bar)
TermFrom To

1 20 Low pressure
20 100 Medium pressure
100 1000 High pressure
>1000 – Ultra-high pressure
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Fig. 17.1 Phase diagram of CO2

them are available in a relatively pure grade at reasonable costs as compared with 
the industrial grade liquid solvents. Material processing using sub- and supercritical 
fluids including particle formation techniques and formulation of materials with 
special characteristics is today an important field of research. The highest capacities 
are installed for coffee and tea decaffeination. The second largest application is for 
the extraction of hop (Knez Hrnčič et al. 2018). The extraction of spices for produc-
tion of oleoresins and the extraction of bioactive material from plants are two very 
diverse applications of SC for extraction. Dense gases can also be used for impreg-
nation of solid particles, formation of solid powderous emulsions, particle 
coating, etc

One of the most noticeable applications is the extraction of oil from degumming 
residue to obtain highly concentrated and very pure lecithin.

1.2  Selective Extraction of Components Using Dense Gases

Selective extraction of components or fractionation of total extracts is possible by 
use of different gases for the isolation/fractionation of components and/or changing 
the process parameters. The limitation on further application of extracts obtained by 
high pressure technology lies in the price of the product, which in comparison with 
conventionally obtained products, is relatively high. The legal limitations on solvent 
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residues and solvents (for products meant to be used in human applications) and 
isolation/fractionation of special components from total extracts, in combination 
with various formulation and sterilisation processes (controlled release, for exam-
ple) will increase the use of dense gases for extraction applications.

As is known from thermodynamics, the solubility of compounds in SCF/dense 
gases is based on the density of SCF/dense gas, which is dependent on the pressure 
and temperature of SCF. Another very important parameter that influences the solu-
bility of compounds in SCF is the dielectric constant of SCF, which is influenced by 
the temperature and/or pressure of SCF. A general flow sheet of the extraction pro-
cess is presented in Fig. 17.2.

In the extraction step, the solubility of the compound or mixture of the com-
pound has to be the highest, while in the separation step, the solubility of the com-
pound in SCF has to be the lowest.

Therefore, the phase equilibrium data are the most important data for the design 
of operating pressures and temperatures for SCF at an extraction plant. Based on the 
phase equilibrium data, the theoretical mass of SCF necessary for separation of the 
compound from the solid or liquid mixture can be calculated.

Design process parameters have a very important influence on the investment 
cost for a high-pressure plant and consequently on the economy of the process.

Besides, as mentioned above, the solubility data for a solute in SCF mass transfer 
also exert an enormous influence on the economy of the extraction process. Mass 
transfer models usually describe extraction yield vs. extraction time, but a better 
presentation for the design of extraction apparatuses is yield vs. S/F mass of SC 

Fig. 17.2 Basic flow sheet of an SCF extraction plant
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Fig. 17.3 Typical extraction curves for isolation of a substance from solids

solvent (to solid material). In Fig. 17.3, typical extraction curves for isolation of a 
substance from solids is presented.

There are fewer industrial units for separation of components from liquid mix-
tures using supercritical fluids. Extraction of liquid mixtures with supercritical flu-
ids is comparable to liquid-liquid extraction, where compressed gas is used instead 
of an organic solvent. In liquid- SCF extraction processes, the pressure plays an 
important role. In changing pressure and/or temperature, the physico-chemical 
properties of the SCF, like density, viscosity, surface tension, dielectric constant 
etc., are changed. Selective extraction of components or fractionation of total 
extracts is possible by using different gases for isolation/fractionation of compo-
nents and/or changing the process parameters. Another advantage is that, depending 
on the feed material, the density difference between the two counter-current flowing 
phases can be adjusted.

In several years, several extraction methods, techniques and solvents, were used 
for producing the different oils from seeds. However, detailed studies to character-
ize the oil and investigate the influence of different extraction methods and condi-
tions on the composition are still limited. In addition, the extraction solvents must 
be compatible with requirements of the food industry. It is known that usage of 
different extraction methods are causing variation in the extraction yields, quality, 
and content of fatty acids, the content of dietary fibers, antioxidant content, etc.

Segura-Campos et al. (2014) and Knez Hrnčič et al. (2018) report port extraction 
of Chia oil conventionally by Soxhlet extraction. Non-polar conventional organic 
solvents such as n-hexane or ether are used. Advantages of using conventional sol-
vent (CS) extraction are mainly the simplicity of the method, relatively high 
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extraction yield, suitable functional characteristics of the oil (such as water holding, 
absorption capacity, organic molecule absorption, molecule stability), meanwhile 
the disadvantages are decreased antioxidant activity, due to the decomposition of 
thermolabile antioxidants, environmental and health concerns involved by using 
n-hexane. As most suitable extraction method has been recently used is supercritical 
fluid extraction (SC) where carbon dioxide (CO2) is the most used solvent for SC 
(Coelho and Salas-Mellado 2018). Advantages of using SFE comparing to other 
techniques are usage of a solvent with low density, viscosity, surface tension, mild 
conditions of temperature and pressure, which leads to no degradation of the 
compounds.

Silva et al. (2016) and Knez Hrnčič et al. (2018) demonstrates that extraction 
yield and composition of extracts from Chia seeds are slightly affected by the dif-
ferent process parameters studied (pressure, temperature). Additionally, it has been 
demonstrated that the composition of both, Black and White chia seed extract is 
similar. The use of different extraction conditions resulted in differing extraction 
yields, but did not significantly affect the composition of extract. Higher operating 
pressures contributed to higher extraction yields when operating at higher 
temperature. It has been demonstrated, that the composition of oils, obtained from 
both seed varieties is similar (Table 17.2).

GC analyses were performed for palmitic, palmitoleic, stearic, oleic, linoleic and 
linolenic acids, but presence of palmitoleic acid has not been demonstrated. From 
the results can be seen that Chia seeds are generally rich with ω-3 and ω-6 acids. 
The differences in the content in each extract are minimal, however, the content of 
palmitic, stearic, oleic and linoleic acids is higher in extracts, attained from White 
Chia seeds, whilst the content of linolenic acid was higher in black seed extracts. 
The majority compound identified in oils was linolenic acid (almost 60%), followed 
by linoleic acid (around 20%), oleic (10%), the content of stearic and palmitic acid 

Table 17.2 GC analysis of free fatty acids from Chia seeds

FFA (%)

Conditions Palmitic Stearic Oleic
Linoleic
(ω-6)

Linolenic
(ω-3)

White 
Chia

100 bar – 40 °C 8.20 ± 0.09 7.89 ± 0.07 10.17 ± 0.09 20.04 ± 0.05 53.67 ± 0.08
100 bar – 60 °C 8.03 ± 0.09 6.39 ± 0.03 9.18 ± 0.07 19.80 ± 0.12 56.60 ± 0.09
200 bar – 40 °C 8.05 ± 0.08 6.61 ± 0.05 9.26 ± 0.06 19.97 ± 0.25 56.11 ± 0.11
200 bar – 60 °C 7.83 ± 0.07 6.19 ± 0.06 9.00 ± 0.07 19.55 ± 0.04 57.42 ± 0.08
300 bar – 40 °C 7.69 ± 0.07 6.50 ± 0.02 9.42 ± 0.05 19.81 ± 0.06 56.58 ± 0.05
300 bar – 60 °C 7.90 ± 0.05 6.10 ± 0.04 8.97 ± 0.04 20.11 ± 0.09 56.92 ± 0.18

Black 
Chia

100 bar – 40 °C 7.54 ± 0.07 6.00 ± 0.04 8.03 ± 0.06 19.23 ± 0.06 59.20 ± 0.09
100 bar – 60 °C 7.48 ± 0.06 5.93 ± 0.07 7.98 ± 0.07 19.46 ± 0.32 59.15 ± 0.12
200 bar – 40 °C 7.50 ± 0.03 5.76 ± 0.03 7.75 ± 0.07 19.49 ± 0.28 59.50 ± 0.29
200 bar – 60 °C 7.69 ± 0.08 5.67 ± 0.05 7.77 ± 0.09 19.80 ± 0.06 59.06 ± 0.07
300 bar – 40 °C 7.46 ± 0.06 5.60 ± 0.05 7.74 ± 0.07 19.47 ± 0.08 59.73 ± 0.11
300 bar – 60 °C 7.50 ± 0.06 5.83 ± 0.04 7.91 ± 0.07 19.47 ± 0.05 59.29 ± 0.06
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is lower than 10% each. Obviously, the higher solvent power, characteristic for the 
higher operating pressures, did not contribute to a higher solubility of the four free 
fatty acids: palmitic, stearic, oleic and linoleic. These free fatty acids occur in a 
similar percentage, independently on operating pressures and temperatures. On the 
contrary, the content of linolenic acid, which was also higher in black seed extracts, 
increased with increasing operating pressure. The influence of temperature is almost 
imperceptible, except for White chia seed extracts, attained at lower operating pres-
sures, where the elevation of temperature increased the content of the linolenic acid 
for almost 3%. The content of linolenic acid was generally by far the highest and 
also most affected by changing operating conditions, almost 57% in white seed 
extracts attained at 300 bar and 60 °C and 59.73% in extracts, obtained from black 
seeds 300 bar and 40 °C. Despite this fact, at equal pressures, generally the percent-
age of the volatile compounds within the extract was higher at higher temperatures, 
the most probable explanation is that they were more easily dissolved by the solvent.

A great deal of interest has been devoted to the extraction of active components 
from natural sources, aiming at satisfying the increasing request of natural products 
not only for therapeutic use but also as preventing and protecting agents. Among the 
large number of active substances in the focus, polyphenols have received particular 
attention. The identification and development of phenolic compounds or extracts 
from different plants has become a major area of food, health- and medical-related 
research. Divided into two major groups (nonflavonoid and flavonoids), phenolic 
compounds show antioxidant and radical scavenging activities possibly responsible 
for many health benefit effects and for the yellow, orange and red pigments in a 
large variety of plants and animal kingdoms.

An investigation by Knez and co-workers (2019) has been oriented towards uti-
lization of fruits and their specific parts with a high bioactive compounds content. 
The main aims of the present study were to maximize the recovery of phenolic 
compounds in the extracts by application of different extraction methods and varia-
tion of experimental parameters. Materials that were investigated are available in 
the phytogeographical regions of Central Europe (eg Rosa canina L.) or even con-
stitute waste in processing (grape skin) and have been relatively poorly studied so far.

Due to the low polarity of CO2, EtOH-modified SC CO2 extraction has been 
performed to obtain extracts with a high phenolic content. Alteration of operating 
pressure has been assumed to influence the extraction rate of phytochemicals.

According to the analyses, the yield of phenolic compounds in extracts attained 
by SC extraction was lower than in the extracts attained by the conventional solvent 
extraction. This may be explained by the fact that CO2 usually yields good recover-
ies for nonpolar compounds, but polar compounds may remain partially unextracted 
because of their lower solubility in this fluid. For this reason, EtOH as organic 
modifier has been added as cosolvent to the primary fluid to boost the extraction 
effectiveness.

The extraction output considering mass yield was higher in case of conventional 
extraction methods, but the amount of anthocyanins and phenols successfully 
extracted with supercritical solvent is considerable. The results show, that generally 
SC CO2 in combination with a polar entrainer, represents a good extraction media 
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Fig. 17.4 Comparison of total phenolic content, expressed as mg of gallic acid/g of extract (mgGA/
gEXT) at different extraction procedures

for isolation of total phenols, while the amount of extracted anthocyanins is low. 
LC-MS/MS analyses show that gallic, ellagic acid and resveratrol were identified in 
SC extracts. Therefore, we could consider that SC extraction with CO2 therefore 
provides an alternative method to replace extractions with organic solvents for the 
recovery of phenolic compounds (Fig. 17.4).

2  Other Applications

Micronisation using sub or supercritical fluids is currently subject of intensive 
research (Knez et al. 2015). There is certain time gap before research is converted 
to industrial application, and based on developments in area of high pressure extrac-
tion, we could be sure that the number of high pressure micronisation units will 
increase in the near future. Main advantage of the use of sub or supercritical fluids 
for production of fine particles is the tunability of solvent properties. Again the 
unique thermodynamics and fluid dynamic properties of sub or SCFs give the prod-
ucts with unique customer designed properties. Micronisation processes could be 
easily connected to sub or SFE processes, or to a downstream processing after 
chemical and biochemical reactions. Use of CO2 also prevents oxidation of products 
during micronisation steps. Processing of substances using PGSS process could be 
performed even below their melting point. The other reasons for the fast 
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development in the field of application of sub and SCFs are restrictions regarding 
the use of conventional organic solvents in food, feed, and pharmaceutical industries.

Most of the research on bio-catalysis in sub and SCFs was made by use of CO2 
as solvent. There are quite several limitations of using CO2 as reaction media like 
low solubility of reactants in dense CO2, change of enzyme activity or deactivation 
of enzymes due to carbamate formation or acidification of reaction media, deactiva-
tion of enzymes or enzyme preparation due to pressure and/or temperature and due 
to cyclic pressure changes in batch processes. However, CO2 has extremely favor-
able attributes for it application as reaction media in biocatalysed reactions such as 
inflammability, nontoxicity and low costs. The limiting factors of CO2 as media for 
chemical and biochemical reactions could be exceeded by use of co-solvents or 
other dense gasses which increase the solubility of substrates.

CO2 at high pressures has antimicrobial properties and therefore could be used 
for high pressure pasterization- sterilization (Perrut 2012). It is known for long that 
supercritical fluid extraction processes do protect the processed materials from oxi-
dation and contamination with organic solvents and prevent bio-burden increase. 

Table 17.3 Range of materials encapsulated using PGSS™ in the past 7 years

Material Solvent Ref.

Acizol® pharmaceutical substance CO2 Bogorodski et al. (2015)
Alpha lipoic acid/hydrogenated colza oil CO2 Mishima et al. (2015)
Avocado oil CO2 Aredo et al. (2021)
C. aurantifolia essential oil CO2 Akolade et al. (2020)
Citrus oil CO2 Ndayishimiye and Chun (2018)
Curcumin CO2 Pedro et al. (2016)
Elderberry juice CO2 Bánvölgyi et al. (2016)
Epigallocatechin gallate (EGCG) solid 
formulations

CO2 Gonçalves et al. (2016) and Shi et al. 
(2018)

Eucalyptol CO2 Akolade et al. (2019)
Fenofibrate CO2 Pestieau et al. (2015)
Fish oil CO2 Yang and Ciftci (2017)
Fucoxanthin CO2 Vo et al. (2018)
Hydrogenated canola oil CO2 Ciftci and Temelli (2016)
Lactoferrin CO2 Ono et al. (2020)
Limonene in modified starch CO2 Machado et al. (2016)
Lipid microparticles CO2 López-Iglesias et al. (2020)
Liposomal microencapsulation CO2 Tsai and Rizvi (2016)
Omega-3 polyunsaturated fatty acids CO2 Melgosa et al. (2019); Haq and Chun 

(2018)
Pea protein CO2 Saldanha do Carmo et al. (2016)
PEGylated biodegradable polyesters CO2 Perinelli et al. (2016)
Quercetin CO2 Lévai et al. (2017)
Resveratrol on lecithin and β-glucans CO2 Salgado et al. (2015)
Rice bran oil CO2 Benito-Román et al. (2020)
Vitamin B2 CO2 Couto et al. (2017)

17 Supercritical Fluids as a Tool for Sustainable Manufacturing of Added Value…



558

Table 17.4 Some applications of SFE for separation of flavonoids and other phenolic compounds 
from plants, with CO2 as a solvent

Compound(s) Plant Ref.

Anthocyanin Blueberry
Cranberry
Juçara
Haskap berry

Paes et al. (2014)
Tamkutė et al. (2020)
del et al. (2017)
Jiao and Kermanshahi Pour (2018)

Apigenin Korean perilla Mishima et al. (2014)
Catechin Gren tea

Peanut
Areca nut
Guarana

Sökmen et al. (2018)
Putra et al. (2018)
Ruslan et al. (2015)
Santana et al. (2019)

Catechin Gren tea
Peanut
Areca nut
Guarana

Sökmen et al. (2018)
Putra et al. (2018)
Ruslan et al. (2015)
Santana et al. (2019)

Coumarins Perennial
Lavender

Torres et al. (2017), Medeiros-Neves et al. (2020)
Jerković et al. (2017)

Gallic acid Grape Da Porto et al. (2014)
Kampferol Jamun Prakash Maran et al. (2014)
Lignan Magnolia berry Lin et al. (2015)
Myricetin Bilberry

Myrtle
Leptocarpha

Babova et al. (2016)
Pereira et al. (2016)
Marillán and Uquiche (2020)

Orientin Yarrow Villalva et al. (2019)
Polyphenols Propolis De Zordi et al. (2014)
Quercetin Taxus chinensis

Myrtle
Ruan et al. (2014)
Pereira et al. (2016)

Resveratrol Peanut
Sorrel

Jitrangsri et al. (2020)
Santos et al. (2017)

Rutin Morus
Asparagus

Radojković et al. (2016)
Solana et al. (2015)

Tannin Stinkingtoe Veggi et al. (2014)
Vitexin Snake grass

Moringa
Mustapa et al. (2015)
Rodríguez-Pérez et al. (2016)

Wogonin Barbed skullcap Yang et al. (2019)

Moreover, supercritical fluids were also shown to have the ability to kill most micro-
organisms and to “inactivate viruses”, including human pathogenic strains. 
Supercritical fluid sterilization/pasteurization and virus inactivation as an alterna-
tive “green” method to classical processes that cannot be used in a growing number 
of cases: thermolabile products degrading by heat sterilization, or compounds react-
ing with sterilizing chemicals (hydrogen peroxide, ethylene oxide, peracetic acid, 
etc.), or radiolysis of bio-molecules during irradiation Effectiveness of this applica-
tion has been shown for various products, but the mechanisms of inactivation have 
not been fully understood although they have been investigated for more than 
60 years.
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From an economic point of view, technologies involving elevated pressures 
require high investment costs for high–pressure equipment. Because of this, it is 
reasonable to apply supercritical fluid extraction (SFE) for the separation of compo-
nents with high added value, such as nutraceuticals, pharmaceuticals, food addi-
tives, or components with a high feed-to-solvent (F/S) extraction ratio.

A “green” revolution as one part of necessary sustainable development, can also 
use high pressure as a tool. The main impetus for this conversion driven, on the one 
hand, by concern for the environment in reducing the usage of solvents and energy. 
On the other hand, increasing consumer demand for new and natural products sees 
high pressure as a tool to design and produce natural products with completely new 
characteristics.

In recent times, there has been greater emphasis on the recovery of high value- 
added products by using sustainable technologies. One of the ways to achieve this 
is the application of sub- and supercritical fluids (SCF). Some applications of 
PGSS™ process on different types of material are presented in the Table  17.3, 
whilst Table 17.4 introduces some applications of SFE for separation of flavonoids 
and other phenolic com-pounds from plants, with CO2 as a solvent.

3  Conclusion

Supercritical fluid based technologies offer important advantages over organic sol-
vent technology, such as ecological friendliness and ease of product fractionation.

With regard to contemporary issues, future research will be focused towards uti-
lization of the many valuable compounds present in natural materials. These can be 
of economic importance in the food industry and are known for their beneficial 
health effects. Technologists will be encouraged to develop new processes and soft 
technologies for preserving the beneficial characteristics of these compounds. 
Hence, future research efforts should be oriented to developing methods for isola-
tion and identifying new compounds and preserving them after minimal processing 
and storage of various nutritional products, pharmaceuticals, cosmetics and other 
materials. Recent demand has tended towards implementation of extraction and for-
mulation processes that enable the transition to “green” technologies, without fur-
ther use of environmentally and health-hazardous organic solvents. Furthermore, 
according to a basic concept of bio refineries, the supercritical fluid extraction (SFE) 
process allows extraction of very pure, high-value product from materials which 
otherwise would be considered by-products or waste and sold cheaply, or simply 
disposed of. Such processing concepts promote reuse of residues from the food 
industry. A possible solution to the low bioavailability of the relevant compounds 
could be represented by nano formulation. However, in the field of material process-
ing, comprising particle size reduction and foam formation, in-depth research is still 
needed to obtain the necessary data for designing and optimizing the technologies.

17 Supercritical Fluids as a Tool for Sustainable Manufacturing of Added Value…
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Chapter 18
Current Validation of NTP Technologies 
and Overview of Their Current 
and Potential Implementation 
in the Production Chain Including 
Agri- food Wastes

Urszula Tylewicz, Juan Manuel Castagnini, Silvia Tappi, Santina Romani, 
Pietro Rocculi, and Marco Dalla Rosa

1  Introduction

Non-thermal processing (NTP) technologies could be used for different scopes in 
the food industry. Principally, they have been designed and utilized as a decontami-
nation/pasteurization process. In this sense, the quality management systems have 
to be flexible enough to allow the same tools to be used to achieve both goals, prod-
uct safety and product quality. A quality system can achieve its objectives irrespec-
tive of the area where it is applied, the processed product and the technologies used 
in the manufacturing process when it is properly designed and implemented. On the 
other hand, NTP technologies could be used as a pre-treatment for structure modi-
fication and enhancing the mass transfer of different kind of processes like extrac-
tion, drying, osmotic dehydration, freezing and so on. In these cases, the validation 
and verification of the process may not be intrinsically related with the safety but 
with the quality, the reduction of energy consumption and/or the reduction of 
food waste.
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Different NTP technologies have been validated on the laboratory and pilot 
scale, showing a good potentiality for the industrial implementation. In fact, some 
of them are already used at the industrial level for a specific application, while oth-
ers still require further studies to overcome the limits of these technologies.

Pulsed electric field (PEF), thanks to the electroporation of the plant cell mem-
brane, which occurs upon the application of low and moderate electric field strength 
(up to 10 kV/cm), has been shown to modify the plant tissue structure and to improve 
the mass transfer within the tissue. PEF pre-treatment has been already successfully 
applied at the industrial scale in potato industry, showing high benefits in improved 
texture and crispness, less oil uptake, lower acrylamide content (Ostermeier et al. 
2020). In addition to the structure improvement, PEF-assisted processing promotes 
higher extraction yields, shorter processing time, a decrease of process intensity 
(temperature, solvent usage), and better preservation of heat-sensitive compounds 
as compared to conventional techniques (Barba et al. 2015a; Picart-Palmade et al. 
2019). The other important advantage of low and moderate PEF treatment is to 
modulate the process conditions, giving the possibility of pore resealing (reversible 
electroporation) after treatment and the formation of pore with different sizes in the 
electroporated cell membrane. In this way, the different molecular size intracellular 
compounds may be selectively recovered and more easily purified (Vorobiev and 
Lebovka 2017). However, there are also some factors limiting the industrial implan-
tation of PEF technology in mass transfer enhancement, such as the capital invest-
ment costs, design of the equipment, suitability and characteristics of food products. 
Therefore, there is need to evaluate the economic and environmental impact of 
using PEF-assisted processes in comparison to currently available technologies 
before their scaling up (Golberg et al. 2016).

Power US application is considered a green, eco-friendly and emerging technol-
ogy, which was validated for the structure modification (French Fries, tomato peel-
ing, meet tenderisation) and as a pre-treatment of treatment assisted process for 
mass transfer enhancement. It was also validated for the valorisation of agri-food 
waste and by-products, by the recovery of various molecules and biomaterials, 
including polysaccharides, essential oils, proteins, peptides, pigments, and bioac-
tive molecules of commercial importance (Tiwari 2015). The advantage of this tech-
nology is the reduced use of solvents, short extraction time and its relatively easy to 
use, versatility, and flexibility. Moreover, UAE presents also a low investment cost 
compared to other novel extraction techniques (e.g., supercritical fluid extraction, 
PEF-assisted extraction, pressurized solvent extraction) (Flores et  al. 2021). 
However, still further studies of the economic and environmental impact are neces-
sary to build up the multi-criteria decision tools that would help to select the most 
suitable technology and associated operating conditions for a given application.

High hydrostatic pressure (HHP) with a pressure of 100–700 MPa is able to dam-
age cell membranes, increasing their permeability and thus allowing extraction of 
value-added compounds from fruit and vegetable products as well from the agri- 
food waste and by-products (Barba et al. 2015b). Moreover, HHP is able to modify 
the protein structure, resulting in meat tenderisation. Anyhow, at the moment, the 
benefit of meat tenderization and mass-transfer enhancement by HHP is not as 
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evident as in the case of cold pasteurization, which is a standard practice in many 
meat companies for ensuring food safety, therefore limits its commercial applica-
tion (Bolumar et al. 2021).

The aim of this book chapter is to show the current validation of the NTP tech-
nologies namely PEF, US and HHP for structure modification and mass transfer 
enhancement with a particular attention agri-food waste valorisation. Moreover, this 
chapter will show current and potential implementation of these NT technologies in 
the food production chain and in agri-food waste.

2  NTP for Structure Modification

2.1  Potato Industry

The main processed products from potatoes are French fries and chips, although 
their characteristics are very different. French fries are characterized by a crispy 
crust and firm-mealy core, while potato chips (or crisps) are characterized by a 
crispy structure (Botero-Uribe et al. 2017). Different factors may affect the crisp-
ness of French fries and chips, such as moisture, starch content and the entity of the 
oil uptake during frying (Pedreschi et  al. 2007). However, the potato industry is 
currently facing different challenges. One of them is to develop products with low 
acrylamide content, according to the Commission Regulation (EU) 2017/2158 of 20 
November 2017, which established the rules for the mitigation of acrylamide for-
mation in foods (European Union 2017). The snacks with reduced-fat content are, 
nowadays, more and more appreciated by the consumers, therefore the attention 
needs to be focused also on the reduction of oil uptake during frying. It has been 
shown that the manufacturing process in terms of different pre-treatments before 
frying and the frying conditions (time/temperature) influence the final crispness, oil 
uptake and acrylamide content of the products. Traditionally, at the industrial scale 
blanching is performed as a mitigation strategy; however, the traditional blanching 
treatment presents several practical drawbacks and leads to undesirable changes in 
the product quality (Genovese et al. 2019).

Non-thermal technologies such as PEF and US have been validated as alterna-
tives to traditional processing. In general PEF processing on potato causes tissue 
softening, which results in better cutting performance (Liu et al. 2017; Fauster et al. 
2018). As reported by (Botero-Uribe et al. 2017), the cause of the tissue softening is 
the cell structure modification during PEF treatment. In fact, the electric field pro-
motes irreversible changes to the cell membrane permeability, increasing mass 
transfer during further drying. Tissue softening during PEF application also allows 
the longer knife durability of cutting machines in the industry. Moreover, homoge-
neous starch gelatinization leads to texture improvement by increasing crispness 
(Ostermeier et al. 2020; Genovese et al. 2019) obtained a reduction of acrylamide 
content in potato chips treated by PEF by 30% without compromising their 
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crispness if compared to the blanched ones. (Ostermeier et al. 2021) observed that 
the application of PEF or US alone reduced only slightly the acrylamide content 
while combining PEF pre-treatment and ultrasound-assisted frying resulted in a 
66% reduction of acrylamide, and about 25% lower oil uptake. Moreover, PEF 
treatment has been reported to reduce water and energy consumptions, for a typical 
50,000 kg/h line, 60–70,000,000 l of water and 20 GJ of thermal energy are saved 
per year.

Since 2010, PEF treatment has also been used in the industrial-scale production 
of potato chips and French fries worldwide to improve the quality of the final prod-
uct. The implementation of PEF in the potato industry is quite simple, since the PEF 
treatment is very short (microseconds), and PEF systems can take place either 
before or after the peeling plant. The costs for a 6 t/h PEF system, considering an 
annual production of 24,000  t raw material, would amount to 7€/t raw material, 
including also expenses such as electricity consumption. Therefore, there is a posi-
tive impact on the return of investment for a PEF system installation, considering 
also the processing benefits and the improved quality of the final product 
(Lammerskitten et al. 2020; Ostermeier et al. 2020).

2.2  Tomato Industry

Tomato (Lycopersicon eculentum L.) fruits could be consumed as a raw fresh prod-
uct; however, the majority of them are processed into a whole, diced or sliced peeled 
tomato, juices, sauce and ketchup. Therefore, very often tomatoes need to be peeled 
before the industrial transformation. Traditional peeling is usually performed by 
using either hot lye solutions or steam blanching, which presents several drawbacks, 
such as disposal of caustic, high pH waste solution, and excessive water and energy 
consumption (Barrett 2015). To overcome these disadvantages, in recent years, dif-
ferent innovative solutions have been proposed and investigated.

PEF pre-treatment has been validated as strategy to facilitate the peelability of 
tomato fruits and also reduce energy consumption during the thermo-physical peel-
ing phase. (Andreou et  al. 2020) showed that PEF treatments (0.5–1.5  kV/cm, 
0–8000 pulses, 15 μs pulse width) applied to whole tomatoes improved peeling and 
were able to reduce the work required for peel detachment up to 72.3%. (Pataro 
et  al. 2018) suggested that applying PEF pre-treatment (<1  kV/cm and 1  kJ/kg) 
prior to steam blanching represents a less energy-intensive peeling method if com-
pared to the conventional one. In addition to the increased peeling performance, the 
extractability of carotenoids, mainly lycopene with high antioxidant activity, from 
tomato peels has been also improved (Andreou et al. 2020; Pataro et al. 2020).

The implementation of PEF in the tomato industry was studied by (Arnal et al. 
2018). PEF system was successfully integrated into the processing line of the FPD 
Srl Company (Fisciano, Italy). PEF chamber was installed in-line at the washing 
phase, which was identified as the best location for PEF pre-treatment of raw tomato 
fruits before the thermo-physical peeling phase. The exposure of tomatoes to the 
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PEF pre-treatment (0.45 kV/cm and 0.40 kJ/kg) showed that a steam pressure of 
80 kPa caused a similar peeling performance product quality as steam peeling alone 
(at 100 kPa), demonstrating that PEF was able to reduce by 20% the energy con-
sumption in the peeling phase (Arnal et  al. 2018). Moreover, the environmental 
assessment was performed in terms of LCA study, demonstrating that PEF technol-
ogy is environmentally friendly since it improved by 17–20% all the considered 
environmental indicators. However, the authors suggested that in order to fully vali-
date the implementation of the PEF technology at an industrial scale further studies 
are necessary, taking into consideration different tomato cultivars in semi/real 
industrial conditions, also as a function of the ripening stage of the raw material.

The validation of the power US application as a “green, eco-friendly and emerg-
ing technology” for tomato peeling has been reviewed by (Rock et al. 2012). In a 
previous work, (Rock et  al. 2010) observed that power US treatments (1500  W, 
20 kHz) applied to Roma var. tomatoes without the addition of any chemical were 
just as effective as lye peeling in terms of the ease of peeling. Also, (Gao et al. 2018) 
showed that 4% (w/v) lye treatment at 97 °C for 30 s with a post-assistance of a 
31.97 W/L US treatment at 24 kHz and 70 °C for 50 s achieved a 100% peelability. 
The benefits of using power US not only include its potential in eliminating the use 
of lye in tomato peeling thus reducing environmental impacts but also an increase 
in production yield and lycopene content in the peeled product as compared to the 
conventional hot lye peeling method. The authors explained in detail also the mech-
anism of the hot lye and US join action. Briefly, hot lye dissolves the waxy crust and 
penetrates across the de-waxed cuticle via a pitting model, causing the degradation 
of the cell wall and the middle lamella which produces fissures at the boundary of 
the epidermal cell and hypodermal cell layers. Finally, the US application increases 
the fissures, cracks on the skin and causes the detachment of the epidermal layer 
from the fruits (Gao et  al. 2018). However, further research is recommended to 
investigate the mechanism affecting the lycopene content, as well as the scaling-up 
of the present method.

2.3  Meat Industry

Tenderness is one of the most relevant features for consumers when purchasing 
meat products. Among different sensory parameters, the tenderness of meat plays a 
prominent role and is considered a decisive sensory attribute, which can directly 
affect its quality. Therefore, the increased tenderness can improve its eating quality 
and final value (Madhusankha and Thilakarathna 2021). Traditionally, meat tender-
ness is improved by different methodologies such as mechanical (physical), chemi-
cal and enzymatic ones. Recently, many studies have been performed in order to 
verify the possibility to apply non-thermal technologies for this goal (Buckow et al. 
2013; Turantaş et al. 2015; Warner et al. 2017; Gómez et al. 2019).

The most studied and validated technology is HPP since it has been demon-
strated that muscle proteins are very sensitive to the pressure application (Buckow 
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et al. 2013; Bolumar et al. 2021). Moreover, meat tenderization depends on the time 
postmortem when HPP is applied, type of muscle and applied processing condition. 
It is well established that the application of HPP at 100–225 MPa and 10–35 °C, to 
pre-rigour meat, improves the tenderness of beef, lamb, poultry and pork (Warner 
et  al. 2017). In particular, (Morton et  al. 2018) showed that pre-rigour HPP 
(175 MPa, 3 min) significantly disrupted the sarcomere structure of longissimus 
thoracis beef muscle improving its eating quality. These effects were associated 
with changes in glycon phosphorylase and an increase in ultimate pH. In addition, 
the same treatment was able to produce a beef meat at 1-day postmortem as tender 
or even more tender than muscles aged for 28 days (Morton et al. 2017). To obtain 
tender meat by applying HPP on post-rigour muscle, usually, the application of 
higher than ambient temperature is required (Warner et  al. 2017; Bolumar 
et al. 2021).

The disadvantage of HPP technique is that high pressure can induce undesirable 
colour changes in treated meat (Morton et al. 2017) particularly for the red ones, 
giving to the product the typical visual quality of the cooked one. Therefore, HPP 
can be considered as a viable option for ready-to-eat food, but not for the ‘fresh 
food’ shelves, limiting its commercial application. Concerning the cost of HPP pro-
cessing, it comprises high initial investment, high operative and maintenance cost 
(Aganovic et al. 2017; Cacace et al. 2020). However, (Cacace et al. 2020) concluded 
through LCA study, that the use of HPP for Parma ham was not only less expensive 
but also had a lower impact in most of the impact categories if compared to modified 
atmosphere packaging (MAP), since MAP requires a significant amount of packag-
ing materials and food gases.

Anyhow, at the moment, the benefit of meat tenderization by HPP is not as evi-
dent as in the case of cold pasteurization, which is a standard practice in many meat 
companies for ensuring food safety. Moreover, the industrial implementation of 
HPP for this kind of application requires important modification of process layout. 
This is a reason why it has not yet been embraced by the meat industry (Bolumar 
et al. 2021).

Recent studies on the effect of PEF on the tenderization of different beef muscle 
types have shown promising results (Suwandy et al. 2015a, b, c). This effect is asso-
ciated with membrane damage, which could promote calcium release from the cel-
lular organelles, the release of cathepsins from lysosomes and/or accelerated 
glycolysis in pre-rigour meat (Warner et al. 2017). Moreover, the increased prote-
olysis of myofibrillar proteins in low pH meat samples by the application of PEF 
(0.58–0.73 kV/cm; 10 Hz; pulse width 20 μs) was observed (Suwandy et al. 2015b) 
Some studies reported that PEF-induced effect depends on the muscle type (e.g. 
beef loins and topsides) to be treated (Suwandy et al. 2015a, c; Bekhit et al. 2016). 
For instance, (Bekhit et al. 2016), showed that PEF treatment (10 kV, 90 Hz, 20 μs) 
applied once or twice had no effect on the tenderisation of hot-boned beef loins and 
topsides muscles for all ageing treatment times. The application of 3x PEF treat-
ment reduced the tenderness in the loins, while increasing it in topsides at 3 days 
post-treatment time. Some studies reported that PEF at 1.5 kV/cm combined with 
sous vide cooking 60 °C for 20.8–23.7 h promoted an improved tenderness of beef 
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briskets (Alahakoon et al. 2018, 2019) by increasing the in vitro protein digestibility 
of the meat (Chian et al. 2021).

The implementation of the PEF equipment in the meat industry is still a huge 
challenge and, at the moment, it is rather limited, although it could be highly favour-
able due to the low energy consumption and short processing times required in PEF 
processing. The main limits of its implementation in the meat industry are related to 
the high capital investment, the necessity of changes in the processing plant, and the 
need for optimization of PEF conditions for specific product application. Therefore, 
further investigations on the impact of PEF on quality parameters of meat products 
are required to favour the transfer of this technology into industrial application 
(Gómez et al. 2019).

Recent studies showed the potential of power US application on fresh meat, 
mainly for meat tenderization, processing (brining, cooking, freezing) and micro-
bial inactivation (Peña-González et al. 2017; Alarcon-Rojo et al. 2019; Bhargava 
et al. 2021). It has been shown by different authors that US was able to promote 
meat tenderness and shorten the period of ageing, without compromising other 
quality parameters (Chang et al. 2015; Peña-González et al. 2017, 2019). In particu-
lar, (Peña-Gonzalez et al. 2019) showed that US application at 40 kHz, 11 W/cm2 
for 60 min reduced the shear force by 11% and 15% after a storage at 4 °C for 0 and 
14 days, respectively. The increased tenderness of meat could be explained by the 
rupture of the myofibrillar structure of the protein, collagen macromolecules frag-
mentation, protein migration responsible for the proteolysis acceleration or protein 
denaturation (Barekat and Soltanizadeh 2018; Alarcon-Rojo et al. 2019).

The implementation of US technology requires further studies, in order to under-
stand more in-depth, the effect of US on meat (microstructure, enzyme activity, final 
tenderness), as well as on the optimization of the process parameters (frequency, 
intensity, treatment time) for improved efficiency and penetration into the meat 
matrix (Warner et al. 2017).

3  NTP for Mass Exchange

3.1  Extraction by Diffusion

Although the wide research related to PEF-assisted extraction by diffusion 
(Table 18.1) demonstrated that this methodology is promising for the development 
of modern industrial technology, the conventional equipment for sucrose extraction 
from sugar beetroot, betalain from red beet, inulin from chicory, beta-carotene from 
carrot, did not change during the last century (Barba et al. 2015a). The estimated 
power consumptions, for PEF-treated tissues were found to be rather low and typi-
cally lying within 1–15 kJ/kg (Vorobiev and Lebovka 2010). So, from the stand-
point of power consumption, PEF is practically the ideal method to favour the 
damaging of plant tissues as compared to other methods (Barba et al. 2015a).
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Table 18.1 Applications of PEF for the extraction of bioactive compounds from plant tissue

Product
Process 
parameters Results References

Sugar 
beet

E: 600 V/cm
Pulse number: 
500
Pulse duration: 
100 μs
Pulse repetition: 
200 Hz

High purity sugar beet juices (95.3 ± 0.4%). Also 
demonstrated that the combination of mild heating 
(50 °C) and PEF allows shortening the diffusion 
time.

Loginova et al. 
(2011a)
Loginov et al. 
(2011)
Loginova et al. 
(2012)

E: 600 V/cm
Pulse number: 
100
Pulse duration: 
100 μs
Pulse repetition: 
10 ms

PEF allowed high yield sucrose extraction and 
purification with less energy consumption.

Zhu and 
Mhemdi (2016)

Chicory E: <600 V/cm
Pulse number: 4
Pulse duration: 
1 ms
Pulse repetition: 
10 ms
Pulse repetition: 
1–1000 trains

Enhancement of the soluble matter extraction and 
increased diffusion even at low temperatures 
within 20–40 °C.

Loginova et al. 
(2010)

E: 600 V/cm
Pulse number: 
100–500
Pulse duration: 
100 μs
Pulse repetition: 
5 ms
Total time: 
10–50 ms

PEF facilitates extraction of inulin at conventional 
temperature; diffusion temperature can even be 
reduced by 10–15 °C with comparable juice inulin 
concentration.

Zhu et al. 
(2012)
Zhu et al. 
(2015)

Red 
beet

E: 1 kV/cm
Temperature: 
30–80 °C

PEF accelerates the betalains extraction and yield. Loginova et al. 
(2011b)

E: 4.38 kV/cm,
Energy input: 
6 kJ/kg
Pulse 
number: 30

The highest increase in the content of betalain 
compounds in the red beet’s extract (betanin by 
329%, vulgaxanthin by 244%), compared to the 
control sample

Nowacka et al. 
(2019)

(continued)
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Table 18.1 (continued)

Product
Process 
parameters Results References

Olive E: 1.7 kV/cm 
(17 kJ/kg)

Oil yield increased from 2.3% to 6%, and 
increased concentration of hydrophilic phenols, 
from 3.2% to 14.3%

Veneziani et al. 
(2019)

E: 3.3 kV/cm
Pulse duration: 
0.3 ms

Increased extraction yield by 13.3%; total 
phenolic content, total phytosterols and total 
tocopherols significantly higher (11.5%, 9.9% and 
15.0%, respectively). The use of PEF had no 
negative effects on general chemical and sensory 
characteristics

Puértolas and 
Martínez De 
Marañón 
(2015)

E: 1–2 kV/cm 
(1.47–5.22 kJ/
kg)
Pulse 
number: 50
Pulse duration: 
3 μs
Pulse repetition: 
125 Hz

Yield improved by 54% with PEF (2 kV/cm) 
without malaxation. With malaxation at 15 °C and 
PEF, the extraction yield improved by 14.1%

Abenoza et al. 
(2013)

Saffron E: 5 kV/cm
Pulse duration: 
35 μs
Pulse number: 
100

Enhanced extraction 14.1% in colour, 15.5% in 
bitterness and 10.2% in taste

Pourzaki et al. 
(2013)

E: 2 kV/cm 
(1.5 kJ/kg)
Pulse duration: 
20 μs
Pulse 
number: 50

Enhanced concentration of picrocrocin, crocin and 
safranal in the PEF saffron samples after ageing 
for 3 months

Neri et al. 
(2021)

In the conventional sugar production process, counter-current diffusion in hot 
water (70–75 °C) for more than 1 h is widely applied for satisfactory extraction of 
juice from sugar beet slices. To reduce energy consumption and to improve juice 
quality, researchers have investigated the cold extraction of sugar beet juice (Zhu 
and Mhemdi 2016). The implementation of the PEF treatment of sugar beet cos-
settes at an industry scale was studied in a counter-current extractor as reported by 
Loginova et  al. (2011a). The authors stated that PEF-assisted “cold” extraction 
(between 30 and 50 °C) is a promising method for the preparation of high purity 
sugar beet juices (95.3% ± 0.4%). They also demonstrated that the combination of 
mild heating at 50 °C and PEF-treatment can be a useful tool for shortening the 
extraction time. Finally, their results showed that sugar beet juices obtained, had a 
lower concentration of colloidal impurities (especially pectins), lower colouration 
and better filterability through polyether sulfone ultrafiltration membrane. The dif-
ferent research articles related to sugar extraction from beet concluded that PEF-
assisted processing could allow more environmentally friendly and efficient 
processes.
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Inulin is widely used in food industries mainly due to its ability to substitute fat 
and sugar ingredients in formulations. The current industrial production from chic-
ory roots is mainly carried out by diffusion in hot water (70–80 °C), followed by a 
relatively complex purification process, due to the presence of a large number of 
impurities generated by the application of high temperatures (Zhu et  al. 2016). 
Loginova et al. (2010) studied the effect of PEF application for the enhancement of 
the soluble matter extraction from chicory. With a field strength between 100 and 
600 V/cm they achieved membrane permeabilization and a high level of tissue dis-
integration. They also reported that the temperature contribution (40–50 °C) to elec-
troporation efficiency is very important and that this synergetic effect increases at 
small fields (especially at E ≤ 200 V/cm). Zhu et al. (2012) validated the inulin 
extraction from chicory roots treated with PEF at industrial conditions, confirming 
the feasibility of PEF assisted extraction in a pilot counter-current extractor. When 
treated with PEF, the extraction at conventional temperatures of 70–80 °C produced 
a juice reacher in inulin and better exhausted cossettes. They also stated that the 
temperature can be decreased by 10–15 °C as, for example, at 60 °C the juice inulin 
concentration was 11.65 g/100 mL and the juice purity 87.1%. Finally, Zhu et al. 
(2012), stated that the benefit obtained by the reduction of the diffusion temperature 
after the PEF treatment of chicory roots, could cover largely the PEF electrical 
energy consumption, and the economic profit (related to diffusion step) could be 
34.76 € / t inulin. Moreover, if the purification and concentration step are also con-
sidered, the total economic profit will be even higher.

Different research groups also investigated the inulin US-assisted extraction 
(Table 18.2). Lingyun et al. (2007) reported that indirect ultrasound-assisted (sam-
ple immersed in an ultrasound bath) extraction from Jerusalem artichoke tubers is 
more suitable for the inulin extraction because the direct method (probe immersed 
into the sample) induces its partial degradation and releases more oligosaccharides 
in the extract; Milani et al. (2011) used US with high intensity, and improved sig-
nificantly the inulin extraction from Burdock roots, powdered and sieved through a 
0.125 mm sieve. The obtained results showed that increasing the amplitude and the 
extraction time the extraction yield increases, with a minor effect on temperature. 
Finally, Abbasi and Farzanmehr (2009) reported a significant increase in inulin 
recovery from Iranian artichokes proportionally to the power input of US.

Betalain pigments are mostly used as food dyes due to their non-precarious, non- 
toxic, non-carcinogenic, and non-poisonous nature (Chhikara et al. 2019) but are 
also associated with health benefits like antioxidants, anti-cancer, anti-lipidemic, 
and can act as antimicrobial agents (Gengatharan et al. 2015; Tanabtabzadeh et al. 
2019). Therefore, food industries are increasingly interested in the extraction of this 
natural food colourant. To extract the pigments from plant material, the disruption 
of membranes is necessary, and this is usually obtained through the application of 
detergents, solvents, or thermal treatments (Celli and Brooks 2017). As an alterna-
tive, Loginova et al. (2011b) demonstrated that the extractability of betalains could 
be enhanced by PEF, releasing about 90% of the total red pigment. Another study 
reported that PEF treatment caused changes in the colour of red beetroot tissue 
associated with better extraction of pigments (Nowacka et al. 2019).
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Table 18.2 Applications of US for the extraction of inulin from plant tissue

Product
Process 
parameters Results References

Chicory pH: neutral
Extraction time: 
20 min
Temperature: 
77 °C
Solvent:solid 
ratio: 11:1 (v:w)

The optimal conditions for maximizing inulin 
extraction yield (83.6%) were at natural pH for 
20 min at 76.65 °C and solvent:solid ratios of 
10.56:1 (v/w)

Lingyun et al. 
(2007)

Artichoke Treatment 
duration: 5 min
Temperature: 
80 °C
Solvent:solid 
ratio: 5:1.

Optimal aqueous extraction of inulin could be 
achieved at 80 °C, for a duration of 5 min at a 
solvent:solid ratio of 1:5.

Abbasi and 
Farzanmehr 
(2009)

Burdock Treatment 
duration: 25 min
Temperature: 
37 °C
Amplitude: 83%

Optimum extraction conditions: sonication 
time: 25 min; sonication amplitude 83.22% and 
temperature: 36.76 °C.

Milani et al. 
(2011)

The PEF potential to improve extraction yield and quality of olive oil was studied 
by different authors (Abenoza et  al. 2013; Puértolas and Martínez De Marañón 
2015; Veneziani et al. 2019). The results obtained shows that PEF allows a reduction 
in the malaxation temperature without detriment of the extraction yield nor the qual-
ity of the olive oil. The low energy requirements and the short processing times 
could be key advantages to implementing the technology in the industry (Abenoza 
et al. 2013). Puértolas and Martínez De Marañón (2015) studied the implementation 
of PEF for olive oil extraction at pilot scale. They stated that PEF is an appropriate 
technology to improve the yield of virgin and extra-virgin olive oil (VOO and 
EVOO) and that from the chemical and sensory point of view, PEF treatment not 
only has no negative effects but increases the content of human-health-related com-
pounds, such as polyphenols, phytosterols and tocopherols, maintaining the EU 
legal standards of the highest quality olive oil.

An increase in the extraction of major components (crocin – colour, safranal – 
flavour and picrocrocin – taste) of saffron (Crocus sativus) stigma and saffron pom-
ace after PEF application were also observed (Pourzaki et al. 2013). Moreover, Neri 
et al. (2021) observed that ageing of PEF treated saffron stigmas significantly con-
tributed to enhancing the concentration of picrocrocin, crocin and safranal, respon-
sible for colouring and flavouring properties, allowing their ISO-like quality 
classification (ISO 3632-2:2010). Finally, high hydrostatic pressure (100–600 MPa) 
in combination with elevated temperatures (30–70 °C) was also studied (Shinwari 
and Rao 2018). The authors reported a significantly positive effect of pressure on 
the extract quality with an increase of 52–63%, 54–85%, and 55–62% in crocin, 
picrocrocin, and safranal content, respectively, as the pressure increased.
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3.2  Drying

PEF treatment could also be used as a pre-treatment to enhance drying. Hot air dry-
ers are the most widespread dryers in different industries, not only for food and 
agriculture applications but also for paper, textile and chemical ones (Mousakhani- 
Ganjeh et al. 2021). However, these dryers are characterized by a high energy con-
sumption, low efficiency, and a high impact on the quality of the final product. On 
the other hand, freeze dryers and vacuum dryers are alternative technologies for 
products that contain thermolabile compounds, but both require a higher initial 
investment, and they usually operate in batch. Among different innovative technolo-
gies, PEF and US drying are receiving great interest because of their higher effi-
ciency and lower operation time (Mousakhani-Ganjeh et al. 2021). The reduction of 
drying time by PEF pre-treatment depends on the applied parameters, drying 
method, and raw material. As a consequence, there is no standard PEF application 
method, and the effectiveness of electroporation depends on many processing- 
related parameters. Among them, electric field strength and energy input are the 
most frequently modulated ones and could be used to compare results of different 
research groups. Besides, the effective water diffusion coefficient provides valuable 
information and could be used in order to contrast the drying kinetics of different 
processes (Barba et al. 2015a).

Several researchers studied the effect of PEF treatment before drying (Table 18.3). 
Alam et al. (2018) reported a reduction of 21% on the drying time of carrot slices at 
60 °C, a reduction in lightness values (L*) and an increase in a* values and that PEF 
did not affect the mechanical properties of the samples when compared to untreated 
ones; Liu et al. (2018) found that applying PEF before vacuum drying of potatoes 
resulted in a reduction of 22–27% of drying time at 40–70 °C. They also reported 
changes in the textural properties of treated and untreated samples (cutting force), 
as also described by (Castagnini et al. 2020). PEF could also enhance the freeze- 
drying kinetics of apple samples as demonstrated by Lammerskitten et al. (2019) 
which determined a 44% increase in the diffusion coefficient and a drying time 
reduction of 57%. After thermal properties measurements, they also found a higher 
crystallinity of the PEF samples. The freeze-dried PEF-treated fruits absorbed more 
water than the untreated ones, while no changes were reported for hygroscopicity 
and loss of the soluble solids during rehydration.

In the vacuum drying of fresh blueberries, a 33%, 30% and 42% reduction on 
drying time at 75, 60 and 45 °C, respectively, was reported by Yu et al. (2017). The 
authors concluded that vacuum drying at 75 °C provided the optimal conditions for 
minimizing the loss of anthocyanin, total phenolics, vitamin C, and antioxidant 
activity in dried samples and maximizing the drying rate.

Won et al. (2015) applied PEF before hot air drying of red pepper and reported a 
34.7% reduction of drying time at 45 °C. This reduction was also beneficial for the 
colour quality of dried red pepper because an increase greater than 10% in b* value 
and in the ASTA (American Spice Trade Association) unit was observed.
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Table 18.3 Applications of PEF before drying of different plant tissues

Product Process parameters Results References

Carrot E: 0.9 kV/cm 
(65.2 kJ/kg)
Pulse duration: 
20 μs
Pulse repetition: 
50 Hz

Reduction by 21% on the drying time at 
60 °C, a reduction in lightness values (L*) 
and an increase in a* values and that PEF 
did not affect the mechanical properties

Alam et al. 
(2018)

Potato E: 600 V/cm
Pulse duration: 
100 μs
Pulse number: 100
Treatment time: = 
0.1 s

PEF treatment allowed noticeable 
decreasing of drying time (by 22–27% at 
40–70 °C).

Liu et al. (2018)

Apple E: 1.07 kV/cm (0.5 
and 1 kJ/kg)
Pulse duration: 10 
and 40 ms
Pulse repetition: 
2 Hz

PEF before freeze-drying makes possible 
to obtain high quality freeze-dried 
products; better rehydration of PEF treated 
samples

Lammerskitten 
et al. (2019)

E: 0.5–1.5 kV/cm 
(0.121–1.086 kJ/
kg)
Pulse duration: 
10 μs
Pulse repetition: 
100 Hz

Modification of water holding capacity 
induced by PEF and drying

Castagnini et al. 
(2020)

Blueberry Electric field 
strength: 2 kV/cm

The PEF significantly increased the drying 
efficiency, reducing the drying time and 
did not significantly influence the nutritive 
quality.

Yu et al. (2017)

Red bell 
pepper

Electric field 
strength: 1.0–
2.5 kV/ cm
Pulse width: 30 μs
Pulse frequency: 
100 Hz. Treatment 
time: 1, 2, and 4 s

The 34.7% reduction in drying time was 
also beneficial to colour quality.

Won et al. (2015)

Lastly, Mannozzi et al. (2020) combined osmotic dehydration (OD) (trehalose at 
40%) with PEF (200  V/cm) before air-drying of kiwifruit slices. They observed 
good colour retention, a higher content of total polyphenols, vitamin C content and 
antioxidant activity after drying at 60 °C. Besides, they stated that the combination 
of OD-PEF could have an additional positive effect on the sustainability of the over-
all process, by saving the energy required for the process, because osmotic dehydra-
tion is less energy-intensive than drying.

US was also applied as a pre-treatment prior to or during drying (Table 18.4). 
Ricce et al. (2016) found that carrot slices pre-treated using an US bath for 30 and 
60  min enhanced not only the drying but also the rehydration rate at lower 
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temperatures. They also corroborated that the use of high drying temperatures hides 
the US pre-treatment effects since the temperature has a greater effect on drying. 
Therefore, US pre-treatment is a good option to reduce the drying time and/or tem-
perature. Chen et al. (2016) proposed a novel dehydration technique that applies US 
during vacuum drying (USV-drying). With this technique, they achieved a 44 and 
55% reduction in drying time at 65 and 75  °C, respectively, when compared to 

Table 18.4 Applications of US before/during drying of different plant tissues

Product Process parameters Results References

Carrot Power: 700 W
Frequency: 25 kHz
Volumetric power: 
41 W/L
Treatment time: 30 
and 60 min.

Enhanced drying and rehydration rate at 
lower temperatures.

Ricce et al. 
(2016)

Power: 200 W
Frequency: 40 kHz
Mode: 10 s on and 
5 s off.

Drying time reduced around 50% and quality 
properties enhanced (rehydration potential, 
nutritional value, colour, and texture)

Chen et al. 
(2016)

Ultrasonic probe: 
65, 75 and 85 W
Ultrasonic bath: 
10, 20 and 30 °C
Treatment time: 3, 
5 and 10 min

Drying time significantly reduced (up to 
20%); β-carotene and rehydration ratio 
significantly enhanced.

Yilmaz et al. 
(2019)

Potato Power: 100 and 
200 W
Frequency: 25 kHz
Temperature: 
50 °C

Reduced drying time by 40%; improved 
dried potato quality (colour and rehydration)

Kroehnke et al. 
(2014)

Apple Power: 200 W
Frequency: 25 kHz
Temperature: 
50 °C

Greatly increased the drying kinetics; 
Reduced the total colour change by about 
32%

Mierzwa and 
Kowalski 
(2016)

Red/green 
pepper

Power: 0.5 kW/m3

Frequency: 
21.7 kHz
Temperature: 30, 
50 and 70 °C

Improved drying kinetics. US reduced the 
loss of antioxidant properties at 50 °C but 
produced greater degradation at 70 °C.

Cárcel et al. 
(2019)

Power: 100 and 
200 W
Treatment time: 
8.6 and 7.9 h
Temperature: 
54 °C

Reduced the overall drying time by about 
35%; decreased discolouration; better 
rehydration ability and retention of vitamin 
C.

Szadzińska 
et al. (2017)

Power: 590 W
Amplitude: 100%
Temperature: 45, 
55, 65 and 75 °C

Reduced drying time at the same 
temperature.

Tekin and 
Baslar (2018)
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vacuum drying without US. The rehydration potential, nutritional value, colour, and 
textural properties of USV-dried carrot slices were also greatly improved. Finally, 
the source of ultrasonic waves (probe or bath) was studied by Yilmaz et al. (2019). 
At the investigated operating conditions (probe at 65, 75 and 85 W or ultrasonic 
bath at 10, 20 and 30 °C for 3, 5 and 10 min before air drying) they reported a 20% 
reduction of the dying time at 60 °C and a higher β-carotene content for the samples 
treated in the water bath.

In the case of potato convective drying, Kroehnke et al. (2014) described that the 
US application during convective drying of potato reduced the total colour change 
by about 8% and 12% at 100 and 200 W, respectively. They further reported that US 
application did not influence the water activity (aw) of the dried potato.

US pre-treatment applied to apple slices reduced the total colour change by about 
32% at 200 W in comparison to the convective drying. US application did not influ-
ence the water activity of the dried apple and greatly increased the drying kinetics, 
which resulted in a reduction of the overall drying time (Mierzwa and Kowalski 2016).

Cárcel et al. (2019) studied the US influence on the drying kinetics and antioxi-
dant properties of red pepper. The experiments were carried out in an ultrasonic- 
assisted dryer with a high-intensity ultrasonic field (up to 154.3 dB) produced inside 
the drying chamber. They found that temperature significantly influences drying (at 
70 °C the time needed was 11% of the experiments carried out at 30 °C). Besides, 
the application of US significantly increased the drying rate for every tested tem-
perature (30, 50 and 70 °C); the lower the tested temperature, the shorter the drying 
time. For the drying at 70 °C, the application of ultrasound reduced the drying time 
by 32%. This reduction increased up to 62% and 54% in experiments carried out at 
50 and 30 °C respectively. Finally, the use of high drying temperatures reduced the 
loss in the antioxidant properties of red pepper. However, the application of US only 
significantly reduced the degradation at intermediate temperatures but increased 
them at the highest. Therefore, ultrasonically assisted red pepper drying can only be 
considered in terms of reducing the drying temperature to save energy. On the other 
hand, Szadzińska et al. (2017) studied the US-assisted drying of green pepper and 
demonstrated that applying US at 100 and 200 W during dying at 54 °C reduced 
drying time by 32 and 37% respectively; decreased the colour changes and allowed 
retaining most of the vitamin C (up to 70%). Finally, the authors stated that the 
application of ultrasound in convective drying could significantly reduce the total 
electric energy consumption. Lastly, another application found in the literature was 
red pepper US-assisted vacuum drying. In this case, the US was applied in an ultra-
sonic water bath during the vacuum drying process (Tekin and Baslar 2018). The 
authors found that US reduced by 26, 12, 25 and 11% the drying time of red pepper 
at 45, 55, 65 and 75 °C respectively; the rehydration ratio slightly decreased for red 
peppers USV dried and the total phenolic compounds also decreased as the drying 
temperature increased. Taking into account the radical scavenging capability, at 
45 °C, no significant difference in the antioxidant activity (DPPH) was found but 
at 75 °C.
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4  NTP for Agri-food Waste and By-products Valorisation

Eco-friendly and sustainable extraction of high-value compounds from food waste 
and by-products is one of the main challenges in the food industry in recent years. 
The conventional techniques (mechanical, thermal, chemical and enzymatic) used 
for the extraction of the valuable compounds often require a significant amount of 
mechanical or thermal energy, long time steps, use of toxic solvents, or high tem-
peratures that can degrade thermolabile compounds, and lead to a non-selective 
extraction. In the last few decades, emerging non-thermal technologies generally 
used for food preservation have shown a promising result for more efficient and 
sustainable extraction/separation processes (Režek Jambrak et  al. 2018; Picart- 
Palmade et al. 2019).

4.1  Pulsed Electric Field

PEF-assisted extraction has been particularly investigated for the extraction of bio-
active compounds from different agri-food wastes, among others, orange (Luengo 
et  al. 2013; El Kantar et  al. 2018) tomato (Pataro et  al. 2018, 2020) and plum 
(Medina-Meza and Barbosa-Cánovas 2015) peels, grape by-products (Corrales 
et al. 2008; Medina-Meza and Barbosa-Cánovas 2015), rapeseed by-products (Yu 
et al. 2015) and papaya seeds (Parniakov et al. 2015). Table 18.5 summarises some 
of the many studies related to the effect of PEF on the extraction of functional com-
ponents from agri-food by-products.

Barbosa-Pereira et al. (2018) used PEF to obtain added-value compounds from 
cocoa and coffee beans by-products, showing increased extraction yield of bioactive 
compounds (e.g. polyphenols and methylxanthines), which could be used in several 
applications in the food (as food ingredients and nutraceuticals), pharmaceutical 
and cosmetic industries. Martín-García et al. (2020) optimised the extraction of the 
phenolic compounds by using PEF pre-treatment from brewer’s spent grain, validat-
ing the PEF method also in this field of application.

One of the recent and interesting segments of the scientific investigation is the 
opportunity to exploit some microorganisms as an alternative source of proteins, 
pigments, antioxidant compounds, carbohydrates and lipids. In particular, blue 
coloured and water-soluble phycocyanins could be used as a natural pigment, exert-
ing also a high antioxidant activity, for different food product formulations. 
Phycocyanin recovery at industrial level is still limited due to extraction methods 
drawbacks and to the low stability of the final product. Different studies showed that 
PEF resulted a valid and promising technology for phycocyanin extraction, since 
the extracts present relatively high phycocyanins concentration and purity 
(Käferböck et al. 2020; Pez Jaeschke et al. 2021), also if compared to other non- 
thermal techniques, such as US and HPP (Pez Jaeschke et al. 2021). These results 
could be useful in the implementation step of PEF processing in the phycocyanins 
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Table 18.5 Effect of PEF on the agri-food waste and by-products valorisation

Product Process parameters Results References

Orange peel E: 1–7 kV/cm
Energy input: 
0.06–3.77 kJ/kg
Pulse number: 5–50
Pulse duration: 3 μs
Pulse repetition: 
1 Hz

Improvement in flavonoids extraction 
yield and antioxidant activity up to 159 
and 192%, respectively

Luengo et al. 
(2013)

E: 10 kV/cm
Pulse duration: 
70 μs

Synergic effect of PEF and ethanol 
concentration (50%)
Improved polyphenols recovery by 83%

El Kantar 
et al. (2018)

Tomato peels E = 0.25–0.75 kV/
cm
Energy input: 1 kJ/
kg
Pulse duration: 
20 μs
Pulse 
repetition:10 Hz

Increased extraction of carotenoids (up to 
188%) and antioxidant power (up to 
372%)

Pataro et al. 
(2018)

E = 5 kV/cm
Energy input: 5 kJ/
kg
Pulse duration: 
20 μs
Pulse 
repetition:10 Hz

Increased extraction rate of lycopene 
yields (12–18%) and the antioxidant 
power (18.0–18.2%) in either acetone and 
ethyl lactate extracts

Pataro et al. 
(2020)

Grape 
by-products

E = 3 kV/cm
Energy input: 10 kJ/
kg
Pulse number: 30
Pulse repetition: 
2 Hz

Increased (4 times) antioxidant activity of 
extract compared to traditional extraction
High recovery of anthocyanin 
monoglucosides

Corrales 
et al. (2008)

E: about 1 kV/cm
Pulse number: 25.2
Pulse duration: 6 μs
Pulse 
repetition:10 Hz

Increased extraction yield of anthocyanins 
and flavonoids from grape peels, as 
compared with untreated and US treated 
samples

Medina- 
Meza and 
Barbosa- 
Cánovas 
(2015)

Plump peels E: about 1 kV/cm
Pulse number: 25.2
Pulse duration: 6 μs
Pulse 
repetition:10 Hz

Increased extraction yield of flavonoids 
and total phenols as compared with 
untreated samples

Medina- 
Meza and 
Barbosa- 
Cánovas 
(2015)

Rapeseed 
stems and 
leaves

E: 0.8–20 kV/cm
Energy input: 
6.4–160 kJ/kg

Increased extraction of total polyphenols, 
with the highest purity at 5 kV/cm
Increased extraction of proteins when 
20 kV/cm

Yu et al. 
(2015)

(continued)
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Table 18.5 (continued)

Product Process parameters Results References

Papaya seed E: about 13.3 kV/cm
Temperature: 20 °C

PEF + supplementary aqueous extraction 
at 50 °C, pH = 7 for 3 h, had a significant 
positive effect on protein, TPC and 
isothiocyanate recovery, as well as led to a 
higher antioxidant activity

Parniakov 
et al. (2015)

Cocoa and 
coffee bean 
by-products

E = 1.5–4.4 kV/cm, 
Pulse number: 
500–1000
Pulse duration: 
5–20 μs

Improved extraction of bioactive 
compounds from cocoa and coffee 
by-products by 20% and 21.3%, 
respectively

Barbosa- 
Pereira et al. 
(2018)

Brewers’ 
spent grain

E = 0.5–2.5 kV/cm, 
Energy input: 
0.25–18.75 kJ/kg
Pulse repetition: 
50–150 Hz

Max. extraction of total free phenolic 
compounds at 2.5 kV/cm, 50 Hz and 
14.5 s
Increased extraction of totally free and 
bound phenolics by 2.7 and 1.7 times as 
compared with untreated samples

Martín- 
García et al. 
(2020)

Microalgae E: 15, 20, 25 kV/cm
Energy input: 
100 kJ/kg

Increased extraction of phycocyanin 
(nine-fold increase in combination to 
freeze-thawing, comparing to untreated 
fresh biomass)
Higher purity of phycocyanin

Käferböck 
et al. (2020)

E = 40 kV/cm
Energy input:28, 56, 
112 kJ/kg
Pulse repetition: 
2–6 Hz

Increased phycocyanins yield (up to 76%)
Increased proteins yield (up to 102%)
Increased antioxidant activity (up to 
136%)

Jaeschke 
et al. (2019)

extraction lines since the industry needs to obtain a dye without the necessity of 
further processing and purification steps. Moreover, LCA showed that PEF pre- 
treatment resulted in a more sustainable production of valuable fractions, showing 
57–65% lower environmental impacts if compared to the untreated products 
(Käferböck et al. 2020).

Puértolas and Barba (2016) evaluated the economic cost of PEF treatment neces-
sary to recover valuable compounds from different agri-food wastes (e.g. chicory, 
grape skin, fennel etc) and it accounted for 0.1–0.5 €/ton and was significantly 
lower as compared to enzymatic one which accounted for 7.5 €/ton. Similarly, the 
total cost for apple pulp processing by PEF was around 2.69 €/ton as compared to 
8.50 €/ton for enzymatic maceration. Since the majority of the literature examples 
related to the agri-food waste valorisation was validated only on a laboratory scale, 
there is a need to perform research at the pilot plants and industrial scale in order to 
evaluate both the economic and environmental impact of using PEF-assisted pro-
cesses in comparison to currently available technologies. Moreover, the optimiza-
tion of PEF treatment and process parameters for each specific application is needed 
in order to be able to design and optimize the processes before their scaling up 
(Golberg et al. 2016).

U. Tylewicz et al.



585

4.2  Ultrasound-Assisted Extraction

There are many literature studies related to the use of ultrasound-assisted extraction 
(UAE) technology in the extraction of added-value compounds from agri-food 
waste and by-products, and some of them are reported in Table 18.6.

Various authors found that UAE showed a significantly higher efficiency com-
pared to conventional extraction techniques in terms of reduced extraction time and 
increased yield of extraction of some bioactive compounds. (Papoutsis et al. 2018) 
used different models to optimize the UAE of total polyphenols from lemon by- 
products, while (Ladole et al. 2018) optimised the lycopene extraction from tomato 
peels. Tomato residue after UAE extraction resulted to be a good source of fatty 
acids (Ninčević Grassino et al. 2020). The extraction of valuable compounds from 
grape by-products was extensively studied, showing increased extraction yield of 
pectins from grape pomace, lipophilic antioxidants from grape seeds and total poly-
phenols from grape peels, as compared to conventional extraction (Minjares-Fuentes 
et al. 2014; Medina-Meza and Barbosa-Cánovas 2015; Dimić et al. 2020). Moreover, 
(Medina-Meza and Barbosa-Cánovas 2015) compared US- and PEF- assisted 
extractions in plump peels, showing increased recovery of anthocyanins and flavo-
noids by UAE, as compared with untreated and PEF treated samples. UAE showed 
also good potential in the recovery of hydrophilic compounds from cocoa by- 
products (Grillo et al. 2019) and proanthocyanins from brewer’s spent grain (Martín- 
García et al. 2020). Recently, the sustainable extraction of proteins (Vernès et al. 
2019) and pigments from microalgae, in particular, red phycoerythrin (Ardiles et al. 
2020) and blue Phycocyanin (Minchev et al. 2020), was also reported.

Different studies evaluated the environmental impact of UAE through the LCA 
studies. (Vauchel et al. 2018) performed a comparative LCA study at different oper-
ating conditions for polyphenols extraction from chicory food industry waste. US 
had a positive effect enabling environmental impacts reduction up to about 25%. 
However, the more marked positive effect of US application is expected when using 
different vegetal sources (with less destructured vegetal matrixes). In the optic of 
industrial implementation, further studies of the economic and environmental 
impact are necessary to build up the multi-criteria decision tools that would help to 
select the most suitable technology and associated operating conditions for a given 
application.

4.3  High Pressure Assisted Extraction

HHP-assisted extraction is a quite recent application of high pressure in the food 
sector and the literature still lacks the full understanding and validation of this spe-
cific application for different by-products. Table 18.7 report some examples of the 
use of HHP-extraction for different agri-food waste and by-products.
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Table 18.6 Effect of US on the agri-food waste and by-products valorisation

Product Process parameters Results References

Lemon 
by-products

Frequency: 43 kHz
Power: 150–250 W
Temperature: 
45–55 °C
Time: 35–45 min

Max. extraction of TPC (18.10 ± 0.24 mg 
GAE/gdw) with 250 W, 45 min, 50 °C
Max. extraction of rutin (3.20 ± 0.12 mg/
gdw) with 150 W, 35 min, 48 °C

Papoutsis et al. 
(2018)

Tomato peels Frequency: 20 kHz
Power: 1–120 W
Combined with 
enzyme 
co-immobilized 
AMNPs

Max. extraction of lycopene release at 3% 
(w/w) enzyme co-immobilized AMNPs, 
pH 5.0, 50 °C, 10 W and 20 min

Ladole et al. 
(2018)

Frequency: 30 kHz
Power: 400 W
Temperature: 
20.8–59.7 °C
Time: 5–15 min

Depectinized residues (after HPP 
treatment) subjected to UAE in 70% 
ethanol for 15 min contained two times 
lower values of total phenols than 
pectinized samples.
The residue after UAE is a good source of 
fatty acids, among which lauric, palmitic 
and stearic acids are dominant

Ninčević 
Grassino et al. 
(2020)

Grape 
by-products

Frequency: 37 kHz, 
Power: 140 W

Higher pectin yield from grape pomace 
(by 20%) compared to traditional 
extraction
Pectin with a higher average molecular 
weight

Minjares- 
Fuentes et al. 
(2014)

Frequency: 40 kHz, 
Power: 60 W L−1

Temperature: 50 °C
Time: 40 min

High extraction yield of lipophilic 
antioxidants from grape seeds

Dimić et al. 
(2020)

Frequency: 24 kHz
Power: 400 W
Temperature: 50 °C

Increased extraction yield of total 
polyphenols from grape peels as 
compared with untreated samples

Medina-Meza 
and Barbosa- 
Cánovas 
(2015)

Plump peels Frequency: 24 kHz
Power: 400 W
Temperature: 50 °C

Increased extraction of anthocyanins and 
flavonoids as compared with untreated of 
PEF treated samples

Medina-Meza 
and Barbosa- 
Cánovas 
(2015)

Cocoa 
by-products

Frequency: 19.9 kHz
Power: 150 W
Temperature: 40 °C
Time: 15 min

Good potential in the recovery of 
hydrophilic mass from cocoa by-products, 
rich in methylxanthines and polyphenols, 
and a lipid layer.

Grillo et al. 
(2019)

Brewers’ 
spent grain

Frequency: 24 kHz
Power: 80–400 W
Acetone/water: 50%, 
75%, and 100%
Time: 5–55 min

Max. extraction of proanthocyanidins 
with 80/20 acetone/water (v/v), 55 min, 
and 400 W
Increased extraction of proanthocyanidins 
more than twice as compared with 
non-treated samples.

Martín-García 
et al. (2020)

(continued)

U. Tylewicz et al.
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Table 18.6 (continued)

Product Process parameters Results References

Microalgae Frequency: 30 kHz
Power: 100 W
Temperature: 30 °C

Increased extraction yield of 
phycoerythrin

Ardiles et al. 
(2020)

Frequency: 35, 
45 kHz
Power: 30, 300 W
Temperature: 35 °C
Time: 1–48 h

Max. Extraction of phycocyanin 
(2.5 mg/g dw) and purity 0.8 with 35 kHz, 
30 W for 3 h

Minchev, 
Petkova and 
Milkova- 
Tomova (2020)

Frequency: 20 kHz
Power: 1000 W
Continuous flow rate 
at 15 mL/h.

Increased recovery of proteins (by 229%) Vernès et al. 
(2019)

Table 18.7 Effect of HPP-assisted extraction on agri-food waste and by-products valorisation

Product
Process 
parameters Results References

Lime peel Pressure: 
100–200 MPa
Temperature: 
50 °C
Time: 30 min

Increased enzymatic extraction yield of 
pectin

Naghshineh 
et al. (2013)

Tomato 
waste

Pressure: 
100–800 MPa
Time: 
1–30 min

Higher extraction yields of lycopene (from 
2% to 64% increase depending on the solvent 
used) compared to conventional solvent 
extraction

Strati et al. 
(2015)

Pressure: 
300 MPa
Temperature: 
80 °C
Time: 
10–45 min

Increased recovery of pectin from tomato 
peels (by 15% after 45 min), in comparison 
with the conventional extraction for 180 min

Ninčević 
Grassino et al. 
(2020)

Grape 
by-products

Pressure: 
600 MPa
Temperature: 
70 °C
Time: 60 min

Increased (3 times) antioxidant activity of 
extract compared to traditional extraction
Higher recovery of acylated anthocyanin 
monoglucosides

Corrales et al. 
(2008)

Olive 
pomace

Pressure: 
200–600 MPa
Time: 
0–40 min

Increased phenolic concentration of the 
extract (up to 71.8%)
Increased protein extraction (by 88.1% for 
pressures up to 200 MPa) as compared to the 
untreated one

Andreou et al. 
(2020)

18 Current Validation of NTP Technologies and Overview of Their Current…
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HHP has been applied to grape by-products (Corrales et al. 2008), showing a 
significant increase in total and individual anthocyanin content of the extract (acyl-
ated anthocyanin monoglucosides) in comparison to conventional extraction. 
Moreover, the antioxidant activity of the extract was three-folds higher as compared 
to the conventionally extracted product. More recently (Strati et al. 2015; Ninčević 
Grassino et  al. 2020) evaluated the effect of HHP on tomato waste, showing 
improved lycopene extraction from tomato peels and seeds (Strati et al. 2015) and 
improved pectin extraction from tomato peels (Ninčević Grassino et  al. 2020). 
Improved pectin yield was also observed from lime peel treated by 100–200 MPa 
(Naghshineh et al. 2013), without polymer chain degradation, allowing scale-up to 
industrial-scale production of pectin. (Andreou et al. 2020) observed also a higher 
extraction yield of polyphenols and proteins from olive pomace upon the applica-
tion of HHP.  The available literature confirms that also HHP-assisted extraction 
allows higher extraction yields with a shorter extraction time and reduces the use of 
organic solvents, as compared with the conventional extraction. Therefore, the 
HPP-assisted extraction is a promising technique to improve process efficiency and 
sustainability, however, for their implementation in the food industry further studies 
are needed, related to the pilot plant validation and the energetic and economical 
estimations (Picart-Palmade et al. 2019).

5  Conclusion

This chapter investigated validation and implementation of non-thermal processing 
(NTP) technologies, such as PEF, US and HHP in food processing chain and agri- 
food waste valorisation. There as many literatures attesting the validation of these 
technologies for the specific applications. In fact, all the technologies showed the 
advantages in the structure modification and mass transfer enhancement, resulting 
in more sustainable processing (lower energy requirements, shorter processing 
time, lower solvent usage) if compared with the conventional processing. For exam-
ple, PEF treatment is already successfully implemented in the potato industry. 
However, there are also some limits (product quality, investment cost, processing 
line changes etc.) that need to be overcome before fully implementation of these 
technologies in the food processing industry.
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Chapter 19
New Product Development from Marine 
Sources and Side Streams Valorization 
Using Nonthermal Processing Technologies

Theofania Tsironi, Ioanna Semenoglou, and Petros Taoukis

1  Nonthermal Processing of Fish and Seafood for Improved 
Quality and Extended Shelf Life

The development of new food processing and packaging methods or novel 
 combinations of existing technologies is sought by the industry in the pursuit of 
achieving shelf life extension, producing alternative products, improving food 
chain management and reducing food waste. In 2014, processed fish and seafood 
were among the most active new food products in the market. Fish and seafood are 
very perishable products with limited shelf life. The application of novel process-
ing methods, which would decrease microbial growth rate during storage without 
affecting their nutritional value and sensory properties, may increase their com-
mercial value. The lack of dissemination of validated laboratory results for the fish 
and seafood industry is one of the major issues preventing the uptake of nonthermal 
processing for fresh fish and seafood. Hurdle technology has been proposed as an 
effective method for preserving fish and seafood products. Based on this preser-
vation approach, the combined application of soft hurdles may inhibit effectively 
microbial growth, while retaining the sensory properties of food products, com-
pared to the application of a single, more intense preservative factor (e.g. thermal 
processing) (Tsironi et al. 2020).
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1.1  Effect of High Pressure (HP) Processing on Fish 
and Seafood

High pressure (HP) is considered as a high-scored processing method in the 
Technology Readiness Level (TRL > 7) scale, already applied worldwide in food 
industries producing meat products, juices, fruit preparations, etc. It is a nonthermal 
processing method which results in effective inactivation of spoilage bacteria and 
pathogens at room temperature, while retaining the organoleptic characteristic and 
nutritional value of fresh foods. For products which cannot be thermally treated, 
such as highly perishable fresh fish and seafood products, and require very low 
holding temperatures (0–2 °C) during their very short shelf life, HP treatment could 
allow the use of higher temperatures (5–7 °C) in the cold chain for an up to three 
times extended shelf life which will dramatically reduce energy and food waste 
(Tsironi et al. 2015; Tsironi and Taoukis 2019). Research on the effects of HP on 
fish tissues has established the preservative effect (microbial inactivation, shelf life 
extension) and potential drawbacks (effect on colour and texture of fish flesh) of this 
technology (Ohshima et al. 1993; Murchie et al. 2005). Several studies have evalu-
ated the potential use of HP on different fish species, such as cod (Angsupanich and 
Ledward 1998), tilapia (Ko et al. 2006), salmon (Gudbjornsdottir et al. 2010), sea 
bass (Anjos et al. 2019; Chéret et al. 2005; Tsironi et al. 2019a), gilthead seabream 
(Tsironi et al. 2015) and tuna (Ramirez-Suarez and Morrissey 2006). HP has also 
been applied to seafoods such as abalone (Briones-Labarca et  al. 2012), squid 
(Paarup et  al. 2002), shrimp and clams (Büyükcan et  al. 2009; Narwankar et  al. 
2011). HP has been widely applied in the commercial processing of oysters (Murchie 
et al. 2005). Previous work has shown that the application of HP in oyster process-
ing offers as additional benefits, HP-induced shucking (He et al. 2002) and mainte-
nance of flavour and nutrients (Cruz-Romero et al. 2004, 2007). In all the reported 
studies, HP has shown the potential to significantly decrease initial bacterial load, 
inhibit microbial growth and extend shelf life. However, detrimental changes in 
appearance, texture and chemicals in fish and seafood flesh due to HP treatment, 
need to be minimized by systematic investigation of the quality changes and valida-
tion of the processing parameters. HP treatment causes a reversible or irreversible 
structural modification in proteins, leading to protein denaturation, aggregation, or 
gelatinization. This feature illustrates the potential of HP technology to alter the 
allergenic potential of food products (Huang et al. 2014). Recently, HP has been 
proposed as a pre-treatment prior to frozen storage and canning for mackerel for the 
inhibition of chemical changes during storage (lipid oxidation and fatty acid degra-
dation) (Prego et  al. 2021), or in combination with active modified atmosphere 
packaging for desalted and rehydrated cod for the inactivation of spoilage bacterial 
(Rode and Rotabakk 2020). Specific main results from the quoted representative 
studies of HP on fish and seafood is tabulated in Table 19.1.
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Table 19.1 Application of nonthermal processing methods for improving quality and extending 
shelf life of fish and seafood

Fish/
seafood 
product

NTP methods 
tested Main results References

Cod High pressure 
(100–400 MPa, 
20 min)

Myosin was denatured at 100–200 MPa 
and actin at 300 MPa. F or pressures 
>400 MPa, lipid oxidation was accelerated.

Angsupanich and 
Ledward (1998)

Squid High pressure 
(150–400 MPa, 
15 min)

Increased pressure resulted in longer shelf 
life at 4 °C.

Paarup et al. 
(2002)

Oyster High pressure 
(207–310 MPa, 
1–2 min)

HP reduced microbial load and extended 
shelf life at 4 °C.

He et al. (2002)

Oyster High pressure 
(100–800 MPa, 
10 min)

HP enhanced shucking and retained 
quality, especially at higher pressures.

Cruz-Romero 
et al. (2004)

European 
sea bass

High pressure 
(100–500 MPa, 
5 min)

HP significantly inhibited microbial 
growth and extended shelf life.

Chéret et al. 
(2005)

Tilapia High pressure 
(50–300 MPa, 
1–12 h)

Extraction of water-soluble proteins was 
barely affected by HP extraction of 
salt-soluble proteins decreased 60% after 
250 MPa for 1 h.

Ko et al. (2006)

Albacore 
tuna

High pressure (275 
and 310 MPa for 
2–6 min)

HP increased shelf life for 22 days at 4 °C 
and 93 days at −20 °C.

Ramirez-Suarez 
and Morrissey 
(2006)

Oyster High pressure 
(260 MPa, 3 min)

HP enhanced shucking and retained 
quality. Significant colour modifications 
were observed.

Cruz-Romero 
et al. (2007)

Shrimp High pressure 
(200–250 MPa, 
10–20 min)

HP resulted in 12 days shelf life extension 
at 4 °C compared to untreated samples.

Büyükcan et al. 
(2009)

Clam High pressure 
(200–250 MPa, 
10–20 min)

HP resulted in 14 days shelf life extension 
at 4 °C compared to untreated samples.

Büyükcan et al. 
(2009)

Salmon 
(cold 
smoked)

High pressure 
(400–900 MPa, 
10–60 s)

The application of HP for short times was 
effective to improve the safety of cold 
smoked salmon.

Gudbjornsdottir 
et al. (2010)

Clam High pressure 
(310 MPa, 3 min)

HP >480 MPa was required to achieve at 
least 1 log reduction of total microbial 
population.

Narwankar et al. 
(2011)

Red 
abalone

High pressure 
(500 MPa, 8 min; 
550 MPa, 3–5 min)

HP delays quality deterioration and 
extended shelf life at 4 °C.

Briones-Labarca 
et al. (2012)

Gilthead 
seabream

High pressure 
(600 MPa, 5 min)

Shelf life of the untreated fillets was 11, 7, 
4 and 3 days and for the HP-treated fillets 
37, 27, 17 and 10 days at 0, 5, 10 and 
15 °C, respectively.

Tsironi et al. 
(2015)

(continued)
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Table 19.1 (continued)

Fish/
seafood 
product

NTP methods 
tested Main results References

European 
sea bass

High pressure 
(600 MPa, 5 min)

HP resulted in more than 2 months shelf 
life of fish fillets at 2 °C.

Tsironi et al. 
(2019a) and 
Anjos et al. 
(2019)

Cod High pressure 
(400–600 MPa, 
5 min)

The results showed that a shelf life of 
minimum 49 days can be obtained by HP 
or by combining HP with MAP or a CO2 
emitter.

Rode and 
Rotabakk (2020)

Mackerel High pressure 
(200–600 MPa, 
2 min)

An inhibitory effect on free fatty acids 
content was observed in canned mackerel 
previously subjected to frozen storage. 
This effect increased with HP as a 
pre-treatment.

Prego et al. 
(2021)

Gilthead 
seabream

Osmotic 
dehydration 
(maltodextrine, 
NaCl)

Shelf-life at 5 °C was 4d for untreated 
fillets and 9, 11 and 13d for fillets treated 
with 40%, 50% and 60% maltodextrin, 
respectively.

Tsironi et al. 
(2009)

Gilthead 
seabream

Osmotic 
dehydration 
(maltodextrine, 
NaCl, nisin)

OD with the addition of nisin in 
combination with MAP resulted in 48 days 
shelf life compared to 10 days for the 
control samples at 0 °C.

Tsironi and 
Taoukis (2010)

Gilthead 
seabream

Osmotic 
dehydration 
(maltodextrine, 
NaCl, carvacrol, 
glucono-δ-lactone, 
Citrox)

Shelf life was 7 days for control samples at 
5 °C. OD with carvacrol, glucono-d- 
lactone and Citrox allowed for shelf life 
extension by 8, 10 and 5 days at 5 °C, 
respectively.

Tsironi and 
Taoukis (2012)

Tilapia Osmotic 
dehydration 
(sucrose)

Water loss and solid gain was enhanced by 
increasing temperature. The temperature 
effect on mass transfer was limited with 
increasing the osmotic solution 
concentration.

Duan et al. 
(2012)

Gilthead 
seabream

Osmotic 
dehydration 
(maltodextrine, 
NaCl)

A mathematical model was developed for 
the calculation of Pseudomonas spp. 
growth and OD fish shelf life as a function 
of processing conditions and storage 
temperature.

Tsironi and 
Taoukis (2014)

Gilthead 
seabream

Osmotic 
dehydration 
(maltodextrine, 
NaCl, trehalose, 
glucosamine)

Shelf life was 12, 19, 22 and 22 days at 
0 °C for untreated and osmotically 
pre-treated with maltodextrine, 
maltodextrine+trehalose and 
maltodextrine+glucosamine treated fish, 
respectively, while the respective values at 
−3 °C were 21, 35, 38 and 38 days.

Tsironi and 
Taoukis (2017)

(continued)
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Table 19.1 (continued)

Fish/
seafood 
product

NTP methods 
tested Main results References

Chub 
mackerel

Osmotic 
dehydration 
(glycerol and salt)

Storage at refrigeration temperature (7 °C) 
minimized the color changes of OD fish 
flesh.

Checmarev et al. 
(2017)

Tuna Osmotic 
dehydration 
(maltodextrine, 
NaCl, nisin)

Shelf life was 10 days for untreated and 27 
days for OD fish at 5 °C. The addition of 
nisin increased shelf life to 51 days at 
5 °C.

Sofra et al. 
(2018)

Sea bass Osmotic 
dehydration 
(oligofructose, 
NaCl, Rosa 
damascena 
phenolics)

OD extended significantly shelf life of fish 
in terms of microbial growth, however, it 
also accelerated lipid oxidation. Rosa 
damascena phenolics delayed lipid 
oxidation and further extended shelf life.

Giannakourou 
et al. (2019)

European 
eel

Osmotic 
dehydration 
(glycerol, NaCl, 
rosemary serum)

Shelf life of fish exhibited a more than 
ten-fold increase, as compared to control, 
based on chemical composition and a two 
to three-fold shelf life improvement, in 
terms of microbial growth.

Giannakourou 
et al. (2019)

Sea bass Osmotic 
dehydration 
(glycerol, NaCl)
Pulsed electric 
fields

PEF above 500 pulses resulted in 
significantly higher diffusion coefficients 
of water and solids during subsequent 
osmotic dehydration.

Semenoglou 
et al. (2020)

Pacific 
white 
shrimp

Pulsed electric 
fields

Shrimp treated with PEF had lower 
melanosis score than control during 10 
days storage at 4 °C.

Shiekh and 
Benjakul (2020)

Atlantic 
salmon

Pulsed electric 
fields

PEF showed the potential of accelerate 
thawing rate and improve quality of 
frozen-thawed Atlantic salmon.

Li et al. (2020)

Sea bass Pulsed electric 
fields

A strong effect of PEF electroporation on 
protein oxidation in fish was observed.

Cropotova et al. 
(2021)

Salmon Cold plasma (Ar, 
CO2)

Photobacterium phosphoreum load in cold 
smoked salmon was reduced up to 3 log 
CFU/g after 60–120 s of CP treatment.

Chiper et al. 
(2011)

Salmon Cold plasma (He, 
O2)

The treatment with the mixed gas inhibited 
L. monocytogenes on smoked salmon by 
1.0 ± 0.3 log CFU/g.

Lee et al. (2011)

Atlantic 
herring

Cold plasma (air) Inhibition of total aerobic mesophilic, total 
aerobic psychrotrophics, Pseudomonas, 
lactic acid bacteria and Enterobacteriaceae 
growth.

Albertos et al. 
(2017)

Asian sea 
bass

Cold plasma (Ar, 
O2)

CP extended shelf life at fish for >15 days 
at 4 °C.

Olatunde et al. 
(2020)

Ready to 
eat fish 
nuggets

Cold plasma (Ar, 
He)

CP delayed microbial growth in RTE fish 
samples. L. innouca was more sensitive 
than S. aureus to CP.

Hajhoseini et al. 
(2020)
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1.2  Effect of Osmotic Dehydration (OD) on Fish and Seafood

Osmotic dehydration is a nonthermal food processing method used to reduce water 
activity (aw) in food products, with the aim to improve stability and extend shelf life. 
The method consists of an immersion of the product into a concentrated solution 
(e.g. sugar, salt etc). A driving force for water removal is set up because of a differ-
ence in osmotic pressure between the food and its surrounding solution (Collignan 
et al. 2001; Raoult-Wack 1994; Rastogi et al. 2002). Reduction in water activity of 
the food matrix may result in inhibition of microbial growth and thus shelf life 
extension. Furthermore, processing in concentrated aqueous solutions may lead in 
reduction of microbial load due to slight surface decontamination induced by high 
solute concentrations at the product/solution interface (Collignan et  al. 2001). 
Several studies in the literature investigate the effect of different osmotic media, 
such as salt, sucrose and corn starch syrup, on the dehydration rate of fish products 
(Collignan and Raoult-Wack 1994; Mujaffar and Sankat 2006), as indicated in 
Table 19.1. Tsironi et al. (2009) evaluated the applicability of a maltodextrine/NaCl 
osmotic solution for the osmotic dehydration of gilthead seabream fillets. The pre-
servative effect of osmotic dehydration has been also evaluated for chub mackerel 
(Checmarev et al. 2017) and tilapia (Duan et al. 2012). The synergistic effect of 
osmotic dehydration and the addition of antimicrobial agents and/or packaging at 
modified atmospheres or superchilling storage has been extensively studied for gil-
thead seabream (Tsironi and Taoukis 2010, 2012, 2014, 2017), sea bass 
(Giannakourou et al. 2019), tuna (Sofra et al. 2018) and eel (Giannakourou et al. 
2020). Specific main results from the quoted research is tabulated in Table 19.1.

1.3  Effect of Pulsed Electric Fields (PEF) on Fish 
and Seafood

Pulsed electric fields (PEF) treatment has been reported as an innovative nonther-
mal processing method, which involves the application of high-voltage pulses (elec-
tric field strength of 0.1–40 kV/cm, and total energy input of 0.5–1000 kJ/kg) to 
electroconductive foods placed between two electrodes. The resultant electric field 
induces movements of ions and permeabilization of cell membranes called electro-
poration and this has been exploited for microbial inactivation and to enhance 
extraction, mainly, of plant material. It has been studied primarily as a means of 
microbial inactivation in fish but recently several studies have focused on its appli-
cation for mass transfer enhancement (Tsironi and Taoukis 2019), as presented in 
Table 19.1. Some of the advantages of PEF treatment over traditional processing are 
the very short time (milliseconds to microseconds) of treatment and continuous 
operability (Johnson et al. 2010). An important recent trend is the introduction of 
PEF application prior to further processing of fish where mass transfer is required, 
for example curing, marinating or drying, in order to enhance the process efficacy 
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or significantly reducing treatment time (Blahovec et al. 2017). Shiekh and Benjakul 
(2020) evaluated the effect of PEF on the inhibition of melanosis in Pacific white 
shrimp during refrigerated storage. The polyphenol oxidase (PPO) activity in ceph-
alothorax was decreased as specific energy (54–483  kJ/kg) and pulse numbers 
(200–600) increased. Semenoglou et al. (2020) evaluated the effect of osmotic solu-
tion concentration (aquatic solution 40–60% glycerol) and PEF (1.6 kV/cm, up to 
1500 pulses/19.7 kJ/kg) on mass transfer during osmotic dehydration of sea bass 
fillets. Increase of initial concentration of the osmotic solution enhanced water loss, 
solid gain and water activity reduction and decreased salt content in fish flesh. PEF 
above 500 pulses resulted in higher diffusion coefficients of water and solids, com-
pared to untreated fish fillets, during subsequent osmotic dehydration. A sigmoidal 
mathematical model was developed for the calculation of moisture and solute dif-
fusivities, as a function of energy input. The combined effect of pulsed electric field 
and salting in a brine with 5–10% NaCl on oxidative stability of lipids and proteins 
and color characteristics of sea bass, was evaluated by Cropotova et al. (2021). PEF 
has been reported as an effective pre-treatment to decrease the thawing time by 
20 min from −2 to 0 °C in frozen Atlantic salmon. In a study by Li et al. (2020), the 
muscle fiber of PEF-treated sample was preserved better after thawing, resulting in 
the total loss reduced by 6%. Specific main results from the quoted studies of PEF 
on fish and seafood is tabulated in Table 19.1.

1.4  Effect of Cold Plasma (CP) on Fish and Seafood

Cold plasma processing is an emerging foods preservation technology with high 
potential (Kim et al. 2016). CP is commonly referred to as the fourth state of matter, 
where increases in a material’s internal energy converts its state from solid to liquid 
to gas and ultimately to an ionized state of the gas, ‘plasma’, and exhibits specific 
properties (Bourke et al. 2018). Recent studies have shown the potential of using CP 
in order to achieve a limited reduction in the initial microbial load of up to 1 log 
CFU/g for smoked salmon (Lee et al. 2011) or up to 3 log CFU/g for specific bacte-
ria, such as Photobacterium phosphoreum in smoked salmon (Chiper et al. 2011). 
An overview of studies on application of cold plasma treatment on fish products and 
main results are presented in Table 19.1. The achieved disinfection by CP treatment 
is depending on the selected processing conditions. Hajhoseini et al. (2020) reported 
a significant inhibitory effect of CP on the growth of Listeria innocua in ready to eat 
fish products. In-package CP treatment has been reported as a promising disinfec-
tion method for food, with the aim to reduce surface microbial load and thus extend 
shelf life. The effect of in-bag dielectric barrier discharge cold plasma on the pres-
ervation of Asian sea bass slices has been investigated by Olatunde et al. (2020). 
Shelf life extension by in-package CP treatment has been also reported for Atlantic 
herring (Albertos et al. 2017). Plasma-activated water (PAW) may be an effective 
method of CP processing of foods, as an eco-friendly alternative to conventional 
disinfection methods (Xiang et al. 2020). However, detrimental effects have been 
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observed in several cases, concerning the acceleration of lipid oxidation in CP 
treated fish flesh during subsequent refrigerated storage (Misra et al. 2019; Park and 
Ha 2014).

1.5  Case Study: Effect of Nonthermal Processing on Shelf Life 
of Chilled Whole and Filleted Gilthead Seabream

The effect of nonthermal processing on microbial growth in filleted and whole gut-
ted gilthead seabream (Sparus aurata) is illustrated in Fig. 19.1a, b. Total viable 
count (TVC) growth in gilthead seabream treated with high pressure (HP, 600 MPa, 
3 min, 25 °C) or osmotic dehydration (OD, osmotic solution 50% maltodextrine+5% 
NaCl, 45  min, 15  °C) is compared with the application of modified atmosphere 
packaging (MAP, 50% CO2, 10% O2, 40% N2) and with untreated and aerobically 
packed (Control) samples at refrigerated storage (5 °C). The shelf life of fish at 5 °C 
defined as the time to reach a TVC of107 CFU/g correlated to the limit of sensory 
acceptability (ICMSF 1986; Tsironi et al. 2019b), was calculated as 4, 8, 38 and 
12 days for Control, OD, HP and MAP filleted gilthead seabream, respectively. For 
gutted gilthead seabream, the shelf life at 5 °C was calculated as 7, 14, >40 and 
13 days for Control, OD, HP and MAP samples, respectively.

2  Nonthermal Processing for Valorization of Fish 
and Seafood Side Streams

2.1  Fish and Seafood Side Streams

There is a steadily increasing demand for fish and seafood products with the annual 
fish consumption from 9.0 kg per capita in 1961, reaching 20.5 kg in 2018. The 
increase of their consumption due to their high nutritional value in combination 
with the increasing population led aquaculture to be one of the fastest growing food 
production sectors with 3.1% average annual growth rate the last decades compared 
with 2.1% of all other animal protein food sectors. According to FAO (2020b), in 
2018 total production of fish and seafood approached 180 million tons of which 
46% came from aquaculture and the remaining amount from marine (7%) and 
inland capture (47%). Aquaculture production consisted of finfish (54.3 million 
ton), molluscs (17.7 million ton) and crustaceans (9.4 million ton) (FAO 2020a, b).

Consumers demand for high quality, added value and ready-to-eat fish products 
and the enormous fish production generate significant quantities of nonedible by- 
products every year which are discarded as waste or underutilized. Fish side streams 
produced from harvesting, processing and distribution in the supply chain can be up 
to 35% of the global catches. Fish discards refer to the part of catches which are 
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Fig. 19.1 Total viable count in (a) filleted and (b) gutted gilthead seabream (Sparus aurata) dur-
ing isothermal storage at 5 °C. Control: Untreated and aerobically packed; OD: Osmotically dehy-
drated using an aquatic osmotic solution with 50% maltodextrine+5% NaCl (45 min, 15 °C) and 
aerobically packed; HP: in-pack (vacuum) treated with high pressure (600 MPa, 3 min, 25 °C); 
MAP: untreated and packed in modified atmosphere (50% CO2, 10% O2, 40% N2). The dotted, grey 
line indicates the limit of acceptability = 107 CFU/g for TVC
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returned to the sea during fishing due to unmarketable, damaged or undersized spe-
cies or due to regulations. These wastes have been significantly reduced the last 
decades mainly because of policies aiming to elimination of these quantities, how-
ever they still constitute 9–15% of the total losses (FAO 2011, 2018). In terms of 
processing, the applied methods after landing depend on the species and the desired 
final products. The main stages for finfish include fish filleting, evisceration and 
scaling and lead to large amount of side streams which can represent 20–70% of the 
initial mass of processed fish. The produced side streams are mainly viscera which 
represent 12–18% of total fish, heads (9–12%), bones (9–15%) with attached flesh 
(frames), skin (1–3%), tails, fins, scales (5%), gills and blood and their amount 
depends on species, season, size and fishing area (FAO 2018, 2020b; Rustad et al. 
2011). Moreover, crustaceans and molluscs processing also leads to huge quantities 
of underutilized side streams such as shells, heads and tails. These by-products rep-
resent about 35–70% of the total weight and correspond to 0.5 million ton per year 
(Hamed et al. 2016; Lopez et al. 2015).

Fish and seafood by-products are susceptible to spoilage due to chemical reac-
tions, microbial growth and enzymatic load and thus their immediate management 
or valorization is crucial in order to reduce the environmental impact of fish indus-
tries side streams. These materials are rich in bioactive compounds such as polyun-
saturated (PUFA) and monounsaturated fatty acids (MUFA), proteins, amino acids, 
enzymes and minerals similar to the edible parts of seafood. As current practice they 
are thrown away or underutilized basically for the production of animal feed, fish oil 
and organic fertilizers, while they could optimally be used as high added value 
ingredients in food, pharmaceutical, nutraceutical and biotechnological applica-
tions. The last decades, improved nonthermal and environmentally friendly pro-
cesses including supercritical fluid extraction (SFE), pulsed electric field and high 
pressure, have been investigated to optimize the recovery of these bioactive compo-
nents in the framework of a more sustainable utilization of fish processing side 
streams (Al Khawli et al. 2019; Bruno et al. 2019; FAO 2018, 2020b).

2.2  Application of Supercritical Fluid Extraction on Fish 
and Seafood Side Streams

SFE is a nonthermal technology that has been introduced in food industry as an 
alternative to conventional solvent extraction in order to recover heat-sensitive com-
pounds. CO2 is an appropriate green solvent due to the mild conditions at its critical 
point and the easy separation from the extract. Supercritical CO2 extraction presents 
significant selectivity for non-polar molecules because of the low solvent polarity. 
In case of polar compounds, the addition of co-solvent such as ethanol has been 
mentioned to change solvent polarity (Ivanovs and Blumberga 2017). The last 
decades, SFE research has focused on fatty acids (FA) and other lipid-soluble mol-
ecules from fish and seafood side streams (Table 19.2).
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Table 19.2 Application of supercritical fluid extraction on fish and seafood side streams

Fish/seafood side 
streams

Bioactive 
compounds SFE conditions Main SFE results Reference

Crawfish 
(Procambarus 
clarkii) shells

Astaxanthin P: 13.8–31.0 MPa
T: 50–70 °C
F: 1.0–1.5 L min−1

Ethanol: 10% 
(w/w)

Optimal conditions:
P = 31 MPa, T = 60 °C
Max yield: 
207.6 mg kg−1

Co-solvent enhanced 
extraction

Charest et al. 
(2001)

Indian mackerel 
(Rastrelliger 
kanagurta) skin

Oil P: 20–35 MPa
T: 45–75 °C
F: 2 ml min−1

Cont: 6 h
Co-solv: 6 h
Sk: soaking for 
10 h, SFE for 5 h
PS: pressurization 
for 5 min and SFE 
for 1 h repeated 
10 times

Optimal conditions:
P = 35 MPa, T = 75 °C
Similar yield and PUFA 
consistency with 
Soxhlet (lower on 
continuous)
Sk and PS are most 
effective to recover AA, 
DHA, EPA
Highest CO2 
consumption in 
cont-SFE

Sahena et al. 
(2010a)

Indian mackerel 
(Rastrelliger 
kanagurta) flesh, 
skin, viscera and 
heads

Oil P: 35 MPa
T: 60 °C
F: 2 ml min−1

t:
Cont: 5–8 h
Co-solv: 4–6 h
Sk: soaking for 
10 h, SFE for 
3.5–5 h
PS: pressurization 
for 2 h and SFE 
for 3 h repeated 
5–6 times

All techniques had 
similar yield and PUFA 
consistency with 
Soxhlet
Sk and PS are highly 
effective to recover AA, 
DHA, EPA

Sahena et al. 
(2010b)

Redspotted shrimp 
(Farfantepenaeus 
paulensis) heads, 
tails and shells

Lipids and 
carotenoids

P: 30 MPa
T: 50 °C
Ethanol: 10% 
(w/w)

Co-solvent enhanced 
lipids and astaxanthin 
extraction but yields 
were lower compared 
to solvent extraction

Sánchez- 
Camargo 
et al. 
(2011a)

Redspotted shrimp 
(Farfantepenaeus 
paulensis) heads, 
tails and shells

Lipids and 
carotenoids

P: 20–40 MPa
T: 40–60 °C
F: 
4.17*10−5 kg s−1

Optimal conditions:
P = 37 MPa, T = 43 °C
Max astaxanthin 
recovery: 39%

Sánchez- 
Camargo 
et al. 
(2011b)

Northern shrimp 
(Pandalus borealis 
Kreyer) heads, tails 
and shells

PUFA 15 MPa, 50 °C;
35 MPa, 40 °C
F: 3–5 L min−1

t: 90 min

Lower yield compared 
to Soxhlet extraction

Amiguet 
et al. (2012)

(continued)
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Table 19.2 (continued)

Fish/seafood side 
streams

Bioactive 
compounds SFE conditions Main SFE results Reference

Yellow cracker 
(Larimichthys 
polyactis) muscle

Oil P: 15–25 MPa
T: 35–45 °C
F: 27.79 g min−1

t: 1.5 h

Optimal conditions:
P = 25 MPa, T = 35 °C
Max yield: 21.36%
Higher yield, PUFA 
and stability (lower PV 
and AV) compared to 
Soxhlet with hexane

Lee et al. 
(2012)

Hake (Merluccius 
capensis–Merluccius 
paradoxus) off-cuts 
(skin and muscles)

Oil P: 25 MPa
T: 40 °C

Prevention of lipid 
oxidation and reduction 
of impurities.
Higher protein 
concentration on the 
remaining fish meal.

Rubio- 
Rodríguez 
et al. (2012)

Orange roughy 
(Hoplostethus 
atlanticus) off-cuts 
(skin and muscles)

Oil P: 25 MPa
T: 40 °C

Similar colour and FA, 
lower acidity value and 
impurities, better 
prevention of lipid 
oxidation and sensory 
properties compared to 
CE, EE and WR

Rubio- 
Rodríguez 
et al. (2012)

Salmon (Salmo 
salar) off-cuts (skin 
and muscles)

Oil P: 25 MPa
T: 40 °C

Similar colour and FA, 
lower acidity value and 
impurities, better 
prevention of lipid 
oxidation and sensory 
properties compared to 
CE, EE and WR

Rubio- 
Rodríguez 
et al. (2012)

Jumbo squid 
(Dosidicus gigas) 
liver

Oil P: 25 MPa
T: 40 °C

SFE prevents lipid 
oxidation and reduces 
impurities
Higher protein 
concentration on the 
remaining fish meal

Rubio- 
Rodríguez 
et al. (2012)

Indian mackerel 
(Rastrelliger 
kanagurta) viscera

Oil P: 20–35 MPa
T: 45–75 °C
F: 1–3 ml min−1

Cont: 6 h
Co-solv: 4 h
Sk: soaking for 
10 h, SFE for 4 h
PS: pressurization 
for 2 h and SFE for 
3 h repeated 5 times

Optimal conditions: 
P = 35 MPa, T = 60 °C, 
2 ml min−1

Sk and PS are most 
effective for oil 
recovery.
Highest CO2 
consumption in Cont.

Sahena et al. 
(2012)

Redspotted shrimp 
(Farfantepenaeus 
paulensis) heads, 
tails and shells

Lipids and 
carotenoids

P: 30 MPa
T: 50 °C
F: CO2: 3 L min−1

Ethanol: 5–15% 
(w/w)
t: 100 min

Co-solvent significantly 
enhanced lipids and 
astaxanthin extraction 
(93.8% and 65.2% 
recovery respectively).

Sánchez- 
Camargo 
et al. (2012)

(continued)

T. Tsironi et al.



609

Table 19.2 (continued)

Fish/seafood side 
streams

Bioactive 
compounds SFE conditions Main SFE results Reference

African Catfish 
viscera

Oil P: 10–40 MPa
T: 35–80 °C
F: 1–3 ml min−1

t: 1–4 h

Optimal conditions:
P = 40 MPa, 
T = 57.5 °C, 
F = 2 ml min−1, 
t = 2.5 h
Max yield: 67%
Lower yield compared 
to Soxhlet with hexane.

Sarker et al. 
(2012)

Common carp 
(Cyprinus carpio L.) 
viscera

Oil (PUFA) P: 20–40 MPa
T: 40–60 °C
F: 
0.194–
0.354 kg h−1

t: 30–180 min

Optimal conditions:
P = 40 MPa, T = 60 °C, 
F = 0.354 kg h−1

Max PUFA yield: 
25.24%

Lisichkov 
et al. (2014)

Tuna (from 3 
species) head, skin, 
viscera

Oil P: 400
T: 65 °C
F: 3 ml min−1

20% Ethanol
t: 120 min

Similar yield and FA 
with Soxhlet n-hexane.
Lower FFA and PV.

Sahena et al. 
(2014)

Salmon (Salmo salar 
Linnaeus) offcuts 
(heads, trimmings, 
frames)

Oil P: 15–35 MPa
T: 40–80 °C
F: 
0.18–0.48 kg h−1

t: 120 min
d: 125–710 μm

Optimal conditions:
P = 35 MPa, T = 60 °C, 
F = 0.18 kg h−1

Max yield: 21.36%

Adeoti and 
Hawboldt 
(2015)

Rock Lobsters 
(Jasus edwardsii) 
livers

PUFA P: 25–35 MPa
T: 50–60 °C
F: 0.434 kg h−1

t: 240 h

Optimal conditions:
P = 35 MPa, T = 50 °C
Max oil recovery: 94%
Higher PUFA and 
reduction of heavy 
metals compared to 
Soxhlet.

Nguyen 
et al. (2015)

Atlantic salmon 
belly part, muscle, 
frame bone and skin

Oil P: 25 MPa
T: 45 °C
F: 27 g min−1

t: 180 min

Lower yield compared 
to hexane extraction 
and higher than pressed 
oil.
Better colour and 
viscosity, oil stability 
(lower PV, AV, FFA) 
and antioxidant activity.

Haq et al. 
(2017)

Common carp 
(Cyprinus carpio L.) 
flesh, viscera and 
caviar

Oil (MUFA, 
PUFA)

P: 20–40 MPa
T: 40–60 °C
t: 15–180 min

Higher yield compared 
to Soxhlet with 
petroleum ether and 
lower yield than 
methylene chloride and 
hexane extracts.
Highest concentration 
of MUFA and PUFA.

Kuvendziev 
et al. (2018)
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The yield and the quality of extracts from fish industry by-products mainly 
depend on the applied pressure (P), temperature (T), solvent flow rate (F) and time 
(t). Temperature increase under constant pressure results in lower solvent density 
and higher solutes vapour pressure which have opposite influence on oil solubility. 
So, the final yield depends on the stronger effect between these two. The complex 
impact of pressure and temperature has been reported for extracted oil from differ-
ent sources such as from common carp viscera (Kuvendziev et al. 2018), salmon 
offcuts (Adeoti and Hawboldt 2015), common carp viscera (Lisichkov et al. 2014), 
catfish viscera (Sarker et al. 2012), yellow cracker muscle (Lee et al. 2012), Indian 
mackerel viscera and skin (Sahena et al. 2010a, 2012). Authors have concluded that 
increasing temperature at lower pressures had negative effect on the yield, while at 
higher pressures enhanced the extraction. In terms of solvent flow, it was observed 
that CO2 flow rate positively affected the recovery of oils (Adeoti and Hawboldt 
2015; Lisichkov et al. 2014; Sahena et al. 2012). Moreover, Adeoti and Hawboldt 
(2015) have concluded that reducing particle size enhanced extraction.

Most of the SFE studies have evaluated the recovery of bioactive compounds 
using continuous extraction with or without co-solvent, while application of differ-
ent methods is extremely limited in the literature. Some studies have evaluated the 
use of co-solvent (co-solv), the soaking (Sk) and pressure swing technique (PS) 
compared to continuous (cont) on different side streams. Sahena et al. (2010a) have 
studied oil extraction from Indian mackerel skin using the four methods in a wide 
range of pressures (20–35 MPa) and temperatures (45–75 °C). Finally, the optimal 
conditions for each method were at 35 MPa and 75 °C. Co-solvent, soaking and PS 
method resulted in significant recovery of oil and PUFA, similar to the Soxhlet, 
while continuous extraction was not sufficient. Moreover, Sahena et al. (2012) have 
investigated viscera oil produced with the same techniques at the optimal conditions 
(35 MPa, 60 °C). The maximum oil yield with the different SFE methods was close 
to the yield with Soxhlet extraction. In addition, the highest CO2 consumption found 
in the continuous method and the lowest in soaking and PS. They have also con-
cluded that soaking and PS methods were appropriate for PUFA recovery such as 
the docosahexaenoic acid (DHA), the eicosapentaenoic acid (EPA) and the arachi-
donic acid (AA). The same conclusions in terms of yield and PUFA have been 
reported by Sahena et al. (2010b).

Comparison of SFE with other extraction technologies has been reported in dif-
ferent studies which mainly focused on solvent extraction and specifically on 
Soxhlet with hexane, petroleum ether or methylene chloride as solvents. Oils 
obtained by SFE from common carp by-products (Kuvendziev et al. 2018), Atlantic 
salmon by-products (Haq et al. 2017), African catfish viscera (Sarker et al. 2012) 
and yellow cracker by-products (Lee et al. 2012) resulted in lower lipid recovery 
compared to Soxhlet extraction. On the other hand, some studies referred to 
extracted oil from tuna head, skin and viscera (Sahena et al. 2014) and Indian mack-
erel side streams (Sahena et  al. 2010b) concluded that SFE and Soxhlet yielded 
similar amounts of extracts. Apart from oil and FA recovery, quality of extracts 
plays a crucial role in the utilization of SFE for the valorization of fish and seafood 
industry side streams. In this framework, it has been noted that SFE extracts were 

T. Tsironi et al.



611

characterized by higher antioxidant activity and oil stability compared to conven-
tion extraction, with regard to peroxide value (PV), anisidine value (AV), and free 
fatty acids (FFA) (Haq et  al. 2017; Lee et  al. 2012; Sahena et  al. 2014). Rubio- 
Rodríguez et al. (2012) have compared SFE of various fish by-products (salmon, 
orange roughy, hake off-cuts and jumbo squid liver) with cold extraction (CE), wet 
reduction (WR) and enzymatic extraction (EE). Extraction at 25 MPa and 40 °C 
resulted in similar FA composition and colour compared to CE, WR and 
EE. However, SFE preserved lipid oxidation and reduced the pollutants (heavy met-
als) concentration on the final extract which were presented in the raw material.

In case of seafood side streams, SFE has been used to extract lipids and carot-
enoids which are present in these materials. Nguyen et  al. (2015) have studied 
PUFA extraction from lobster livers with SFE (25–35 MPa, 50–60 °C) and Soxhlet 
extraction. SFE resulted in slightly lower lipids recovery but higher PUFA concen-
tration in the final extract. In addition, SFE significantly reduced the presence of 
heavy metals in the extract. The use of ethanol as co-solvent has been reported in 
different studies referred to the recovery of astaxanthin with or without the simulta-
neous lipid recovery. It has been reported that co-solvent enhanced astaxanthin 
extraction compared to SFE with pure CO2 (Charest et al. 2001; Sánchez-Camargo 
et  al. 2011a, 2012). Sánchez-Camargo et  al. (2011a) have concluded that use of 
ethanol enhanced astaxanthin extraction while did not affect lipid extraction.

2.3  Application of Pulsed Electric Field on Fish and Seafood 
Side Streams

PEF is a promising nonthermal processing method for the valorization of fish and 
seafood by-products through extraction of high added value compounds. The appli-
cation of high-voltage pulses resulted in pores formation to cells which can enhance 
extractability of compounds from fish and seafood side streams (He et  al. 2017; 
Semenoglou et al. 2020). Despite the advantages of this technique especially for the 
extraction of heat-sensitive ingredients such as PUFA, PEF has not been widely 
used for the valorization of fish by-products as shown in Table 19.3. The effect of 
PEF on the final extract or product depends on several process parameters such as 
the pulse shape and number (n), electric field strength (E) and solid material to liq-
uid ratio (s/l) or liquid to solid ratio (l/s).

Several studies have focused on extraction of valuable compounds from fish 
bones such as chondroitin sulfate (CS), calcium (Ca) and collagen. He et al. (2014) 
examined the effect of 3 different factors on extraction of chondroitin sulfate. The 
maximum recovery (6.9 g L−1) was determined by single-factor analysis and the 
optimal conditions were found at 16.88 kV cm−1, 9 pulses and 1:15 g mL−1 material 
to liquid ratio. Comparing the results at optimal conditions with enzymatic, alkali 
and ultrasonic (US) extraction, PEF accelerated the extraction and resulted in higher 
yield 2.02, 1.84 and 1.42 times, respectively and the extracts were characterized by 
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Table 19.3 Application of pulsed electric field processing on fish and seafood side streams

Fish/seafood side 
streams

Bioactive 
compounds PEF conditions Main PEF results Reference

Fish bones Chondroitin 
sulphate

E: 
5–25 kV cm−1

n: 2–12 pulses
s/l: 1:5–1:25

Optimal conditions: 
E = 16.88 kV cm−1, 
n = 9, s/l = 1:15
Max yield = 6.9 g L−1

Higher yield (up to 2 
times) and purity 
compared to EE, US 
and alkali method.

He et al. (2014)

Fish bones Chondroitin 
sulphate, 
calcium, 
collagen

E: 
20–25 kV cm−1

n: 8–10 pulses
l/s ratio: 10–12

Optimal conditions: 
E = 22.79 kV cm−1, 
n = 11, l/s = 11
Max yield: 19.8, 39.3 
and 3.9 mg mL−1 for 
Ca, CS and collagen 
respectively.

He et al. (2016)

Abalone (Haliotis 
discus hannai Ino) 
viscera

Protein 
hydrolysates

E: 
5–20 kV cm−1

t: 100–800 μs
s/l: 1:8–1:14

Optimal conditions: 
E = 20 kV cm−1, 
t = 600 μs, s/l = 4:1
Max yield = 39.99%
Higher DH, better 
emulsifying 
properties and 
solubility than EE.

Li et al. (2016a)

Sea bass skin Defatting E: 
16–24 kV cm−1

t: 36–108 ms
s/l: 1:8

Optimal conditions: 
E = 24 kV cm−1, 
t = 72 μs
Max defatting: 86.9%
Lower MUFA and 
PUFA in the treated 
skin.
Lower fishy odor/
flavor and volatile 
compounds.

Chotphruethipong 
et al. (2019)

Bighead carp 
(Hypophthalmichthys 
nobilis) bones

Collagen E: 
5–25 kV cm−1

n: 2–12 pulses
s/l: 1:8–1:14

Optimal conditions: 
E = 20 kV cm−1, 
n = 8, s/l = 1:10
Max 
yield = 16.1 mg mL−1

He et al. (2019)

Sea bass and sea 
bream heads, bones 
and gills

Peptides and 
amino acids

E: 1.4 kV cm−1

n: 100 pulses
s/l: 1:10

Improved antioxidant 
activity compared to 
conventional 
extraction.

Franco et al. 
(2020)

Pacific white shrimp 
(Litopenaeus 
vannamei) 
cephalothorax

Lipids E: 
4–16 kV cm−1

n: 120–240 
pulses
s/l: 1:5

Enhanced yield and 
decreased PV, 
TBARs and FFA 
compared to SE and 
UAE.

Gulzar and 
Benjakul (2020)
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higher purity. He et al. (2019) evaluated collagen extraction in a wide range of elec-
tric field strengths (5–25 kV cm−1), number of pulses (2–12) and solid to solvent 
ratio (s/l: 1:5–1:25). The highest yield was achieved at 20 kV cm−1, 8 pulses and 
1:10 ratio and it was equal to 16.13 mg mL−1. In another study, the simultaneous 
extraction of CS, collagen and calcium (Ca) from fish bones has been investigated 
(He et al. 2016). The optimum conditions (22.79 kV cm−1, 9 pulses, 11 liquid to 
solid ratio) were determined through the Response Surface Methodology (RSM). 
Under these conditions, CS concentration was 39.3 mg mL−1, Ca was 19.8 mg mL−1 
and extracted collagen was 3.87 mg mL−1.

Protein enzymatic extraction assisted by PEF from viscera has been developed 
by Li et al. (2016a) as an alternative for the valorization of fish side streams. They 
studied several conditions of field strength (up to 20 kV cm−1), treatment time (up to 
800 μs) and solid to liquid ratio (3:1–10:1). The highest extraction yield of protein 
hydrolysates was equal to 39.99% and was achieved after treatment at 20 kV cm−1, 
for 600 and a solid to liquid ratio of 4:1. This recovery was higher than conventional 
enzymatic extraction and the extract was characterized by improved solubility, 
emulsifying properties and higher degree of hydrolysis (DH). Peptides and amino 
acids extraction with and without PEF treatment has been evaluated by Franco et al. 
(2020) using sea bass and sea bream side streams consisted of heads, bones and 
gills. The pre-treatment enhanced the antioxidant capacity compared to conven-
tional solvent extraction with water or methanol. In addition, PEF has been pro-
posed as an effective method for defatting of sea bass skin followed by enzymatic 
removal of lipids (Chotphruethipong et al. 2019). Optimal conditions were defined 
at 24 kV cm−1 and 72 ms in which lipid removal reached 86.93%. The defatted skin 
was characterized by lower MUFA and PUFA concentration and could further be 
used for collagen hydrolysis with reduced fishy odor and volatile compounds.

PEF treatment is extremely limited on seafood side streams. Gulzar and Benjakul 
(2019) evaluated the effect of this processing on the recovery of lipids from Pacific 
white shrimp cephalothorax. The increase of both number of pulses and field 
strength up to 12 kV cm−1, increased the yield of oil. At optimal PEF conditions, the 
yield was higher compared to conventional solvent extraction (SE) and ultrasound- 
assisted extraction (UAE) and the extracts were less oxidized, in terms of PV, 
TBARs and FFA and specifically, the higher the electric field strength, the lower the 
oxidation level due to inactivation of oxidative enzymes.

2.4  Application of High Pressure on Fish and Seafood 
Side Streams

HP treatment on fish and seafood industry has been used to extend their shelf life or 
to develop new products as mentioned on Sect. 1.1. HP could also effectively be 
applied as an alternative for valorization of industry side streams as it can affect 
cellular membranes enhancing mass transfer rates and extraction of high added 
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value biomolecules. Application of HP on fish or seafood by-products has been 
limited (Bruno et al. 2019; Tsironi et al. 2019a). The yield and quality of final prod-
uct are affected by different parameters such as the pressure (P), process time (t) and 
solid to solvent ratio (s/l) or liquid to solid ratio (l/s).

Gómez-Guillén et al. (2005) have examined the effect of HP (up to 400 MPa, 
10–20 min) on collagen recovery from Dover sole (Solea vulgaris) skin either as 
pre-treatment or during the extraction. Authors mentioned that HP as pre-treatment 
increased the recovery compared to conventional extraction but peptides of lower 
molecular weight (MW ≤100 kDa) were found on the extract. In addition, increas-
ing pressure or time during extraction, decreased the yield and resulted in high MW 
polymers. However, HP took place in a matter of minutes while conventional treat-
ment required many hours of extraction. In another study, Hemker et al. (2020) have 
studied HP-assisted enzymatic hydrolysis (with Alcalase) of tilapia (Oreochromis 
niloticus) by-products consisted of heads, tails and fins. They concluded that maxi-
mum soluble protein content (5.7 mg mL−1) was achieved at 250 MPa and 35 min 
and the hydrolysates recovery was higher compared to enzymatic extraction. At 
mild pressures, HP enhanced enzyme activity while at higher pressures, proteins 
aggregation negatively affected Alcalase activity. Moreover, HP improved antioxi-
dant activity of extract and solubility of amino acids and peptides of lower MW, 
while decreased water and oil holding capacity.

HP is also useful for recovering compounds from seafood side streams. Li et al. 
(2016b) studied the effect of HP (0–600 MPa, 0–20 min, 10–50 mL g−1 solvent to 
solid ratio) on astaxanthin extraction from shrimp waste. The optimum yield was 
appeared at 200 MPa, 5 min and s/l ratio equal to 20 mL g−1. The recovered astax-
anthin by HP was higher and the extract was characterized by higher antioxidant 
activity compared to solvent extraction. Huang and Tsai (2020) proposed HP as an 
alternative to extract chitosan from squid pen and specifically, the applied pressure 
(100–500 MPa) and time (5–15 min) were optimized through RSM. Finally, extrac-
tion at 500  MPa and 10  min resulted in highest yield of chitosan (81.9%) and 
improved antioxidant activity and physicochemical properties in terms of oil and 
water holding capacity and solubility.

3  Nonthermal Processing of Marine Organisms 
for Energy Production

The utilization of marine biomass for the development of added value products has 
received researchers’ attention over the last 20 years, although algae have been har-
vested extensively for the pharmaceutical and food sectors. Plant biomass in gen-
eral, is the result of the interaction of atmospheric CO2, H2O and dissolved salts with 
the light, with production of phytomass accompanied by atmospheric O2 produc-
tion. Referring to marine or freshwater algae, CO2 and O2 are dissolved into the 
water, where the plants live and is absorbed. Seaweed, in addition to algae, can be 
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used as a biomass source of energy (Charlier and Justus 1993). There are no accu-
mulations of living biomass in the marine environment that compare with the for-
ests and grasslands on land. Ocean biology is responsible for the storage of more 
carbon away from the atmosphere than is the terrestrial biosphere. This is achieved 
by the sinking of organic matter out of the surface ocean and into the ocean interior 
before it is returned to dissolved inorganic carbon and dissolved nutrients by bacte-
rial decomposition (Sigman and Hain 2012).

Productivity is affected by wave action and temperature (mainly above 20 °C), 
sediment deposition and chemical reactions in the surrounding environment. Plant 
growth may be stimulated mainly by water motion enhance (Charlier and Justus 
1993). Process of biorefinery, manipulation of metabolic pathways and advanced 
genetic engineering of marine organisms have been investigated in order to improve 
the feasibility of industrial biomass and biofuel production. Manipulation of meta-
bolic pathways may result in stimulation of the growth or redirection of the cellular 
metabolism towards the production of a specific component. Alternative methods 
are also being investigated with the aim to efficiently seed several kelp plants 
(Charlier and Justus 1993; Almarashi et al. 2020). The application of cold plasma 
has been reported as a potential pre-processing step to enable the random mutagen-
esis of microalgae and enhancement of a certain metabolite (An et al. 2017; Cao 
et al. 2017). Almarashi et al. (2020) introduced recently an alternative procedure to 
enhance biodiesel recovery from the green microalga Chlorella vulgaris by the 
application of low doses of cold atmospheric plasma. Treatment for 60 s resulted in 
the maximus gross energy output (approximately 80% higher than the respective 
value at 30 s). PEF technology has been additionally reported as a potentially effec-
tive pretreatment method for microalgae cell disruption for biodiesel production. A 
quick and efficient approach to cell lysing may enhance the process of biofuel pro-
duction and extraction of components, decreasing the total production costs (Joannes 
et al. 2015; Kempkes 2016).

4  Conclusions

Nonthermal processing technologies such as OD, PEF, HP, CP and SFE can effec-
tively be applied as alternative methods in fish and seafood industry in terms of 
inhibiting microbial growth and enzymatic reactions, improved quality and valori-
zation of the produced side streams. The economic impact of nonthermal technolo-
gies for fish and seafood is likely to result in a significant increase in shelf life that 
is also reflected in a reduction in distribution costs (approx. 25%). Shelf life exten-
sion of fish and seafood products may open for new distant markets, currently inac-
cessible to fresh products, providing a significant commercial opportunity to exploit 
the production capacity of the fish and seafood industry, which currently in Europe 
exceeds demand (due to competition from low cost import species) often leading to 
waste and below cost selling. Moreover, nonthermal processing could be effectively 
used to extract high-quality and high purity bioactive compounds such as 
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unsaturated fatty acids, proteins, amino acids, antioxidants. These methods are envi-
ronmentally friendly and compared to the conventional technologies can increase 
the recovery, reduce processing time and the use of toxic solvents. In this frame-
work, it can effectively be applied as an alternative for valorization and a more 
sustainable utilization of fish and seafood side streams.
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Chapter 20
Efficient Production of Functional 
and Bioactive Compounds and Foods 
for Use in Food, Pharma, Cosmetic 
and Other Industries

Avi Shpigelman and Zoya Okun

1  Introduction

1.1  Natural Bioactive Compounds and Their Sources

Bioactive compounds are described as essential and nonessential compounds (e.g., 
vitamins or polyphenols) that occur in nature, usually are part of the food chain, and 
can be shown to promote human health. They are referred to as nutraceuticals that 
are present as natural constituents in food and provide health benefits beyond the 
basic nutritional value of the product (Biesalski et al. 2009). Natural bioactive com-
pounds are characterized by a broad diversity of molecular structures and function-
alities that provide an arsenal of components that can be utilized for the production 
of food additives, nutraceuticals, key components in pharma and cosmetic indus-
tries, and more. Some of the bioactive compounds can be found in nature at rela-
tively high concentrations, but others can only be found in very limited quantities. 
Due to the complicated, time demanding, and often unprofitable organic synthesis, 
as well as the consumers’ growing demand for the utilization of natural products 
having a clean label, massive plant harvesting is needed for obtaining sufficient 
amounts of the desired bioactive compounds. The challenges in the isolation and 
purification of these compounds contributed to the development of advanced pro-
cessing methods and novel technologies based on pressure, mechanical, electrical, 
and thermal effects, as will be presented and discussed. The final yields of bioactive 
compounds extracted by various methods and technologies can be controlled and 
improved by the solvents variability, incubation times, and temperature steps, as 
well as by combination with enzymatic treatments, novel and green extraction pro-
cedures capable of improving the mass transfer of the bio-actives from the matrix, 
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the combination of several extraction technologies for a more efficient and satisfac-
tory result is also widely examined. A great variety of bioactive compounds are 
extracted from agricultural produce, food wastes, and industrial by-products are 
widely explored. Among them are vitamins, pigments, lignans, polyphenolic com-
pounds, carotenoids, bioactive oligosaccharides, and more. Few recently published 
examples of studies focusing on extraction of bioactive compounds, their sources, 
and suggested utilization are presented in Table 20.1.

This chapter will focus on various extraction techniques of bioactive compounds 
from two diverse families as model components based on aqueous solubility: (1) 
extraction of polyphenols from grape seeds and skins as a source of hydrophilic 
bioactive compounds and (2) Astaxanthin, a member of the carotenoid family, as a 
representative of the lipophilic bioactive compounds.

Global grape production reached 77.8 million tons in 2018, with China, Italy, 
Spain, and France being the major producers, and more than 70% of the grapes 
utilized for wine, must, and juice production (International Organisation of Vine 
and Wine 2019). One of the major by-products in the wine and juice industry are 
grape seeds, which can provide a rich source for lipids, proteins, carbohydrates, and 
flavonoids that are well-known polyphenolic antioxidants. Oil, extract and flour are 
the three products derived from grape seeds and further utilized by various indus-
tries. The extract consists of antioxidant compounds, possessing a vast assortment 
of health-promoting capabilities such as anti-inflammatory, anti-bacterial, and anti- 
viral effects mostly attributed to the high polyphenolic content of the extract. During 
the years, more than 8000 polyphenolic compounds have been identified, and a 
broad range of beneficial activities was reported, highlighting the promising role of 
these compounds in the prevention of chronic, neurodegenerative, and cardiovascu-
lar diseases and for their antioxidant and anti-inflammatory activities (Denaro 
et al. 2020).

Table 20.1 Types of bioactive compounds from natural sources and their utilization

Source
Bioactive 
compound Utilization Reference

Red wine pomace Polyphenols Antioxidants Croxatto Vega et al. 
(2021)

Cluster mallow Natural pigment Pigment for dye- 
sensitized solar cells

Golshan et al. (2020)

Mushroom waste Vitamin D2, 
ergosterol

Dietary supplement Papoutsis et al. (2020)

Aloe Polysaccharides Prebiotic Liu et al. (2021)
Sesame seed Lignan Antioxidant Eom et al. (2021)
Guava’s pulp and 
waste powders

Carotenoids Lipophilic antioxidants Da Silva Lima et al. 
(2020)

Stevia rebaudiana 
Bertoni

Steviol glycosides Sweetener Ahmad et al. (2020)

Crustacean 
by-products

Astaxanthin, lipids Antioxidant, pigment Ahmadkelayeh and 
Hawboldt (2020)
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Astaxanthin is a carotenoid bioactive, part of a large group of lipophilic health- 
promoting components. This orange-reddish pigment is biosynthesized in various 
microorganisms. It has a high antioxidant capacity and was reported as an immune 
response enhancer, contributed to an improvement of skin health and tissue damage, 
reported to play a role in the treatment of diabetes and cardiovascular diseases, pre-
sented anticarcinogenic properties, and much more. The beneficial and promising 
results were also presented in human clinical trials (Donoso et al. 2021). In nature, 
astaxanthin is synthesized by microorganisms, both aquatic and non-aquatic, such 
as bacteria, fungi, yeasts, and microalgae. Its production and extraction from natural 
sources is being explored due to the consumers’ concern regarding synthetic food 
additives and the demand for clean label and healthier food. The main source of 
astaxanthin for extraction is the freshwater green microalgae Haematococcus plu-
vialis which is recognized by FDA as a safe astaxanthin source for human 
consumption.

Astaxanthin contains 40 carbon atoms with two terminal ring systems joined by 
a chain of conjugated double bonds, responsible for light absorbance in the visible 
region (~500  nm) and results in characteristic red color (Higuera-Ciapara et  al. 
2006). Astaxanthin has two chiral centers at positions C-3 and C-3′ (marked red in 
Fig. 20.1), resulting in a mixture of two enantiomers (3S,3′S & 3R,3′R) and the 
meso form (3R,3′S) as presented in Fig. 20.1. It can be produced naturally by extrac-
tion from microorganisms or chemically synthesized. In recent years, the market for 
natural astaxanthin has been growing substantially, with a purity dependant value 
varying from 2500 to 7000 USD/kg to about 15,000 USD/kg for human 

Fig. 20.1 Astaxanthin stereoisomers, esterification sites marked by arrows
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applications such as cosmetics, food, and dietary supplements. The synthetic com-
pound is less expensive ~1000$/kg, but is not approved for human consumption and 
is usually utilized in animal feed (Rodríguez-Sifuentes et al. 2021). The main differ-
ences between natural and synthetic astaxanthin are (1) Esterification degree, the 
natural extract will usually be found in mono or di-ester form, while the synthetic 
compound will be in its free unesterified form (esterification sites marked by red 
arrows in Fig. 20.1) and (2) Stereochemical composition, the synthetic form con-
sists of a mixture of isomers in ratio 1:2:1 (3S,3S), (3R,3S), and (3R,3R) respec-
tively, while the composition of natural extract depends on its source. These 
differences are suggested to affect the health-promoting performance of the syn-
thetic compound.

The goal to extract astaxanthin from natural sources more competitively when 
compared with the synthetic route is challenging due to the need to overcome the 
critical points related to biomass concentration, the environmental impact, and 
product stability, compromising yield and quality of the extracted material.

The reviewed in this chapter technologies may provide an innovative and eco-
nomical approach for the enhanced production of bioactive compounds for use in 
food, pharma, cosmetics, and other industries.

2  Industrial Utilization of Bioactive Compounds (Example 
of Grape Seed Polyphenols and Astaxanthin)

The global market for Carotenoids reached $1.5 billion in 2017 and expected to 
reach $2.0 billion by 2022, at a compound annual growth rate (CAGR) of 5.7% for 
the period of 2017–2022, while the astaxanthin market only was valued at 512.8 
Million USD in 2016 and projected to grow at a CAGR of 6.73% from 2017, to 
reach a projected value of 814.1 million USD by 2022 (McWilliams 2018).The 
driving factors in the astaxanthin market are a high demand due to its antioxidant 
properties and increasing applications in the aquaculture industry, growing demand 
for natural food coloring agents with lesser adverse effects as compared to other 
chemical products, are the key factors estimated to boost the continues market 
growth. Some of the players in the astaxanthin market are Alga Technologies; 
Cyanotech Corporation; Fuji Chemicals Industries Co., Ltd; Fenchem; Beijing 
Gingko Group (BGG) (Astaxanthin Market Size 2020–2027). Astaxanthin derived 
commercially available products can be found in the form of capsules, powders, soft 
gels, oil extracts, and creams, few examples of such products are presented in 
Table 20.2.

As mentioned before, grape seed extract is an industrial derivative of grape seeds. 
It is rich in antioxidants and oligomeric proanthocyanidin complexes and has been 
linked to a wide range of potential health benefits. The grape seed extract is avail-
able as a dietary supplement in a liquid form, tablets, or capsules. Supplements 
commonly contain 50–100  mg of the extract. Few studies also suggested the 
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Table 20.2 Variety of astaxanthin derived products

Manufacturer Brand name Form
Astaxanthin 
content Application

Algatech Astapure® Oleoresin 5%, 10%, 20% Topical cream, emulsions
Solgar Natural astaxanthin Soft gel 5 mg Antioxidant support,Skin 

health
Cyanotech BioAstin® Capsule 4 mg Food supplement
BGG AstaZine® Powder 2% Antioxidant
True 
Botanica

Face Cream – with 
Astaxanthin

Cream n.a. Face moisturizing cream

Astalif Astaxanthin Soft gel 12 mg Antioxidant, food 
supplement

Sinacon Red plus+ Powder n.a. Color enhancer, fish food 
additive

utilization of grape seed extracts not only as a food additive with health-promoting 
capabilities, but also as potent dyes and flame retardants in the fabric industry (Guo 
et  al. 2020), and as functional ingredients in meat and fish products (Mainente 
et al. 2019).

3  Technological Methods for the Production 
of Bioactive Compounds

Among the common methods used for the extraction are the conventional liquid- 
liquid or solid-liquid extraction utilizing a broad range of organic solvents by the 
principle of Soxhlet extraction (Fig. 20.2). Soxhlet is an apparatus utilized for one 
of the most conventional extraction methods in the case of solid-liquid extractions 
(also named leaching especially in industrial applications) and usually serves as an 
accepted standard for comparison with other extraction approaches. In this tech-
nique, the plant matrix containing the bioactive compounds is placed into a dispos-
able thimble, positioned in the soxhlet apparatus as presented in Fig.  20.2. The 
extraction solvent is added to the flask and being refluxed, the vaporized solvent 
rises in the vapor tube, and cooled by the condenser circulated with cooling water. 
The condensed solvent flows back into the thimble containing the sample and dis-
solves the bioactive compounds. Once the siphon is filled, the solvent with the 
extract is transferred back to the flask. The extraction solvent is continuously cycled 
through the plant matrix, by boiling and condensation, with the bioactive com-
pounds being extracted and collected in the flask.

Soxhlet method used as a batch process on small scales, and converted into a 
continuous extraction procedure on medium or large scales. Among the samples for 
industrial leaching equipment are Bollman, Rotocel and Kennedy extractors 
(Smith 2011).
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Fig. 20.2 Operation principle of the Soxhlet apparatus

Fig. 20.3 Emerging processing technologies studied for potential to support extraction

Among the drawbacks of Soxhlet is the elevated solvent temperatures used for 
efficient extraction which makes this method incompatible with thermally sensitive 
bioactive compounds, long extraction times, utilization of organic solvents accom-
panied with the need for complete further removal due to their toxicity and their 
negative environmental impact, as well as high cost of the solvents and their time 
demanding evaporation.

The emerging processing technologies developed and optimized during the years 
are classified as thermal and nonthermal methods (presented in Fig. 20.3), in the 
field of extraction the leading representatives are high pressure, microwave and 
ultrasound-assisted extractions, pulsed electric field assited extraction and more. 
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While the nonthermal technologies often include a partial thermal aspect, this aspect 
is not suggested to the main one reposnible for the beneficial effect.

3.1  Non-thermal Technologies

Due to the increased consumer demand for high-quality foods, new technologies 
were developed and introduced to the food industry, in many cases for microbial 
inactivation and shelf life enhancement, and some of these technologies were 
explored and found useful for improved extraction of bioactive compounds. The 
advantages of such technologies are often the improvement of matrix disruption, 
lower processing temperatures, and/or shorter treatment times, which is highly 
favored for thermolabile compounds. In addition, they can in some cases replace the 
need for organic solvents. The leading representatives among the nonthermal (or 
partially thermal) technologies are Pulsed Electric Fields (PEF), Ultrasound (US), 
and High Hydrostatic Pressure (HHP). In the following section, we will review 
some of the nonthermal technologies and their most recent utilization for the extrac-
tion of astaxanthin and polyphenols.

3.1.1  Pulsed Electric Fields (PEF)

The operation principle of PEF is the application of high voltage pulses to permeate 
cell membranes or to increase membrane porosity (electroporation). Electroporation 
is defined as the process of pore formation in cellular membranes due to the utiliza-
tion of an electric field. This technology involves the operation of high voltage elec-
trical pulses, typically with a field strength from 0.5 to 20  kV/cm to samples/
products placed in PEF chamber between two electrodes for a short time 
(10−5–10−2 seconds) to avoid a significant heating effect. Exposure to an external 
electric field induces the increase of transmembrane potential due to the charges of 
opposite polarities from both sides of the cell membrane, the electrostatic attraction 
between the opposite charges results in the formation of pores in the membrane 
favoring the release of intracellular valuable contents (Fig.  20.4a). Among the 
parameters affecting the extraction efficacy are electric field intensity, reaction time, 
number of pulses, pH, and ionic strength of the solvent.

PEF was recently utilized for the extraction of astaxanthin from H. pluvialis. 
Various PEF treatment times, number of pulses, and field strengths were examined 
to identify optimal conditions. The treatment of 10 pulses 1 kV/cm for 5 ms each at 
20 °C resulted in 1.2-fold more efficient extraction compared to classical disruption 
methods like bead-beating, freezing-thawing, thermal treatment. In this research 
cells treated by PEF were incubated for 6 hours in a growth medium at room tem-
perature in the absence of light, after the incubation the suspension was centrifuged, 
and the biomass was resuspended in ethanol that was identified as the optimal 
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Fig. 20.4 Schematic operation principle of PEF (a) and HHP (b) assisted extraction

extraction solvent, this resulted in remarkable extraction of 96% carotenoid content 
compared to 80% using other physical methods (Martínez et al. 2019).

3.1.2  Ultrasound (US)

The operation principle of US is based on the acoustic cavitation phenomenon gen-
erated by the sound waves in the range of 200–100 MHz. Ultrasonic cavitation leads 
to extreme temperatures, yet only locally, pressure differentials, and high shear 
forces. When cavitation bubbles implode on the surface of plant cells, the perfora-
tion of cell walls and cell membranes takes place and cell disruption occurs. The 
mechanical effects of ultrasound-induced cavitation, intensify the penetration of the 
solvent into the cell interior and improves the mass transfer between cell and solvent 
so that the intercellular materials are transferred into the solvent affecting the extrac-
tion efficiency. Among the main parameters affecting the extraction efficacy, are 
matrix factors like particle size and moisture content, process factors like power and 
reaction time, and solvent factors like polarity and viscosity. The two most popular 
and researched goals for extraction modes for ultrasound-based instruments are an 
ultrasonic probe system, where the probe is inserted directly into the sample and an 
ultrasonic water bath where no direct content between the sample and the 
probe occurs.

Ultrasound was recently utilized for the extraction of polyphenols from grape 
seeds. Kinetic studies aiming for an optimized industrial implementation suggested 
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that the optimal model includes parameters such as hydrodynamics, mixing, and 
mass transfer which control the effectiveness in the physical/chemical processing 
applications. Such a methodology can promote optimal economic scale-up strate-
gies required for the industrial application of ultrasound assisted extraction.

In extraction trials, aliquots of grape seeds were mixed with several solvents at 
different extraction conditions. The ultrasonic probe was placed at the center of the 
extraction vessel and submerged about 5 cm under the mixture surface. The best 
extraction yield of TPC for all the samples was obtained using UAE with an ethanol- 
water mixture (57:43 v/v) as the solvent, at 50 °C, 200 W and 26 kHz after 30 min 
(Natolino and Da Porto 2020).

3.1.3  High Hydrostatic Pressure (HHP) and High Pressure 
Homogenization (HPH)/(UltraHPH)

HHP is a non-thermal technology increasingly used in the food industry as a cold 
pasteurization method. Its operation is based on Pascal’s principle where an applied 
change in pressure is transmitted uniformly and immediately in the high-pressure 
vessel containing the product in a vessel filled with pressure-transmitting medium 
(Fig. 20.4b). By subjecting the product, usually in the final package, to elevated 
pressures up to 1000 MPa (industrially up to 600 MPa) for a short holding time 
(mostly 3–5 min) pathogens and spoilage bacteria can be inactivated, while effects 
on low-molecular-weight molecules (e.g. sugar, vitamins, pigments, flavor com-
pounds) are minimal. High hydrostatic pressure can damage cellular membranes, 
disrupting tissues and organelles, thereby favoring the release of bioactive 
compounds.

Homogenization is a physical process in which a dispersed system, suspension 
or emulsion, is forced to flow at a high velocity through a narrow passage, a disrup-
tion valve, producing a smaller and narrow particle size distribution. High-pressure 
homogenization (HPH) is one of the emerging technologies being studied and 
developed for various applications in the food industry. It was suggested as an effec-
tive tool for achieving microbial safety and extending the product shelf life of liquid 
foods in a continuous process while minimizing some negative attributes of thermal 
processing. The valve geometry, pressure level, inlet temperature, and the number 
of homogenization cycles are all factors affecting the level of microbial inactivation 
and the extent of the impact on  techno-functionalities of food biopolymers and 
matrices. Turbulence, high shear, cavitation, and temperature increase induced by 
HPH treatments enhance emulsion stability, stabilize proteins in solutions, reduce 
particle size distributions, and increase the accessibility of health-promoting com-
pounds. A major difference between HPH and conventional homogenization is the 
maximum pressure level reached, and it is dependent on the homogenizer design 
and characteristics such as gap size, seals, and valve geometry. Ultra HPH reaches 
pressure levels up to 400 MPa, while HPH is usually defined to reach pressure levels 
between 50 and 200 MPa.
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Recently HPH was utilized for exploring morphological changes and cell disrup-
tion of H. pluvialis cells for astaxanthin extraction. When pressures of 
10,000–30,000 psi (~70–200 MPa) were applied the intact cyst cells were signifi-
cantly disrupted or fully ruptured, releasing the cytoplasmic components, thereby 
facilitating the extraction and successful separation of astaxanthin. Number of pas-
sages (cycles) of HPH (1–3 times) could significantly improve the cell disruption 
efficiency. The maximum astaxanthin recovery was estimated to be 1.1% (weight of 
dry cells) (Praveenkumar et al. 2020).

3.2  Thermal Technologies

3.2.1  Microwave (MW)

Microwaves are part of the electromagnetic spectrum in the frequency range 
300 MHz–300 GHz (Fig. 20.5c). The operation principle is based on magnetic and 
electric fields acting on components with the ability to convert the absorbed energy 
to heat. The induced energy is further transferred via dipole rotation and ionic con-
duction. In the plant matrix, the moisture evaporates due to the adsorption of elec-
tromagnetic energy. Evaporation leads to pressure generation inside the cell resulting 
in swelling and structural changes improving the porosity of the matrix which favors 

Fig. 20.5 Schematic representation of conventional and volumetric heating principle (a), micro-
wave equipment for assisted extraction (lab scale) (b), part of the electromagnetic spectrum (c)
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mass transfer and better extraction of the bioactive compounds. Schematic repre-
sentation of microwave-assisted extraction procedure is presented in Fig. 20.5b.

Recently a study involving microwave-assisted extraction was published dealing 
with the combined effects of various techniques and compares it to traditional 
Soxhlet extraction. The combined enzymatic, microwave andsalting-out extraction 
method has been developed and evaluated as an effective method to extract poly-
phenols from grape seeds. The results showed that different extraction methods not 
only affect the extraction yield of polyphenols but also have significant effects on 
the composition of monophenols. Ten kinds of monomer phenolic compounds were 
analyzed by HPLC, only four were identified by Soxhlet extraction vs eight differ-
ent monomeric phenolic compounds with antioxidant activity that were extracted 
by combined techniques (Jia et al. 2021).

3.2.2  Ohmic Heating (OH)

OH (also termed Joule heating) is based on the application of an alternating electric 
current for rapid and evenly distributed heat generation. In accordance with Ohm’s 
law, the amount of energy (dissipated heat) is related to both applied voltage and 
electrical conductivity of the treated matrix. Due to the thermal destruction, the 
permeability of the cell membrane increases leading to the promotion of the extrac-
tion of bioactive materials from the plant matrix.

Ohmic Heating was utilized for the extraction of anthocyanins, from winemak-
ing residues by using the grape skins as natural electrical conductors allowing the 
internal heat dissipation through OH. Recently, several processing parameters were 
evaluated: (1) mild temperatures at 40 °C during 20 min; (2) flash heating from 40 
to 100 °C in less than 20 s. These treatments were followed by aqueous extraction 
in water at room temperature. Independently of the temperature applied, OH allowed 
boosting extraction levels, increasing concentration of total phenolic compounds, 
soluble solids, and red color intensity of the obtained extracts. OH treatments at 
high-temperature short-time (HTST), due to the fast internal heating of grape skin 
structure, resulted in an increase of total concentration of anthocyanins from 756 to 
1349 μg/g, with malvidin-3-O-glucoside being the main compound identified and 
quantified in the aqueous extracts (corresponding to about 60% of the total). These 
results reveal that OH might be considered an efficient and environmentally friendly 
technology to improve the extraction of polyphenolic compounds. Due to the volu-
metric heating effect, the OH technique reduces treatment times and the use of 
water and lowers energy consumption when compared with conventional thermal 
processes, furthermore, it can assist in avoiding the use of organic solvents. The 
authors suggested that the flash-heating extraction process allows permeabilization 
of tissues without promoting thermal degradation of the bioactive compounds 
(Pereira et al. 2020).
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3.2.3  Infra-red (IR)

The infrared electromagnetic spectrum ranges from 0.75 to 1000  μm. Infrared- 
assisted extraction, utilizes the IR wavelengths to achieve a required heating effect. 
During infrared-assisted extraction, the heating leads to cell bursting. Internal heat 
is generated as a result of molecular collisions that absorb and dissipate energy from 
the electromagnetic field. The high efficiency of this technology is attributed to the 
high capacity of IR penetration. Infrared radiation can achieve high efficiency by 
matching the wavelength to the material absorption characteristics. Infrared has 
been widely explored for the extraction of bioactive compounds from medicinal 
herbs with the advantages of shorter time, high efficiency, simple operation, and 
environmental safety.

IR assisted extraction was utilized for the extraction of catechin, epicatechin, and 
procyanidin B2 from grape seeds. Three factors were examined for process optimi-
zation, (1) solvent, (2) solid/liquid ratio, and (3) illumination time. The chosen 
infrared-assisted extraction conditions were: 50% methanol solution as extraction 
solvent, solid/liquid ratio of 1:150  g/mL, and illumination time of 30  min. The 
extraction efficiency of IR was compared with microwave-assisted extraction 
(MW), ultrasonic extraction (US), and classical electrical heating (CH) methods, 
the results are summarized in Table 20.3. The IR method was found as the most 
effective. This might be explained by the infrared wave possessing a unique heating 
mechanism resulting in cell bursting which was created during the infrared heating. 
Cell bursting favors the entry of extracting solvent leading to solubilization of the 
target molecules. The solution of 50% methanol is a polar extraction solvent that 
can efficiently absorb infrared wave energy and leads to efficient heating, which 
eventually results in cell walls rupture. The IR extraction yield of epicatechin was 
found to be higher than for US (ultrasound), but lower than for MW (microwave). 
The reason for this phenomenon (the modification of not only total yield but also the 
ratio between components) may be related to the molecular structure of the extracted 

Table 20.3 Comparison of various extraction methods re. polyphenols extraction from grape seeds

Extraction 
method Catechin(mg/g)

Epicathechin 
(mg/g)

Pro. B3 
(mg/g) Examined parameters

Optimal 
conditions

MW 37 33 10 Solid/liquid ratio, 
power, working time

1:50, 600 W, 
11 min

IR 47.9 30 12.1 Solvent, solid/liquid 
ratio, illumination 
time

50% MeOH, 
1:150,
30 min

US 36 27 12 Solid/liquid ratio, 
power, working time

1:50,
90 min, 
90 W

CH 30.7 26 7.2 n.a.

Data from Cai et al. (2011)
MW microwave, IR infrared, US ultrasound, CH conventional heating
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molecules. The results indicated that IR has a great potential for offering an alterna-
tive technique for extraction of bioactive compounds (Cai et al. 2011).

3.2.4  Radio Frequency Heating (RFH)

RFH like IR differs from conventional conduction or convection heating by heat 
generation within the sample (volumetric heating) (Fig. 20.5a). Radio frequency is 
the electromagnetic wavelength positioned in the range of 300 kHz to 300 MHz 
(Fig. 20.5c). Despite the broad frequency range, only three frequencies are legally 
allowed to be used in the US (13.56 MHz, 27.12 MHz, and 40.68 MHz) to avoid 
interference with telecommunications. Since the heat in this method is generated 
within the material, the time required to obtain the required heating is relatively 
shorter than the time needed by conventional heating methods. The internal heating 
assists in cellular deformation which allows the enhanced movement of compounds 
into the extraction solvent. RFH is known as more effective in the case of semi- 
solids than the conventional heating, because of a more homogeneous heat distribu-
tion inside the treated material. RFH efficiency depends on the electromagnetic 
properties and shape of the sample and electrodes specification.

4  Summary

Natural bioactive compounds are common in numerous plants, algae and microor-
ganisms, but their amounts are usually limited. The utilization of waste and agro- 
industrial by-products as a rich source of natural bioactives is highly desirable, both 
in terms of economic and environmental impact and in terms of potential sources 
for recovery of desired compounds. A growing area of consumers’ interest and 
expectation, when it comes to cleaner labels and natural food components, leads to 
the need to improve and enhance the extraction methods and technologies to become 
more environmentally friendly, faster and resulting in a more competitive process 
than the chemical synthesis. The traditional extraction techniques have gradually 
switched to novel extraction technologies developed for more efficient and facili-
tated extraction of bioactive compounds, based on thermal and non-thermal princi-
ples which are widely explored for recovery of various bioactive compounds from a 
vast majority of natural sources and waste streams. In this chapter, thermal and 
non-thermal technologies were introduced through the examples of polyphenol 
extraction from grape seeds-the waste of wine and grape juice industry, andastaxan-
thin extraction, both bioactive compounds known as potential antioxidants with 
various health-promoting activities and with different aqueous solubility. The inno-
vative extraction technologies present advantages in terms of shorter reaction times, 
lower temperatures (of extreme importance in the case of thermolabile bioactive 
compounds), reduced volumes of environmentally non-friendly organic solvents, 
and higher yields and purity of the desired compound. Different extraction methods 
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not only affect the extraction yield but also have significant effects on the composi-
tion of the extract, possibly contributing to diversifying the bioactivity of the extract. 
Successful membrane permeability, improved diffusion, and enhanced mass trans-
fer are among the main parameters involved in proper extraction. The novel tech-
nologies present a range of advantages in the field of bioactive compounds extraction, 
but significant knowledge gaps still exist, in particular, optimization of technologi-
cal operation conditions relevant for industrial scales and levels.
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Chapter 21
Decontamination of Fruit Juices 
by Combination of High Intensity Pulsed 
Light and Other Nonthermal Technologies
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PEF Pulsed electric field
PME Pectin methyl esterase
RIV Relative inactivation value
TS Thermosonication
TSS Total soluble solids
US Ultrasound
UV Ultraviolet light

T. Baysal 
Ege University, Faculty of Engineering, Department of Food Engineering, İzmir, Turkey 

Ö. Taştan (*) 
Yeditepe University, Faculty of Engineering, Department of Food Engineering,  
İstanbul, Turkey
e-mail: ozge.tastan@yeditepe.edu.tr

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
A. Režek Jambrak (ed.), Nonthermal Processing in Agri-Food-Bio Sciences, 
Food Engineering Series, https://doi.org/10.1007/978-3-030-92415-7_21

mailto:ozge.tastan@yeditepe.edu.tr
https://doi.org/10.1007/978-3-030-92415-7_21


640

1  Introduction

Fruit juices gain popularity for consumers due to their fresh-like characteristics. 
Fruit juice consumption has increased worldwide due to the supply of a wide range 
of micronutrients, phenolics, and antioxidants of juices. However, they are suscep-
tible to microbial, enzymatic, physicochemical deterioration. In addition, main fac-
tors like pH, water activity, redox potential, and nutrient content are essential for the 
spoilage of juices (Santhirasegaram et al. 2016).

Due to the higher acidity value, fruit juices can be spoiled by yeasts, especially 
Saccharomyces spp.; moulds like Aspergillus spp., and lactic acid bacteria like 
Lactobacillus and Leuconostoc spp. However, Alicyclobacillus acidoterrestris is a 
thermoacidophilic, spore-forming, heat-resistant bacteria that can survive the pas-
teurized fruit juices (Ferrario et al. 2015; De Cássia Martins 2018).

Thermal resistance studies conducted by Alicyclobacillus spores have shown that 
it is generally able to survive after heat treatment applied to commercial fruit juices.

In the traditional pasteurization of apple juices, a heat treatment reduces 
Cryptosporidium parvum by 5 logs (FDA 2004) or more intense pasteurization to 
reduce Alicyclobacillus acidoterrestris spores by 2 logs (Silva and Gibbs 2001) is 
required to optimize the process. In addition, it has been reported that heat treatment 
is required for the control of Alicyclobacillus species, which can cause a decrease of 
5 times of the D value, that is, 5 logarithmic units at a certain temperature (Baysal 
and İçier 2012).

To control Alicyclobacillus spores in fruit juices could be problematic because 
their spores survive at pasteurization temperatures of juices, germinate and grow 
after processing if conditions are appropriate. A. acidoterrestris cells are able to 
grow at a pH between 2.0 and 6.0 at a temperature of 20–55  °C.  In addition, 
A. acidoterrestris is known as the most important species and is suggested as the 
target microorganism for pasteurization in fruit juices and concentrates (Sokołowska 
et al. 2020).

The presence of A. acidoterrestris causes the production of a distinct antiseptic, 
disinfectant, or medicinal off-odor, resulting in the deterioration of acidic juices 
with significant economic losses for fruit juice companies. Thus, it is crucial to 
design control measures to effectively limit bacterial contamination without affect-
ing the quality of juices (Zhao et al. 2021).

After the outbreaks associated with raw juices, FDA introduced a regulation for 
juice manufacturers to apply a process that achieves a minimum 5 log reduction of 
the “the most resistant microorganism of public health significance that is likely to 
occur in the juice”. Salmonella is generally accepted as the target pathogen in citrus 
juices, whereas E. coli O157:H7 and Cryptosporidium parvum are considered a 
target for AJ (USFDA 2001).

Pasteurization is a critical step for fruit juice production technology as it pro-
vides microbial safety of juices. Although thermal pasteurization is the most applied 
method for the fruit juice industry, it is well-known that thermal pasteurization 
causes a negative impact on the organoleptic, nutritional, and physicochemical 
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properties of juices. Therefore, the fruit juice industry, in the last decades, has been 
seeking novel alternative technologies to replace thermal pasteurization and inacti-
vate microorganisms (mainly lactic acid bacteria, yeasts, molds, and Alicyclobacillus 
spores), while avoiding harmful effects on juice quality (Cavender and Kerr 2011; 
Carrillo et al. 2017; Roobab et al. 2018).

Over the last decades, studies have been increasingly addressed non-thermal 
technologies due to the potential of inactivating microorganisms and enzymes while 
maintaining the quality of the juices. Nonthermal technologies such as PEF, HHP, 
US and continuous or pulsed UV-C, and HIPL can successfully be used, as alone or 
combined treatment, for decontamination of fruit juices (Caminiti et  al. 2012; 
Ferrario and Guerrero 2017; Roobab et al. 2018).

The growing interest in fresh-like and juices microbiologically safe has pro-
moted the efforts to develop or design a combined use of innovative nonthermal 
methods. One of the important nonthermal technology is HIPL and the use of this 
technology in fruit juices has promising results as an alternative to thermal pasteuri-
zation. However, such limited literature exists to combine HIPL and other nonther-
mal technologies for the decontamination of fruit juices. It has still been explored 
for the efficacy of combined treatments to extend the shelf life, improve the safety 
of fresh juice, and changes in quality characteristics of juices during storage.

Therefore, this chapter highlights recently published results of the research 
reported in the combined use of HIPL and the other nonthermal technologies (US, 
PEF, UV-C, and NE) for microbial decontamination of fruit juices as a hurdle 
technology.

2  HIPL Technology for Decontamination of Fruit Juices

HIPL is a non-thermal technology for microbial inactivation, approved by FDA 
(21CFR179.41). HIPL is also called pulsed UV light, pulsed white light, high inten-
sity light, intense pulsed light, or broad-spectrum white light in the scientific litera-
ture. HIPL uses high-intensity light emitted by gas discharge lamps that generate 
radiation in the wavelength range 200–1000 nm, containing the ultraviolet (UV) 
(200–400 nm), visible (380–780 nm), and near-infrared (NIR) (700–1100 nm) spec-
tral ranges. It comprises a broad spectrum of “white light” with short (100–400 μs) 
and intense duration pulses. According to the FDA regulation, PL treatments that 
are used in the food industry must use xenon flash lamps, typically operated at 1–20 
pulses per second, with a pulse duration no longer than 2 ms, and the total energy 
doses of process shall not exceed 12 J/cm2 (Pataro et al. 2011; Muñoz et al. 2012; 
De Moraes and Moraru 2018; Preetha et al. 2021; Aaliya et al. 2021).

HIPL inactivates microorganisms mainly due to the absorption of UV light by 
microbial DNA, but other mechanisms may also contribute to inactivation. The 
HIPL process also leads to microbial decontamination by photothermal, photo-
chemical, and photophysical effects. The absorption of radiation leads to the antimi-
crobial effects of UV light by the conjugated carbon-carbon double bonds in 
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proteins, nucleic acids, and structural changes in DNA or RNA. HIPL causes the 
formation of pyrimidine dimers, which damages the process of cell replication (a 
photochemical mechanism). Furthermore, due to the result of overheating, mem-
brane disruption was also determined. This is attributed to a difference in UV light 
absorption between the microorganism and its environment (a photothermal effect). 
In addition, structural damage in cells, such as the shrinkage of the cytoplasmic 
membrane, was also indicated (a photophysical effect). However, the main effect of 
HIPL on microorganisms is because of the photochemical action of the UV-C 
(200–280 nm), which causes thymine dimerization in the DNA chain preventing 
cell replication and finally leading to death. The impact of each mechanism in 
microbial inactivation depends on process parameters such as the pulse fluence, 
pulse width, frequency, process time, and peak power or food adsorption character-
istics and target microorganism (Pataro et  al. 2011; Muñoz et  al. 2012; Ferrario 
et al. 2013; Ferrario et al. 2015; Ferrario and Guerrero 2017; De Moraes and Moraru 
2018; Aaliya et al. 2021; De Souza Pedrosa et al. 2021).

Nonetheless, some studies have also presented evidence of non-UV-related death 
mechanisms, such as physical microbial-membrane destruction caused by cell over-
heating. The relative importance of these inactivation mechanisms likely depends 
on the fluence, wavelength, and target microorganism, and need more studies to be 
well understood (De Moraes and Moraru 2018).

In general, factors affecting the inactivation efficacy of HIPL technology for 
decontamination of fruit juices can be given as:

• Total energy dose (or fluence)
• The composition of the emitted light spectrum,
• The distance of the sample from the light source,
• The thickness, color, opacity, and viscosity of juices
• Flow conditions of the fruit juices
• The inoculum size of target microorganism,
• The geometry of the processing unit
• The number of lamps

Research on fruit juice decontamination by HIPL reported that the microbial 
inactivation level obtained from clear juices are higher than cloudy juices. This 
means that turbid substances in juices, which may apply a shadow effect to light 
penetration in the microbial cells, decrease the process efficiency. Other parameters 
such as treatment time, the distance of the sample from the light source, the compo-
sition of the emitting spectrum, the volume of the sample, number of lamps, and 
lamp design, mainly affect the sample-light interaction. Fluence decay is another 
limitation of HIPL treatments for fruit juices. Since fluence decays away from the 
lamp source because of the light absorption and scattering, it is required to quantify 
the fluence received within juices to design a HIPL system. Moreover, how light 
behaves inside the juice must be specified to obtain the successful design of HIPL 
treatment (Hsu and Moraru 2011; Pataro et al. 2011).

These limitations have recommended that HIPL should be used under a hurdle 
approach. Combining HIPL with other nonthermal techniques to decontaminate 
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Table 21.1 Microbial inactivation level of HIPL processed juice

Type of 
juice Fluence (J/cm2) Log reduction References

Apple 2–12 J/cm2, 20 °C, 
in batch process

Max 4.3 log reduction for A. acidoterrestris 
vegetative cells

Taştan (2019)

Apple 6 J/cm2, 20 °C, in 
continuous-flow

2.3 log reduction for A. acidoterrestris 
vegetative cells and 0.5 log reduction for 
spores

Taştan (2019)

Apple 2.4–71.6 J/cm2, 
<12 °C

3 log reduction for Alicyclobacillus spores, 
4.4 log reduction S. cerevisiae cells

Ferrario et al. 
(2015)

Grape 0.97–29.21 J/cm2 Max 1.9 log reduction for Ps. aeruginosa Hwang et al. 
(2015)

Plum 0.97–29.21 J/cm2 Max 7 log reduction for Ps. aeruginosa Hwang et al. 
(2015)

Melon 2.4–71.6 J/cm2, 
<20 °C

0.3 to 6.9 log reduction of natural occuring 
microorganisms

Ferrario et al. 
(2013)

Strawberry 2.4–71.6 J/cm2, 
<20 °C

<1 log reduction for E.coli, L.innocua, 
Salmonella, S.cerevisiae

Ferrario et al. 
(2013)

microorganisms has been successfully investigated in the last few years. If HIPL is 
combined with other techniques, microbial damage and then inactivation will prob-
ably be increased (Ferrario and Guerrero 2016).

Some authors have suggested that HIPL treatment can carry out higher levels of 
microbial inactivation than continuous UV-C. As can be seen in Table 21.1, HIPL 
treatment in fruit juices is promising results as an alternative to thermal pasteuriza-
tion to inactivate pathogenic and spoilage microorganisms.

Sauer and Moraru (2009) reported that turbulence had an apparent effect on inac-
tivation level in juices treated by HIPL, and process effectiveness increased signifi-
cantly with increasing turbulence. In this study, AJ and cider were inoculated with 
nonpathogenic E. coli ATCC 25922 and pathogenic E. coli O157: H7. The inocu-
lated juices were exposed to HIPL (both in static mode and under turbulence), 
placed in a thin layer (1.3 mm) sample holder, fluences up to 13.1 J/cm2. For static 
treatments, 2.66 log reduction was found for E. coli ATCC 25922 and 2.52 log for 
E. coli O157:H7 in AJ at static mode. In cider, 2.32 log and 3.22 log reductions were 
determined for the nonpathogenic and pathogenic strains. Interestingly, 5.76 log 
reduction in cider and 7.15 log reduction in the juice was obtained by HIPL con-
ducted under turbulence, which satisfies the FDA requirement of a 5 log reduction 
of E. coli. This research shows that the use of HIPL under turbulence is promising 
for the microbial decontamination of AJ and cider (Sauer and Moraru 2009).

Pataro et  al. (2011) used a continuous-flow unit (tubes of 1 mm diameter) to 
inactivate E. coli and L. innocua in apple and orange juices. A fluence of 4 J/cm2 
resulted in E. coli reductions of 4.00 and 2.90 log CFU/ml and L. innocua reduc-
tions of 2.98 and 0.93 log CFU/ml in AJ and orange juice.

Preetha et al. (2021) investigated that coconut water, orange and pineapple juice 
inoculated with E. coli (MTCC 433) processed by a continuous-flow HIPL (0.18, 2 
and 5.6 W/cm2) with a flow rate of 100 ml/s. The E. coli inactivation level was found 
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as 4.0, 4.5 and 5.33 log cycles for orange, pineapple juice and coconut water, respec-
tively, when treated with the pulsed light doses of 95.2 J/cm2 (Preetha et al. 2021).

Ferrario et al. (2013) stated that the HIPL inactivation kinetics for E. coli ATCC 
35218, L. innocua ATCC 33090, S. Enteritidis MA44 and S. cerevisiae KE162 in 
commercial juices and freshly-squeezed juices. A negative relationship was 
observed between the absorbance of juices and HIPL effectiveness. HIPL treatment 
(2.4–71.6 J/cm2) was not effective in natural strawberry and orange juices. Finally, 
inactivation of 0.3–6.9 log reduction cycles was obtained after 60 s-HIPL treatment.

As stated by Farag et al. (2021), a lower inactivation level was determined after 
HIPL exposure to bacterial spores, and spores were found more resistant than veg-
etative forms to HIPL treatment (Farag et al. 2021).

One of the potential drawbacks of HIPL treatment is that there is limited infor-
mation on sublethal damage to microbial cells subject to HIPL (Pataro et al. 2011). 
Besides, another disadvantage is the generation of heat during extended processes, 
a destructive matter to the quality of the juices that must be balanced by the equipped 
with a cooling system (Pataro et al. 2011; Ferrario et al. 2014; Bevilacqua et al. 2018).

In order to increase the microbial inactivation level processed by HIPL technol-
ogy, it should be investigated the use of combined treatments of HIPL and the other 
nonthermal technologies. Previous studies on the combinations of HIPL with PEF, 
MTS, and UV-C have already been reported for microbial inactivation of juices 
(Palgan et al. 2011; Munoz et al. 2011; Munoz et al. 2012).

3  HIPL Combined with a Hurdle Technology

Novel methods to improve safety and minimize quality loss during processing are 
the most important goal for the food industry. The limitations of different technolo-
gies cause the development of hurdle technology, commonly known as a combined 
treatment. The hurdle technology is defined as combining different technologies or 
factors (hurdles) to produce minimally processed food with fresh-like properties, 
safe, nutritious, stable, and economical. The hurdles can be divided into groups as 
physical, physicochemical, and microbial. A synergistic bactericidal effect exhib-
ited by the hurdle technology contributes to decreasing process time and intensity. 
In addition, scientists have also used hurdle technologies to preserve and extend the 
shelf life of various food products (Santhirasegaram et al. 2016; Roobab et al. 2018; 
Kim et al. 2019; Aaliya et al. 2021).

The antimicrobial effect of nonthermal technologies can be optimized by com-
bining them as hurdles in an overall preservation strategy. The effect of combined 
technologies can be additive, antagonistic, or synergistic. An individual process can 
cause injuries to microbial cells, and they may repair during storage. Nevertheless, 
if cell repairing is prevented by the combined use of technologies that interfere with 
cellular homeostasis maintenance, the cell cannot grow, and the inactivation level 
might be higher (Ross et al. 2003; Caminiti et al. 2012; Dixit et al. 2018).
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There is a requirement for the combined use of HIPL and other nonthermal pro-
cessing techniques for the pasteurization of fruit juices to be adapted on a pilot 
scale. These methods can be improved as an alternative to traditional pasteurization. 
Additional studies are required to determine the impacts of technologies on micro-
bial stability during storage. The combined use of nonthermal technologies as a 
hurdle strategy would be a novel direction to preserve the juices that improve the 
quality and safety in the future (Santhirasegaram et al. 2016).

3.1  HIPL Combined with US for Decontamination 
of Fruit Juices

The US technology has been used for quality improvement and microbial inactiva-
tion in the fruit juice industry. This technology acts by inducing cavitation, and then 
gas bubbles are produced and burst inward, forming the shock waves which cause 
inactivation through cell membrane disintegration and free radical production. 
Besides, cavitation generates local changes in temperature and pressure, leading to 
shear stress in cell walls and then cause cell lysis (Muñoz et  al. 2012; Ferrario 
et al. 2015).

US devices are composed of ultrasonic bath and probe systems. Several factors, 
such as the source of ultrasound, frequency, and acoustic energy density, effects the 
inactivation level. Efficiency is also influenced by treatment volume, temperature, 
viscosity, and gas concentration (Swamy et al. 2018). The mechanism of microbial 
inactivation by US treatment, generally called sonication. The use of ultrasonic 
waves as a unique technique can not effectively inactivate all microorganisms; if 
high levels of ultrasound power are required, the US could negatively change the 
nutritional and sensory properties of the food. This limitation has suggested that the 
US could be more efficient when combined with other techniques (Ferrario et al. 
2015; Roobab et al. 2018). Advantageous combinations include TS (heat and ultra-
sound), manosonication (pressure and ultrasound), and MTS (pressure, heat, and 
ultrasound) (Demirdöven and Baysal 2008; Muñoz et al. 2012).

The US is effective against target microorganisms of fruit juices, and it can sat-
isfy the requirement of a 5 log reduction of pathogens, such as Escherichia coli, 
established by the FDA (Zinoviadou et  al. 2015; Santhirasegaram et  al. 2016). 
Furthermore, previous studies have stated the US is effective to reduce the number 
of foodborne pathogens, such as in orange (500 kHz, 240 W, for 15 min), apple 
(25  kHz for 60 and 90  min), and carrot juice (20  kHz, 750  W, for 2  min) 
(Santhirasegaram et al. 2016). Especially, it is difficult to inactivate bacterial spores 
and several enzymes by US technology; therefore, US used as a single hurdle has 
some limitations (Ferrario and Guerrero 2017).

US and HIPL can effectively be used to increase the microbial inactivation in 
fruit juices. In a study conducted by Muñoz et al. (2012), HIPL and TS were applied 
individually or combined using a continuous-flow system to investigate their effect 
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on Escherichia coli inactivation in AJ.  Several quality characteristics (pH, TSS, 
colour, NEBI, and antioxidant activity were also analyzed. The juice was treated by 
HIPL with fluences of 4.03 J/cm2 (‘low’ (L)) and 5.1 J/cm2 (‘high’ (H)) and also 
treated by TS at 40 °C for 2.9 min (L) or 50 °C for 5 min (H). The effect of the 
resulting four energy levels and sequence (PL + TS and TS + PL) was carried out. 
As the technologies were applied alone, 2.7 and 4.9 log CFU/mL reductions for TS 
(H) and PL (H) were obtained. At the same time, most of the combined treatments 
obtained reductions of 6 log CFU/ml, showing an additive effect for both technolo-
gies when combined, regardless of the sequence applied. In addition, both treat-
ments and the sequence in which the technologies were applied affected the colour 
of the juice (Muñoz et al. 2012).

Ferrario et al. (2015) evaluated the effect of US (10 or 30 min at 20, 30 or 44 °C) 
and HIPL (2.4 J/cm2–71.6 J/cm2; temperature 2, 30, 44 °C) on the inactivation of 
A. acidoterrestris ATCC 49025 spores and S. cerevisiae KE162 inoculated in com-
mercial and natural squeezed AJs. The combined treatment causes 3 log cycles of 
spore reduction in commercial AJ and 2.0 log cycles in natural juice; while for 
S. cerevisiae, 6.4 and 5.8 log cycles of reduction were determined in AJs, both com-
mercial and natural. In natural AJ, the US combined with HIPL at the highest tem-
perature (56 °C) was the most efficient for microbial inactivation. In commercial 
AJ, the US did not contribute to the inactivation of spores but significantly reduced 
yeast load. The combinations of US and HIPL showed good microbial stability dur-
ing storage under refrigerated conditions (Ferrario et al. 2015).

Further research is required for combined treatments of HIPL and US as an alter-
native method to thermal pasteurization. It should be investigated the effect of com-
bined treatment on decontamination efficiency of various fruit juices, both clear and 
cloudy, and identifying the mechanisms when used in combination with other tech-
nologies as different sequences, and the changes in quality of juices during storage 
both room temperature and refrigerated conditions.

3.2  HIPL Combined with PEF for Decontamination 
of Fruit Juices

Processing fruit juices with PEF is one of the nonthermal technologies used for 
microbial and enzyme inactivation, extending the shelf-life and preserving the 
nutritional and sensory properties and aroma compounds. PEF treatment of juices 
uses short pulses (1–100 μs) with high voltage (10–50 kV/cm) to various fruit juices 
in a continuous-flow. A PEF system is composed of a high-voltage power supply, a 
pulse generator, a treatment unit, and a switch to discharge energy to electrodes. 
Moreover, a cooling system can be used to prevent temperature increase during 
processing (Akdemir Evrendilek 2016; Santhirasegaram et al. 2016).
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Several limitations of PEF are reported that it cannot be used effectively on prod-
ucts with lower electrical conductivity and products that contain air bubbles. Also, 
PEF has limited effects on microbial spores. PEF processing depends on pulse 
width, electric field strength, flow rate, treatment temperature, and time of exposure. 
PEF makes the pores in the cell membrane of microorganisms. This electroporation 
process leads to leakage of cellular contents, then resulting in microbial cell dam-
age. Furthermore, longer pulse width and higher-intensity pulse fields were more 
efficient in inactivating microbial growth (Santhirasegaram et al. 2016).

HIPL and PEF are innovative non-thermal technologies applied to fruit juices 
that have antimicrobial effects when applied alone or combined (Caminiti et  al. 
2011). In a study performed by Caminiti et al. (2011), HIPL combined with PEF 
were performed to reconstituted AJ in a continuous-flow. PEF field strengths 
(24 kV/cm or 34 kV/cm) were selected corresponding to “high” (H) and a “low” (L) 
energy inputs (261.9 and 130.5 J/ml). The juice was exposed to the HILP with flu-
ences of 5.1 J/cm2 (H) or 4.0 J/cm2 (L). Finally, PEF (L) followed by either HILP (L 
or H) suggests a synergistic effect on microbial decontamination. Mainly, the qual-
ity features were not affected by the treatments, and sensory analysis showed that 
the HILP(L)/PEF(L) combination was the most preferable of the selected non- 
thermal treatments. This study indicated a synergistic effect obtained when combin-
ing low PEF intensities with HIPL in the inactivation of E. coli in AJ (Caminiti 
et al. 2011).

3.3  HIPL Combined with UV-C for Decontamination 
of Fruit Juices

UV-C treatment can be used for the inactivation of spoilage and pathogenic micro-
organisms in various fruit juices. UV-C is effective against pathogens and spoilage 
microorganisms in fruit juices and apple cider, while maintaining the quality fea-
tures of juices (Keyser et al. 2008; Hakguder 2009; Pala and Toklucu 2010; Baysal 
et al. 2013; Ünlütürk and Atılgan 2014; Kaya et al. 2015; Baysal 2018). A single 
treatment of UV-C (75.04 mJ/cm2) applied to white grape juice decreased the micro-
bial load was more than 5 log CFU/ml (Hakguder 2009).

Only one study is available in the literature to combine HIPL and UV-C for 
decontamination of orange-carrot juice blend (Caminiti et al. 2012). The juice was 
exposed to three selected processes combined with PEF (24 kV/cm, 18 Hz, 93 μs), 
UV-C (10.6  J/cm2) or HILP (3.3  J/cm2), in each case, with MTS technology 
(400 kPa, 35 °C, 1000 W, 20 kHz). It was reported that no significant changes were 
obtained in NEBI or antioxidant activity. However, total phenolics were signifi-
cantly decreased after the treatments. Each combination achieved on average 78% 
inactivation of PME. Sensory analysis showed no differences in the juice’s odour, 
sweetness, or acidity (Caminiti et al. 2012).
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3.4  HIPL Combined with NE for Decontamination 
of Fruit Juices

EOs are defined as a concentrated hydrophobic liquid containing volatile chemical 
compounds from plants, mainly terpenes. The antimicrobial activity of EOs is 
dependent on their characteristics like chemical compounds and the type of micro-
organism. EOs have been proposed as natural food preservatives due to their strong, 
wide-spectrum activity against microorganisms. EOs are categorized as GRAS by 
the FDA (FDA 2016; Dutra et al. 2019; De Souza Pedrosa et al. 2021).

Moreover, EOs can be used for juice stabilization and show strong antimicrobial 
activity against spoilage and pathogenic microorganisms in juices. However, 
because of their negative impacts on the sensory properties, some EOs are not rec-
ommended to apply fruit juices. Therefore, other preservation methods must be 
combined with EO to decrease their impact on food flavor (Pandey and Negi 2018).

Nanoencapsulation of EOs depicts an efficient strategy to improve the stability 
of the bioactives, protecting them from the interactions with the food ingredients, 
increasing their solubility and bioactivity, and thus enhance the antimicrobial activ-
ity (Donsi et al. 2011). For example, NE of the terpenes was added to orange and 
pear juices inoculated with L. delbrueckii. The addition of low concentrations of the 
NE was able to postpone the microbial growth (1 g/l terpenes) or completely inacti-
vate the microorganisms (5 g/l terpenes) while preserving the organoleptic proper-
ties of the fruit juices (Donsi et al. 2011).

Limited literature studies were reported in the literature that combined HIPL and 
NE for the microbial inactivation. In a study, Tastan et al. (2017) reported that HIPL 
has a synergistic effect when combined with carvacrol NE for the inactivation of 
E. coli ATCC 26 in a vegetable. The synergistic effect of HIPL and NE can be attrib-
uted to the ability of EOs to increase membrane permeability, promoting the HIPL 
to the cell’s genetic material. Further studies are required to assess the effect of 
combined use on liquid food products such as fruit juices (De Souza Pedrosa 
et al. 2021).

Tastan (2019) investigated the effect of HIPL combined orange NE on 
Alicyclobacillus acidoterrestris inactivation in clear AJ. 0.25 and 0.9 log cycle 
reduction was found after adding orange NE at a concentration of MIC and 2*MIC, 
respectively. In addition, HIPL at 6 J/cm2 (HIPL6), HIPL6 + MIC, and HIPL6 + 2MIC 
treatments decreased A. acidoterrestris cells as 2.46, 2.75, and 3.45 logs, respec-
tively. Moreover, 3.18, 3.50, and 4.50 logs reductions were obtained by combined 
treatments as HIPL at 6 J/cm2 (HIPL12), HIPL12 + MIC ve HIPL12 + 2MIC. This 
study indicated that combined treatment as HIPL6 + 2MIC and HIPL12 + 2MIC 
showed synergistic effects on the inactivation of A. acidoterrestris vegetative cells 
in clear AJ.

Combining natural antimicrobials and encapsulated forms with other nonthermal 
technologies can accomplish more effective antimicrobial activity for food preser-
vation and safety (Pandey and Negi 2018). Therefore, the combination of HIPL and 
nanoemulsion systems to preserve fruit juices should be further investigated.
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3.5  RIV of Combined Non-thermal Technologies

In order to compare the effect of different nonthermal technologies, RIV can be 
calculated as the ratio of the difference between the inactivation level obtained by 
combined treatment and that of the non-thermal treatment-1 (NT1) as an individual, 
and the inactivation level of the non-thermal treatment-2 (NT2) as an individual 
(Eq. (21.1)) (Severino et al. 2014; Donsì et al. 2015).
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In the RIV referred to a selected combined treatment, log N0 is the initial micro-
bial load (control sample), log Ncomb is the microbial population resulting from the 
combined treatment, log NNT1 is the microbial population resulting from the non-
thermal treatment-1 alone, and log NNT2 is the microbial population resulting from 
the nonthermal treatment-2 alone. Being RIV a normalized inactivation value allows 
us to compare the results obtained by different treatments.

RIV <1 shows an antagonist effect between the non-thermal treatment-1 and the 
non-thermal treatment-2, while RIV >1 indicates a synergistic effect between the 
combined treatments. RIV ≈ 1 defines an additive effect between the tested com-
bined treatments (Severino et al. 2014; Donsì et al. 2015; Tastan et al. 2017).

Combining various nonthermal technologies is a promising way to impart a syn-
ergistic effect against spoilage microorganisms and can be used as an alternative 
way to overcome several limitations of technologies. The combination of various 
methods as hurdles puts the microorganisms in a hostile environment and disturbs 
the homeostasis of microorganisms in food temporarily or permanently. Optimization 
of the hurdle technologies are emerging in the food industry (Aaliya et al. 2021).

4  Conclusion and Future Remarks

There is growing demand of consumers for fresh-like products as traditional ther-
mal processing may have undesirable effects on fruit juices’ sensory and nutritional 
properties. Therefore, scientists currently have investigated the potential combined 
use of HIPL with other nonthermal technologies that have to increase the efficiency 
of microbial inactivation to obtain additive or synergistic effects.

From the fruit juice industry perspective, the development of combined nonther-
mal technologies is essential to produce novel products with improved quality, pro-
cessed by a continuous-flow HIPL and the other hurdles. Although the combined 
use of HIPL and other nonthermal technologies is gaining attention from scientists 
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and the food industry, future studies still need to be done to identify possible unde-
sirable side effects, commercial scale-up, and process validation. In addition, legis-
lation of these technologies is a potential obstacle that could delay their commercial 
uptake. Moreover, future studies should be addressed to assess the potential to form 
any secondary or toxic by-products after combined treatment as a critical research 
area. The commercial success of a given novel processing is directly related to sum-
marize scientific knowledge, which contains engineering principles to focus on 
microbial safety and quality challenges.
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Chapter 22
Food-On-A-Chip: Relevance 
of Microfluidics in Food Processing

M. S. Giri Nandagopal, Sriram Krishnamurthy, and Thulasiraman Venkatesh

1  Introduction

Microfluidics is comprised of two terms – “micro” meaning small and “fluid” denot-
ing flow. It is the science of studying and applying flow of liquids in the micron 
(μm) scale. Over the years, this branch of science has found applications in various 
other fields ranging from printing technologies to biomedical systems. With the 
advent of new fabrication technologies, higher machining precision and advanced 
materials, this field is finding applications to a plethora of problems. A typical 
microfluidic channel has width ranging from a few hundred nanometres to a few 
micrometres. At these length scales, the flow of fluid is laminar and can be con-
trolled with very high precision. The Reynold’s number for such flows are very 
small and therefore, the inertial forces are significant compared to the viscous 
forces. The consequences of such a flow is high surface to volume ratio which mani-
fests into surface effects dominating bulk properties and lower reaction times 
(Convery and Gadegaard 2019). Thus, all the necessary chemical process systems 
can be shrunk and integrated to a very small scale that can be easily controlled and 
manipulated. These unique phenomena are an advantage for researchers in varied 
fields of study like biology, chemistry, engineering etc. The food processing and 
allied industries in particular have immense scope for the use of this technology for 
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diverse applications like micro-emulsion, quality control and detection of harmful 
contaminants and adulterants. Conventional methods of detection use techniques 
like Gas Chromatography (GC), High Performance Liquid Chromatography 
(HPLC), Mass Spectroscopy (MS) etc. which involve the use of hazardous chemi-
cals and need expensive equipment and trained personnel (Guo et al. 2015). The use 
of microfluidics for detection makes it cheaper, environment friendly and highly 
portable.

Microfluidics comprises of wide range of interdisciplinary area (Antony et al. 
2014a, 2015a), which includes, but not limited to fluid mechanics (Antony et al. 
2014a, 2015a), thermodynamics, electrostatics, chemistry (Antony et  al. 2015b; 
Nandagopal et al. 2016; Giri Nandagopal et al. 2014a) to material science (Bayraktar 
and Pidugu 2006; Stone et  al. 2004). “Lab on a chip (LOC)” devices have seen 
immense growth in the recent years which involves micro flow, microstructures 
(Chen et al. 2012)and nanomaterials (Abraham et al. 2017; Giri Nandagopal et al. 
2014b; Mao and Koser 2006; Zhang and Wang 2013). For effective design of LOC 
devices, clear understanding of microfluidics physics plays an important role 
(Antony et al. 2014b; Giri Nandagopal and Selvaraju 2016; Nandagopal et al. 2017). 
To quantize the performance of LOC devices, an understanding of various dimen-
sionless numbers become necessary. Some of them are:

 1. Reynolds number, defined as the ratio between inertial force and the viscous 
force, is an important dimensionless number in microfluidics. Since the charac-
teristic length of microfluidic devices is a few microms and flow is predomi-
nantly laminar, Reynolds number is very small, making viscous forces more 
dominant.

 
R

Dv
�

�
�  

Where, Re = Reynolds Number; D = Diameter of the chamber or pipe carrying the 
fluid; ρ = Density of the fluid and μ = viscosity of the fluid.

 2. Peclet number defines to correlate convective and diffusive transport caused by 
heat transfer. If Peclet number is lesser than unity, diffusion would be dominant 
over convection, thereby making the fluid flow and target detection very slow 
and inefficient (Squires et al. 2008).

 
Pe

Lu
�

�  

Where, Pe = Peclet Number; L = Characteristic Length (Hydraulic Diameter for 
non-circular pipes); u = flow velocity and α = Thermal Diffusivity.

 3. Capillary number is extensively used in multiphase flow, which describes the 
relationship between viscous and interfacial forces. For multiphase flow, since 
the interfaces between different fluids is a significant factor, surface tension 
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plays an important role. This interplay between surface forces and the viscous 
forces is responsible for droplet-based or bubble-based microfluidics, (Giri 
Nandagopal and Selvaraju 2016; Nandagopal et al. 2017).

 
Ca

V
�
�
�  

Where, Ca = Capillary Number; μ = viscosity of the fluid; V = Characteristic veloc-
ity of the fluid and σ = Surface tension at the interface.

 4. Weber number is the ratio of inertial to interfacial forces, concerning multiphase 
flows. Deformation of drops /bubbles will be high when the flow rate is high, 
which in turn results in high weber number in a microfluidic device (Xu 
et al. 2010).

 
We

v l
�
�
�

2

 

Where, We = Weber Number; v = Velocity of the Fluid; l = Characteristic Length 
and σ = Surface tension at the interface.

Conventionally, microfluidic devices are fabricated using silicon, glass, poly-
mers and even paper-based materials. Polydimethylsiloxane (PDMS) is a polymer 
that is majorly used for fabricating such systems. PDMS has low thermal conductiv-
ity, transparency and highly compatible with biological systems (Giri Nandagopal 
et al. 2017). Recently, paper-based materials have also been explored for their fea-
sibility and portability (Martinez et al. 2010). The use of microfluidics in the food 
industry faces a unique challenge. The techniques used should be a viable alterna-
tive to already used techniques in the industry, safe for use in food and related 
materials and must be cheaper than the existing systems. Use of modern materials 
and food safe polymers can lead to excellent alternatives.

This book chapter reviews about the various fabrication methods for microfluidic 
devices and their application in detection of pathogens, additives, pesticides, herbi-
cides and heavy metals in food.

2  Fabrication Process

2.1  Micro-Molding

PDMS is a polymeric material, widely used in the fabrication of microfluidic chip. 
In this micromolding process. SU-8 photoresist is commonly used as a mold which 
is further replicated on to a PDMS substrate (Sia and Whitesides 2003). In the con-
ventional process of fabrication, the photoresist is spun-coated on a silicon chip and 
photoetched. By using different types of photoreceptors and by controlling the 
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speed of spin coating, the thickness of the mold can be adjusted over a range of 10 
to 200 microns. Now once the mold is ready, PDMS solution and is typically mixed 
with a hardener and the air bubbles are removed using a vacuum desiccator. The 
ratio of hardener to PDMS can be varied to obtain devices of variable hardness and 
flexibility. Then the PDMS mixture is slowly poured onto the mold to avoid forma-
tion fo cavities and bubbles and then heat treated to harden. Once the PDMS is 
properly hardened, the PDMS can be carefully removed from the mold. This molded 
PDMS can be further bonded with any substrate made of glass using oxygen plasma 
treatment. The mold can be used for future fabrication of such devices.

2.2  Laser Ablation

In laser ablation technique, desired microflow channels are ablated and microma-
chined by using a carbon dioxide laser mostly on a polymeric surface with a wave-
length of 10.6 μm (van den Driesche et al. 2018). They are applicable in fabricating 
microchannels on polymeric materials and glasses. Laser ablation has both advan-
tages and disadvantages. The advantages are its relative simplicity, lesser time con-
sumption and one-time ablation is sufficient to complete the entire processing. 
Disadvantages include formation of uneven surface on the inner wall of microchan-
nel and formation of large number of bubbles which requires further chemical treat-
ment (Wang et al. 2011). This method is suitable only for fabricating the system 
which has a channel width and depth greater than 80 μm.

2.3  2D/3D Printing

2D printing is a conventional printing procedure commonly used in offices, such as 
laser printer (Garcia-Cordero et al. 2010), inkjet printer (Bsoul et al. 2016), wax 
printer (Pearce et al. 2016), screen printing (Wee et al. 2015) etc. This technique is 
usually adopted in paper-based microfluidic chips. Here, the channels in microscale 
are imprinted in a hydrophilic paper material like paper using a hydrophobic ink. 
This technique could provide an accuracy between 80 and 400 μm. Moreover, this 
technique can also be extended for microchannels made of SU-8, PDMS etc. that 
can be deposited right onto a polymer substrate or glass by screen printing or ink-jet 
printing (Shangguan et al. 2017). Also, for fabricating channels with electrodes, an 
appropriate conductive ink can be used to print on the surface of the microfluidic 
channel. Typically silver nano-particles have been used for this purpose (Tran et al. 
2017). There is immense scope for using other advanced and cheaper alternatives 
for fabricating microchannels with electrical conductivity.

When it comes to 3D printing, two methods are used for the fabrication of micro-
channels namely stereo-lithography (He et al. 2015) and fused deposition modelling 
(FDM) (Gaal et al. 2017). The fused deposition modelling 3D printer are relatively 
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low in price making them a suitable option to fabricate low-cost 3D microfluidic 
chips. In the fused deposition molding technique printing can directly be done on 
materilas like polylactic acid, polycarbonate, acrylonitrile butadience styrene etc. to 
make 3D microfluidic chips (Kataoka et al. 2017). An accuracy of 100–500 μm can 
be attained while using this process.

2.4  Injection Molding

Injection molding is a technique conventionally used for plastic processing. 
Recently, this technique is adopted for the manufacture of microfluidic based 
devices. The common injection materials for microfluidic fabrication are polymeth-
ylmethacrylate (PDMS), cyclic olefin copolymer and polydimethylsiloxane 
(Szydzik et al. 2016). However, fabrication of microfluidic based chips using injec-
tion molding is comparatively an expensive and time-consuming process. Hence, in 
order to overcome this Hansen et  al. (2010) developed a technique in which an 
injection mold made of nickel where su-8 photoresist is imprinted on its surface was 
designed. This mold can be potentially reused for around 300 times making them 
cost effective. The major advantages of this techniques are good repeatability, fast 
processing speed, large-scale fabrication etc. while the disadvantage include poor 
flexibility and high cost.

3  Detection of Foodborne Pathogens

Foodborne pathogens and the illness caused by them is a huge matter of concern for 
the humans and other living beings (Lin et al. 2014). The major foodborne patho-
gens that cause foodborne illness outbreaks are Salmonella Spp., Listeria monocy-
togenes, Escherichia coli O157:H7, Campylobacter Spp., Clostridium perfringens, 
and Staphylococcus aureus. Conventionally these pathogens are detected using two 
techniques  – an ELISA assay or a Polymerase Chain Reaction (PCR) test (Law 
et  al. 2014). However, these methods are conducted in sophisticated laboratory 
setup with tedious and laborious assay procedures, providing a false negative when 
the sample delivery is delayed, moreover, the process is time-consuming and expen-
sive too. A majority of these drawbacks can be overcome by using specialized tech-
niques with microfluidics (Prabhu et al. 2020a, 2020b; Ramesh et al. 2021).

A microfluidics based LOC for the detection of Salmonella Sp. in food samples 
was reported by Sun et al. (2015). They reported a platform with on-chip sample 
preparation by using magnetic beads followed by loop-mediated isothermal ampli-
fication (LAMP). The effectiveness of this protocol was demonstrated on eight pork 
meat samples induced with Salmonella sp. within a time frame of 40 minutes. The 
demonstrated limit of detection (LOD) was found to be as low as 50 cells per test. 
This system was further improved by by using nano magnetic beads and quantum 
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dots (QDs). The QDs were used as a fluorescent label. This procedure was able to 
finish the assay within within 30 min with a LOD of 103 CFU/mL.

Clime et al., introduced a microfluidic set-up for the preparation of sample, filtra-
tion, and extraction of microorganism (Clime et  al. 2015). They demonstrated a 
novel approach where the debris are removed from the biological sample using 
hydrodynamic focusing and inertial lateral migration effects. In their study, they 
could demonstrate that 50% of the debris in ground beef samples were removed by 
the microfluidic filtration and extraction chip. They observed that up to 70% of the 
initial microorganisms were retained at the device outlet. Fronczek et  al. 2013 
developed a microfluidic hand-held device for detection of Salmonella typhimurium 
on poultry packages using polycarbonate (Fronczek et al. 2013) using polycarbon-
ate. In this device, Mie scatter signals in the microfluidic channels were generated 
from immuno-agglutination between Salmonella typhimurium and micron sized 
carboxylated polystyrene. The device was used to read the conjugated anti- 
Salmonella. The assay time reported by them for the study was about 10 min and 
LOD of 10 CFU/mL.

The field of microfluidics have diversified itself into an area called centrifugal 
microfluidics which is the most powerful platforms in the field of microfluidics 
(Kwok et  al. 2016; Strohmeier et  al. 2015). In centrifugal microfluidics various 
process such as valving, pumping, mixing, separation, and other unit operations can 
be performed easily (Gorkin et al. 2010). Considering their potential, researchers 
has explored their potential in developing devices for food borne pathogens. Sayad 
et al. (2016) demonstrated an automatic detection system for Salmonella by devel-
oping a LAMP-based microfluidic lab-on-a-disc. In the study the liquid was dis-
persed on to the disc by using Centrifugal force. Using the device, they demonstrated 
the presence of Salmonella in a tomato inducted with Salmonella DNA. The detec-
tion of 70 min with a LOD of 5 × 10−3 ng DNA/mL was observed, which is signifi-
cantly lesser than the conventional method which takes about 3–4 h.

Another interesting microfluidic approach are the paper-based devices. These 
paper-based approaches have gained wide attention for monitoring food safety as 
they are simple to fabricate and use, have low-cost, and the possibility of on-site 
detection of foodborne contaminants. Microfluidic paper based analytical devices 
(μPADs) developed for detecting pathogens in food mainly rely on enzymatic assay- 
based optical methods. Such methods predominantly use visual inspection - either 
with the naked eye or digitally enhanced images and subsequent use of image analy-
sis techniques. In image analysis, the RGB (red-green-blue) values from the image 
are extracted and a desired algorithm is used to manipulate and arrive at a decision. 
Jokerst et al. (2017) reported a μPAD for the microspot assay of Escherichia coli 
O157:H7, Listeria monocytogenes and Salmonella Typhimurium in meat samples. 
In this method, a swab of the sample is collected and cultured in appropriate media. 
The cultured media is further added to a chromogen-impregnated μPAD. An enzyme 
associated with the pathogen can induce a change in the colour of this μPAD much 
like a pH paper. The LOD for each of the bacterial assays after image analysis were 
104 CFU mL−1 for Salmonella Typhimurium, 108 CFU mL−1 for Listeria monocyto-
genes and 106 CFU mL−1 for E. coli. The only drawback to this method is that the 

M. S. Giri Nandagopal et al.



661

sample preparation time is approximately 12 hours. But this is significantly lesser 
than that of the gold standard method for bacterial detection which takes sev-
eral days.

Zuo et al. (2013) worked on food samples which are enriched with three patho-
gens namely L. acidophilus, S. aureus, and S. enterica. The intention of their study 
was to demonstrate a homogenous one step assay for the detection of multiplexed 
pathogens. For that they designed a hybrid biochip made up of PDMS, paper and 
glass. In the hybrid biochip they integrated a graphene oxide which is functionalized 
with aptamer, which when interacted with with microbial pathogens causes a change 
in their fluorescence properties. These change in the fluorescence is caused when 
the Cy3 dye which is labelled on the aptamer undergo quenching. When they stud-
ied this approach on the samples enriched with three pathogens namely L. acidophi-
lus, S. aureus, and S. enterica, they could obtain a percent recovery between 92.9 to 
107.8%. For a single assay the detection limit for the study obtained was 
11.0 CFU mL−1 and the reaction time for the single assay is 10 min. While, studies 
to detect S. aureus and S. enterica simultaneously using this method showed a 
detection limit of 800.0 CFU mL−1 and 61.0 CFU mL−1.

Jin et al. (2015) worked on the detection of salmonella on a μPAD by adenosine 
triphosphate (ATP) quantification method. In this method, the paper surface is 
chemically modified and ATP aptamer with an associated HRP-tagged DNA is 
attached into it. They performed experiments by culturing the Salmonella and then 
lysed them by boiling. When the sample is added to the modified paper colour 
change is observed only when Salmonella was present. The fundamental concept 
behind that was, in the presence of ATP associated with Salmonella catalytic oxida-
tion of 3-amino-9-ethylcarbazole by HRP/H2O2 occurs. The limit of detection 
reported by them while performing the study was 2 × 107 CFU mL−1. Similarly, 
Park et al. (2013) performed a study in which the Salmonella samples mixed with 
Salmonella conjugated particles were added to a μPAD. Then the results are opti-
cally observed through a Mie scattering strategy where a smartphone was used to 
analyze the scatter intensities at the optimized Mie scatter angle. While performing 
the experiments, they obtained a detection limit for Salmonella as 102 CFU mL−1.

4  Detection of Additives in Food

Using pigments in food for enhancing its colour for commercial purpose has become 
a regular routine these days. But, most of these additives used in food are harsh 
chemicals which can potentially impact serious health conditions to the humans, 
which may be even teratogenic and carcinogenic (Shaw 2014). Hence, a simple, 
frugal and accurate detection device for food additives is for great significance. 
With the advent of microfluidics technology various efforts has been reported in this 
perspective. Researchers have reported a novel method using μPAD for the separa-
tion of pigments from beverages and to detect the amount of pigments present in 
them (Zhu et al. 2015). In the reported study, a conventional filter paper is taken and 
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it is coated with polyelectrolytes such as polyallylamine hydrochloride and polyso-
dium styrene sulfonate with suitable modifications using silver nanoparticles. 
Further detection is done using an integrated surface-enhanced Raman spectroscopy 
(SERS) with the appropriate functionalized paper-based carriers. They performed 
this study to detect the presence of commonly used additives such as sunset yellow 
and tartazine in the grape and orange juices respectively. The results revealed that 
the limit of detection for detection of sunset yellow and tartrazine were 10−5 molL−1 
and 10−4 molL−1 respectively.

In the meat industry, maintaining the freshness of the meat by protecting them 
from microbial contamination is a highly important task. For this, there used to be 
an excess usage of nitrite, as nitrite possess high microbial inhibition properties. 
However, these nitrite has a nature of reacting with secondary and tertiary amines to 
produce nitrosamine compounds which can cause severe health hazards which may 
further lead to death (Feng et al. 2019; Zhang et al. 2014). He et al. (2013) devel-
oped a μPAD for the detection of nitrite by integrating Griess-colour nitrite assay 
with the conventional Whatman filter paper. The basic concept underlying his study 
was that when nitrite reacts with a Griess reagent in a μPAD, they undergo certain 
reaction and produces colours of varies intensities based on the nitrite concentra-
tion. The studies showed that the method adopted by them could have a dynamic 
range of 0.156–2.50 mM when quantified using image processing. A similar sort of 
approach was demonstrated by Jayawardane et al. (2014) for the determination of 
nitrite and nitrate in food samples and they could demonstrate a limit of 
detection(LOD) of 1.0 μm and 19 μm for nitrite and nitrate respectively. While, 
Cardoso et al. (2015) reported a μPADs integrated with colorimetry for the determi-
nation of nitrite in ham, sausage and river water. In the device developed by them, 
they created a container by stamping the appropriate geometry and the sample inlets 
are connected using channels of microscale dimensions. The LOD measured in their 
study was 5.6 μM which was in coherence with the spectrophotometry readings. 
Similar approaches, of integrating Griess method in μPAD for the detection of 
nitrite in water and food was reported by Lopez-Ruiz et al. (2014), Cardoso et al. 
(2015) and Jayawardane et al. (2014)

Among the various additives used, food additives such as sucrose, glucose and 
fructose has become an unavoidable additive widely used to enhance the flavour and 
colour of food and beverage. Lawrence et al. (2014) demonstrated the detection of 
glucose in carbonated drinks. They took a fibre-based paper disk and immobilized 
glucose oxide, while the carbon electrodes were screen printed. The limit of detec-
tion achieved while performing the device with the carbonated drinks was about 
0.18 mmol/L which was verified using a HPLC and found the results to be consistent.

Similarly, Adkins et al. (2015) developed a μPAD with copper as a working elec-
trode. This setup was studied for the detection of glucose, fructose and sucrose in 
commercial beverage samples such as Red Bull, Coca-Cola, Orange Powerade, and 
Vitamin Water. The studies performed to detect the glucose, fructose and sucrose in 
the sample revealed that the amount of glucose, fructose and sucrose is 270 nM, 
340 nM and 430 nM respectively. Colletes et al.(2016) studied to detect the glucose 
in liquors. They took a paraffin stamped paper substrate and incorporated ionization 
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method for their device design. The detection limit obtained by them using this 
method was 2.77 mmol.L−1.

5  Detection of Pesticides and Herbicides in Food

The usage of pesticides has been for decades in agricultural sector as it plays a sig-
nificant role in food quality and production. However, they imply serious health 
concerns to the people, this further open up a need for an effective detection device 
(Gilbert-López et al. 2009). Wang et al. (2013) worked on to detect the presence of 
2,4 dichlorophenoxyacetic acid in food. For which they fabricated a paper-based 
multidisc device which is molecular imprinted polymer-grafted (MIP). The MIP 
approach was proposed as an alternative technique to conventional immunoassays. 
In immunoassay technique which widely depend on the antibodies. But during pro-
duction and transportation there is a high chance for denaturation and instability. 
Hence they took a polymer-grafted device in which tobacco peroxidase (TOP)- 
labelled 2,4-D was incorporated. Hence during the process an enzyme catalyzed 
cathodoluminescence emission was achieved from the luminol-TOP-H2O2 CL sys-
tem. The detection limit obtained for the system is 1.0 pM. Similarly, Liu et  al. 
(2014) studied on the detection of DDV in fruits and vegetables by integrating 
μPAD with cathodoluminescence. The method was successfully studied for food 
spiked with cucumber, tomato and cabbage and obtained a detection limit of 3.6 ng.
mL-1 (Liu et al. 2015). This method was successfully demonstrated in cucumber and 
tomato and they obtained the limit of detection as 0.8 ng.mL−1.

Sicard et al. (2015) worked on to develop μPAD for the detection of organophos-
phate pesticides such as paraoxon and malathion. The concept adapted by them was 
the inhibition properties of pesticides by Acetylcholinesterase (AChE), ie, AChE 
has the potential to hydrolyze indoxyl acetate which is a colourless substrate into a 
product which is of indigo in colour, when there no presence of pesticides. By 
recording and processing the result in a smartphone they observed a detection limit 
of 10 nM. Following this, Nouanthavong et al. (2016) demonstrated a novel method 
to detect methyl-paraoxon and chlorpyrifos-oxon. They used μPAD coated with 
nanoceria for the detection in which they integrated enzyme-inhibition assay with 
AChE and choline oxidase. When, studies were performed to analyse the presence 
of methyl-paraoxon and chlorpyrifos-oxon with the device, they obtained a LOD of 
18 ng.mL−1 and 5.3 ng.mL−1 for methyl-paraoxon and chlorpyrifos-oxon respec-
tively. The method was adapted for the detection of methyl-paraoxon in dried green 
mussel and cabbage. They obtained a recovery ~95% for both of them.

Pentachlorophenol (PCP) is an organochlorine pesticide which is widely used in 
agriculture seeds. It is carcinogenic in nature and has acute toxic effects (Dai and 
Copley 2004, Fuentes et al. 2013). Sun et al.(2014) developed a method to detect 
PCP using sensors that work on photo electro chemical (PEC) principle, which uses 
MIP technique on a μPAD. The electrode paper is coated with a double layer coat-
ing of gold nano particles (AuNPs) and a layer of polypyrrole (Ppy)-functionalized 
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ZnO nanoparticles. Upon irradiation by visible light, the excitation of electrons 
occurs from highest occupied molecular orbital of Ppy to the lowest unoccupied 
molecular orbital of ZnO. Due to such excitation of electrons, the molecular orbital 
levels of Ppy and ZnO matches and the electron finally reaches the gold-paper elec-
trode (Au-PWE) surface, which ultimately leads to an increase in photocurrent and 
the photo current generation capacity of the electrode is increased. However, such 
increase in photocurrent is inhibited by the presence of PCP, thereby causing a hin-
drance in generation of photocurrent, which can be sensed by the LOC upto the 
level of 4 pg.mL−1.

Su et  al. (2015) has also developed an another paper based approach for the 
appliction of herbicide detection that makes use of FL for detection of methyl violo-
gen. The method was based on the interaction of CdTe in presence of the target 
methyl viologen. CdTe QDs can be impregnated on the paper based devices and its 
quenching effect is studied against the target. Having a LOD of 0.16 μmol.L−1 for a 
CdTe paper based sensors. The darkness of the color on the μPAD is proportional to 
the methyl viologen concentration.

6  Detection of Heavy Metals

Arsenic, mercury, copper and lead are notable heavy metal contamination of food 
which has proven to possess human health risk and food safety threat. Moreover, 
exposure to such heavy metals cause cancer or other associated diseases (Dong 
et al. 2014) making the development of rapid, reliable detection device for heavy 
metals highly important. However, the conventional methods available for the 
detection of these heavy metals are atomic absorption spectrometry (AAS) and 
inductively coupled plasma mass spectroscopy (ICP-MS). But they have serious 
limitations that they cannot be used for the in-situ monitoring because the size of 
equipment, cost of analysis and analysis time is pretty high. These limitations can 
be overcome by using microfluidic devices. Chaiyo et al. (2015) fabricated a device 
using wax printing method to detect the presence of copper (Cu2+) ions. In their 
reported study, they demonstrated the presence of Cu2+in tomato and rice with a 
LOD of 0.35 ng/mL and linear range between 0.5 to 200 ng/mL. Zheng et al. (2012) 
concentrated on heavy metal toxicity in marine environment. They developed a 
microfluidic device provided with a concentration gradient generator for toxicant 
and a module for the microalgal chemostatics. And they finally made a coorelation 
between the microalgal motility with that of the toxicity of heavy metals. Gomez-de 
Pedro et al. (2014) established an automatic, low cost optical based microfluidic 
system for observing the presence of Hg (II) by employing modified gold nanopar-
ticles. While, Zhang et  al. (2015) made a μPAD integrated with single-stranded 
DNA (ssDNA) and a functionalized graphene oxide sensor for the simultaneous 
detection of heavy metals such as mercury (II) ions (Hg2+), silver (I) ions (Ag+), and 
aminoglycoside antibiotic residue in food.
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7  Conclusion

Thus, the growth of microfluidics is immense in the area of food processing, espe-
cially in the area of food adulteration detection and methods. Increase in demand for 
processed foods and industrialized food processing sectors resulted in contamina-
tion of heavy metals, adulteration, excessive use of preservatives and presence of 
pesticide residues in agro food produces. Though efforts are being taken to reduce 
the ill effects, need for identification of any form of adulterants in food produces 
becomes inevitable. Development of cheap and easy to use diagnostic devices 
becomes necessary and hence the concept of microfluidics will play a great role 
development of paper based diagnostic devices in the near future. On the other 
hand, 3D printing of food is a growing field in food processing with immense poten-
tial for marketing and commercialization, where the concepts of microfluidics will 
play an immense role. Moreover, efforts are also needs to be taken for development 
of suitable microfluidic devices for development of novel food products and identi-
fication of interaction between various molecules present in novel food products.
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Chapter 23
Analysis and Comparison 
of Environmental Impacts of Nonthermal 
Food Technologies

Ilija Djekic  and Igor Tomasević 

1  Introduction

Strong evidence that food processing technologies have been an integral part of 
mankind date since the period of ancient Egypt and have largely contributed to the 
progressions of Greek, Chaldean, and Roman civilizations. Anthropologists and 
evolutionary biologists argue that a single thermal food processing technology 
(cooking) is responsible for the evolution of Homo sapiens and permitted humans to 
sustain big brains (Wrangham 2010). Without a doubt, traditional and contemporary 
food processing technologies are still shaping the world we live in today in many 
ways. However, Western civilization and its consumers are now demanding mini-
mally processed foods and substitution of heat (at least partially) in food processing 
(Ortega-Rivas 2012), making nonthermal food processing technologies (NTFPT) 
popular in food science and food industry of the twenty-first century. Common 
denominator for all NTFPT is the objective to retain nutritional and sensory quality 
of food, while achieving microbial and enzymatic inactivation (food preservation) 
as a standalone technique or together with other (nonthermal) “hurdle” processing 
technologies.

Extensive commercialization of NTFPTs is still anticipated for several reasons 
(lower effectiveness of microbial inactivation, higher cost of exploitation and bigger 
complexity of operation) including the legislative one. Namely, food regulations are 
lacking a joint classification of these processing technologies (Režek Jambrak et al. 
2018) averting its adoption by the food industries.

When we tackle the main advantages we can specify microbial inactivity in 
many of the mentioned technologies as “number #1” food safety benefit (Režek 
Jambrak et al. 2021). Also, these technologies prevent negative effects of heat on 
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nutritional properties of foods improving its health component. It is of note that, 
some have certain technological issues in maintaining sensorial attributes of food 
(Režek Jambrak et al. 2018).

However, environmental dimension is rather only touched since comparison of 
environmental impacts of NTFPTs is difficult due to differences in the scale (lab – 
scale vs industrial application) and type of food processed (Hospido et al. 2010). 
Several studies compared NTFPTs and conventional technologies (Pardo and Zufía 
2012) or Valsasina et al. (2017) with estimated proof of environmental potentials 
when using NTFPTs. On the contrary, Aganovic et al. (2017) studied the energy 
balance of pulsed electric fields and high pressure processing technologies in com-
parison to conventional thermal processing and both NTFTPs presented higher 
energy consumption expressed per liter of treated juice compared to conventional. 
In general, environmental analysis of NTFTPs highlights two main advantages: 
lower energy / resource consumption and shorter treatment time.

Based on above mentioned, can we conclude that NTFPTs are environmentally 
friendly? Do we have enough proof? How can we measure (and compare) their 
environmental footprint? This chapter gives a critical perspective of environmental 
impacts of NTFPTs.

2  Nonthermal Food Processing Technologies

Based on their mode of action and source of energy used (Fig. 23.1), NTFPTs can 
be divided into: (a) technologies based on mechanical action (hydrodynamic effects 
/ hydrodynamic cavitation, ultrasound and irradiation); (b) electro-magnetic fields-
based technologies (pulsed electric fields, pulsed ultraviolet light, cold plasma, 
radiofrequency, oscillating magnetic fields, electrohydrodynamic processing and 
electron beam processing) and (c) pressure-based technologies (high- pressure pro-
cessing, ultrahigh-pressure homogenization, supercritical fluid drying / extraction). 
Among these, some specific technologies have been broadly investigated in recent 
years and are foreseen as most promising methods for competition or complementa-
tion of traditional food preservation technologies.

Pulsed ultraviolet light (PL) has a strong potential for the commercial application 
because it provides reductions of up to 7 log cycles for vegetative microorganisms 
on smooth, non-porous surfaces such as those of food contact (Rajkovic et al. 2010) 
and food packaging materials (Gómez-López 2016). Even though PL is less effec-
tive on surfaces such as those of most food materials, it can still provide a microbial 
reductions above 2 log cycles, successfully preventing food cross-contamination 
without affecting quality attributes by lipid and protein oxidation (Rajkovic et al. 
2017). In addition to the ability of reducing the microbial load in wide range of food 
products (Barba et al. 2015) with low electrical conductivity and no air bubbles in 
order to avoid the dielectric breakdown (Chauhan and Unni 2015) (different liquid 
and semi-solid food products such as fruit or vegetable juices), pulsed electric fields 
(PEFs) treatment can also be a good strategy to change food textural properties 
including the improvement of tenderization and aging of meat (Gómez et al. 2019). 
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Fig. 23.1 Categorization of different NTFPTs

High-pressure processing (HPP) was first used in 1899 in the United States (Tewari 
et al. 1999). However, in those days, the equipment was not very dependable and 
research was discontinued. It was only a century later, and in the 1990’s, that a mod-
ern HPP equipment was developed and with its successfully application for the 
processing of fruits and vegetables (Denoya et al. 2020), juices (Yildiz et al. 2021) 
and meat (Warner and Ha 2019) we would like to argue that this is the most widely 
adopted NTFPT by the food industry of today.

3  Environmental Impact

To analyze environmental impact of a NTFPT, the easiest way is to deploy a mass- 
energy balance model a of a lab-scale equipment using this known environmental 
tool (Režek Jambrak et al. 2018). Figure 23.2 depicts a simplified Sankey diagram, 
where the inputs are: (i) food samples that are treated, (ii) consumption of natural 
resources for operating the technology (water / various types of energy) and (iii) 
depending on the type of food and technology different other inputs such as chemi-
cals for cleaning the equipment, or different fluids (Nitrogen or Argon for high volt-
age electrical discharge, or CO2 for supercritical fluids). Depending on the 
technology, two types of outputs can be recognized: “intended” and “unintended”. 
Intended outputs are treated samples (with all its positive and negative physical, 
chemical and microbial characteristics) while all other outputs may be categorized 
as unintended, comprising of potential emission of greenhouse gasses, wastewater 
discharge occurring during sanitation of the equipment, disposal of different types 
of waste, etc.
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Fig. 23.2 Sankey diagram depicting mass-energy balance of a lab-scale NTFPT

As outlined in ISO 14001, when determining environmental aspects of a process 
(in our case NTFTP), the following should be considered: emissions to air, releases 
to water and land, use of raw materials, natural resources and energy, emitted 
energy, waste disposal (ISO 2015). This is the first step in classifying all environ-
mental impacts. Table 23.1 gives an overview of aspects associated with different 
NTFTPs based on various literature sources explaining the mechanism of NTFTPs 
(Srivastav et al. 2020; Djekic et al. 2018b; Režek Jambrak et al. 2010).

First common denominator of all NTFTPs is use of electric energy for running 
the equipment, clearly associated with resource depletion. Food samples used for 
treatment, originate from nature as raw materials, either as plant or animal origin. 
Also, depending on type of raw material, certain impacts may be associated with 
biodiversity loss if production of raw materials affects the ecosystem. After treat-
ment, the samples are either consumed (for sensory analysis) or further tested (using 
different physical/chemical/microbial methods) and treated as (organic) waste.

When it comes to specific NTFTPs, the ones using hydrodynamic effects and 
cavitation use different liquids depending on their physicochemical properties such 
as surface tension, viscosity and vapor pressure of liquid (Gogate and Pandit 2001; 
Gogate 2011). Usage of such liquids is categorized in “other” since several liquids 
with different properties are in use. Similar situation is with high voltage electrical 
discharge extraction because different gases are used for generation of plasma, such 
as argon and nitrogen, as presented in work of Nutrizio et al. (2020). It is known that 
both gases are considered as environmentally friendly, however, their use during 
extraction may cause some impacts.

I. Djekic and I. Tomasević



675

Table 23.1 Environmental aspects associated with different NTFTPs

Activity Aspect Impact RE WA AI LA BI CL WS OT

All NTFPTs Use of (electric) 
energy

Resource 
depletion

☑

All NTFPTs Use of food 
samples as raw 
materials

Resource 
depletion

☑

All NTFPTs Use of food 
samples as raw 
materials

Ecosystem 
degradation

☑

All NTFPTs Generation of 
organic waste

Waste disposal ☑

Hydrodynamic 
NTFTP

Use of various 
fluids

Depends on the 
liquid

☑

Cold plasma 
NTFTP

Use of various 
fluids

Depends on the 
gas

☑

Irradiation 
NTFPT

Irradiation of food Ionizing 
radiation

☑

Supercritical fluid 
NTFTP

Use of various 
fluids

Depends on the 
equipment

☑

Use of various 
adsorbents

Depends on the 
equipment

☑

Legend: RE resource depletion, WA wastewater discharge, AI air emission, LA land contamination, 
BI biodiversity loss, CL climate change effects, WS waste disposal, OT other

Use of radiation in treating food is achieved by applying gamma rays, electron 
beams or X-rays (Morehouse and Komolprasert 2004). Effects on food (and sur-
rounding environment) depend on the type of the radiation and its energy level rais-
ing two issues of concern – radiation of food and radiation of people operating the 
equipment. Although use of ionizing radiation in food industry is covered with vari-
ous food regulations, environmental impacts still exist.

When using supercritical fluid technology, the most often used fluid is carbon 
dioxide, due to its positive characteristic such as low price, it is considered as a non- 
toxic and non-flammable gas with high density and low viscosity, and generally 
recognized as safe (Smigic et al. 2019). Application of this technology for drying, 
at mild temperatures and higher pressures also require usage of water adsorbents 
such as zeolites or ionic liquid sorbents for removing water from the products 
(Djekic et al. 2018b).

In general, we can conclude that all NTFTPs have two common impacts  – 
resource depletion (use of electric energy and natural raw materials) and ecosystem 
degradation (depending on type of food). However, specificity of technology 
directly influences “other” impacts – ionized radiation and use of different fluids 
(liquids / gasses). Since all NTFTPs after use need to be cleaned and sanitized as 
one of important activities, Table 23.2 presents environmental aspects associated 
with hygiene of equipment.

23 Analysis and Comparison of Environmental Impacts of Nonthermal Food…



676

Table 23.2 Environmental aspects associated with hygiene of NTFPT equipment

Activity Aspect Impact RE WA AI LA BI CL WS OT

Cleaning and 
sanitation

Use of water Resource depletion ☑

Use of 
chemicals

Disposal of hazardous 
packaging

☑

Water 
discharge

Water contamination ☑

Legend: RE resource depletion, WA wastewater discharge, AI air emission, LA land contamination, 
BI biodiversity loss, CL climate change effects, WS waste disposal, OT other

4  Life-Cycle Assessment

It is known that life cycle assessment (LCA) is a tool that consists of compiling and 
evaluating inputs, outputs and recognizing potential environmental impacts of a 
product system where typical subsystems are: (i) cradle-to-gate studies; gate-to- 
gate studies and gate-to-disposal studies (ISO 2006). In case of NTFPTs, the best 
approach is to consider it as a “gate-to-gate study” since most of equipment are at 
Universities located in laboratories and/or R&D units. As outlined in ISO 14040, 
stages of a LCA comprise of defining goal and scope, inventory analysis, impact 
assessment and interpretation of the results (Fig. 23.3).

It is obvious that scope and boundaries are set at pilot / lab scale. Also, functional 
unit (FU) is set as one (1) treatment of selected food product. FU is used as a unit 
for expressing results and a basis for benchmarking (Djekic et al. 2018a). Inventory 
analysis should specify all inputs and output from the mass-balance analysis of 
NTFPTs. When it comes to impact assessment, the main question is “which envi-
ronmental impacts should be calculated?” Emissions of greenhouse gasses? Ozone 
depletion potential? Human toxicity? Water and energy consumption? All of these 
should be calculated per functional unit (in our case 1 treatment of selected food 
product).

Although life-cycle assessment is a scientifically validated methodology, still, 
there are certain challenges that need to be resolved (Djekic et  al. 2019). In the 
‘scope and goal stage’ (Table 23.3), three potential problems are ‘inadequate system 
boundaries’, ‘inappropriate data collection method’ and ‘low level of data quality’. 
First issue is regarding upscaling lab/scale NTFPT to food processing level (for 
benchmarking with conventional food processing technologies) and further upscal-
ing to analyze the entire food supply chain. Second issue of concern is how data are 
collected (by exact measuring or by estimations). Finally, depending on the mea-
surement methods, are primary sources or secondary data used? Since this can also 
bring uncertainty.

Within ‘Inventory analysis’ the main question is ‘have all material and energy 
flows been identified’? This is directly connected with mass-energy balance and 
classification of all inputs and outputs. ‘Impact assessment’ once more highlights 
the need of choosing appropriate environmental impacts and providing answer to 
where should we focus our LCA?
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Fig. 23.3 Partial life-cycle assessment of NTFPTs

Table 23.3 Challenges associate with performing LCA of a NTFPT 

LCA Stage Issue of concern Challenge

Scope and goal Inadequate system boundaries Can we upscale the model to the entire 
food chain?

Scope and goal Inappropriate data collection 
method

Inadequate collection methods 
(measurement, estimation, combination, 
re-calculation, ...)

Scope and goal Low level of data quality Lab scale approximations of primary/
secondary data

Inventory 
analysis

Material and energy flows Have we included all material/energy 
flows?

Impact 
assessment

Lack of an accepted official list 
of environmental impacts of 
NTFPT

Subjective choice of environmental 
impacts

Interpretation of 
results

Uncertainty Quality of data, subjective choice system 
boundaries, functional units, 
environmental impacts

Interpretation of 
results

High sensitivity What input data (lab scale / entire chain) 
mostly influence LCA?

Finally, in the interpretation stage, ‘uncertainty’ may occur depending on the 
quality of data / functional units and choice of environmental impacts. This is a 
‘highly sensitive’ activity since some data may greatly influence the results (both at 
lab scale and at entire food chain level).
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5  Environmental Indicators

Since impact assessment is identified as very important, its quantification and evalu-
ation is directly associated with approach and methods used (Carvalho et al. 2014). 
One approach that became “rule of the thumb” is by introducing environmental 
performance indicators (EPIs). According to ISO 14001 they are defined as “a mea-
surable representation of the status of operations, management or conditions related 
to environmental aspects” (ISO 2015). According to Đekić I. (2009) they should be 
(i) measurable – meaning that there should be a method how values are obtained; 
(ii) objective – indicating that values are gathered from trusted sources; (iii) verifi-
able – enabling verification of the results; (iv) repeatable – allowing measurement 
of indicators under all operating conditions and (v) technically feasible – demon-
strating all necessary measuring device in place. Depending on the approach, three 
levels of EPIs may be generated (Đekić and Tomašević 2017).

6  First and Second Level Indicators

First level are considered as basic indicators (Djekic and Tomasevic 2020) and 
Table 23.4 gives an overview based on mass-energy balance (Fig. 23.2).

Second level indicators are generated from at least two first level indictors, usu-
ally expressed in functional units. Such an approach shows the relationship between 
use of NTFPTs and the environment, describing environmental impacts. Focus of 
determining this type of indicators is associated with NTFPTs and calculation of 
consumptions and discharges per FUs such as energy / water consumption per one 
treated sample, wastewater discharge or chemical usage. Table 23.5 depicts most 
common second level indicators originating in using NTFPTs.

Energy is used for machines and equipment associated with NTFPTs and for 
controlling temperature regimes (heating / refrigerating of samples) (IPPC 2006). If 
needed, energy should be deployed using “top-down” approach by clarifying 

Table 23.4 First level EPIs (associated with mass-energy balance)

Indicator Unit

Use of samples [kg / units]
Consumption of electric energy [MJ / kWh]
Consumption of fossil fuels [L / kg]
Consumption of water [L]
Consumption of chemicals [L / kg]
Wastewater discharge [L]
Waste disposal [kg]
Usage of packaging [units / kg]
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Table 23.5 Overview of the most common second level environmental indicators

Second level indicator Formula [unit]

Consumption of water per FU Consumption of water L

FU treatment

  � �
� �1

Consumption of energy per FU Consumption of energy MJ

FU treatment

  � �
� �1

Consumption of fossil fuels per FU Consumption of fuels L

FU treatment

  � �
� �1

Consumption of chemicals per FU Consumption of chemicals L kg

FU treatment

  /� �
� �1

Discharge of wastewater per FU Discharge of wastewater L

FU treatment

  � �
� �1

Discharge of waste per FU Discharge of waste kg

FU treatment

  � �
� �1

Legend: FU functional unit

consumption of all types of energy (electric, thermal etc.), as well as types and 
quantities of fossil fuels (Djekic and Tomasevic 2018). Water can be used in three 
possible ways: for sample preparation, as part of processing and for cleaning and 
sanitizing the NTFPTs.

Waste management can be cascades by quantities and different types of waste 
(organic / inorganic, hazardous / non-hazardous, etc.) or depending on material 
(plastic, metal, wooden, paper, food-waste, cardboard). Finally, it should be treated 
by applying waste management hierarchy (EC 2008). Wastewater is a result of 
cleaning and sanitation as an important prerequisite program in any type of food 
production (CAC 2003). If needed wastewater quality index can be used as an indi-
cator that depends on legislation / methodology applied and parameters measured 
(Djekic and Tomasevic 2020).

7  Third Level Indicators – Path to Footprints

Third level of EPIs are mainly linked with different types of environmental foot-
prints (Đekić and Tomašević 2017). As defined by Čuček et al. (2015), footprints 
are tools for calculating level of pollution prevention and/or environmental improve-
ments. Herva et al. (2011) suggests three footprint family members – ecological, 
water and carbon footprints. These footprints are developed by environmental sci-
entists and are generic regardless of the type of companies, processes or products 
(Djekic et al. 2018a).
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The first one is comprised of various natural, social, cultural and economic 
parameters and is not directly linked with NTFPTs (especially when analyzed at 
lab-scale level). The water footprint builds on the concept of virtual water and refers 
to total quantity used during the treatment. It should be further deployed to ‘blue’ 
(linked with surface and groundwater), ‘green’ (associated with rainwater stored 
within the soil), and ‘gray’ (volume of freshwater) footprints (Čuček et al. 2015; 
Mekonnen and Hoekstra 2010).

Carbon footprint is an indicator that calculates all greenhouse gas (GHG) emis-
sions. It is expressed as CO2 equivalent (CO2e) since carbon dioxide is recognized 
as the largest single contributor to climate change (Herva et al. 2011). GHG com-
prise of the following: carbon dioxide, methane, nitrous oxide, hydro- 
chlorofluorocarbons, hydro-fluorocarbons, and ozone in the lower atmosphere 
(WMO 2017).

Acidification potential (expressed in SO2 equivalents) computes the potential of 
acidifying pollutants (SO2, NOx, HCl, NH3, HF) to form H+ ions and damage plants, 
animals, and the eco-system, mainly associated with Ammonia occurring in animal 
production released from manure in farms and during manure handling. 
Eutrophication potential is expressed in PO3

4− equivalents and links aquatic plant 
growth attributable of nutrients (nitrogen and/or phosphorus) left by over- 
fertilization of water and soil. Ozone depletion potential (calculated in CFC-11 or 
R11 equivalents) estimates the potential for reducing the protective stratospheric 
ozone layer from use of ozone-depleting substances such as freons (used as refriger-
ants in the cold chain), chlorofluorocarbons, carbon tetrachloride, and methyl chlo-
roform (Čuček et al. 2015; Djekic and Tomasevic 2018). Table 23.6 shows main 
formula needed for calculating these footprints.

Table 23.6 Environmental footprints 

Footprint Formula

Global warming potential
GWP GWP xm

i

n

i i� � �� kgCO e2

Acidification potential
AP AP xm

i

n

i i� � �� kgSO e2

Eutrophication potential
EP EP xm

i

n

i i� � �� kgPO e4

Ozone depletion potential
ODP ODP xm

i

n

i i� � �� kgR e11

Legend: mi mass of emitted gas (kg), GWPi global warming potential of the emitted gas, APi 
acidification potential of the emitted substance, EPi eutrophication potential of the emitted sub-
stance, ODPi ozone depletion potential of the emitted gas
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8  Are NTFPTs Sustainable?

First, let us remind ourselves what is sustainable development? As defined by the 
World Commission on Environment and Development, back in 1987, sustainable 
development is defined as “development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs” (Hariem 
Brundtland 1985). It consists of three main pillars named ‘environmental pillar’, 
‘economic pillar’, and ‘social pillar’, whilst priority should not be given to any of 
the three pillars but rather a balance of economic, social, and environmental needs 
and goals (Gast et al. 2017). Sustainable development has advanced through two 
stages – Agenda 21 (UN 1992) and Agenda 2030 (UN 2016) with its 17 sustainable 
development goals (UN 2019). The environmental pillar often gets the most atten-
tion and is focused on improving the environmental performance either through 
pollution prevention or by decreasing environmental impacts, as mentioned and 
explained in detail above.

The economic pillar of sustainability is targeting businesses in terms of profit-
ability but without compromising other two pillars, covering also legal compliance 
and proper governance. In general, within this pillar one must consider two types of 
financial assets. First, there are initial investments in new non-thermal food process-
ing technology. How do we calculate this investment and what should be included 
depending on the technology readiness level from proof of concept to industrial 
application? What should be included when calculating return of investment with 
regard to evaluating the efficiency of an investment? Since NTFPTs bring novelties 
in terms of both technologies and food, it also causes additional initial costs in pro-
moting such novelties. The working assets can be divided as directs costs, indirect 
costs and social costs (White et  al. 1992). Direct costs cover all operational (or 
production) costs joint with the annual depreciating costs. The indirect costs relate 
to the environmental dimension related to negative effects (such as pollution), as 
well as health damage costs caused by the new technologies (for example irradia-
tion) and how are irradiation prevention costs calculated. Social costs cover various 
liability costs associated with environmental impacts such as payment for transpor-
tation / treatment of hazardous waste if insufficiently prevented (Krozer 2017).

Finally, the social pillar is the most “indefinite” meaning that such a sustainable 
business should have support and approval all stakeholders where the business 
should also be a responsible community member, both locally and globally. Some 
authors agree that „although as equally important as economic or environmental 
sustainability – social sustainability still lacks broad recognition “(Spangenberg and 
Omann 2006). Since this pillar enables creativity, in terms of non-thermal food 
processing technology, we can analyze it in two ways. From a technological point 
of view analyzing its effect on employees in terms of creating new jobs and health 
and safety issues associated with the use of new technology. On the other side we 
can promote the treated food product and the benefits it brings to the community 
regarding safety of the product, its nutritional values and sensorial attributes.
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When speaking about NTFPTs technologies, it must be clarified that there is no 
clear definition what is considered as a “sustainable non-thermal food processing 
technology”. As discussed by Mulder et al. (2017), all new technologies are consid-
ered as an “open design challenge” because many different aspects of sustainability 
should be taken into account. Here authors present some open questions regarding 
sustainability of NTFPTs seeking for the answers:

• Is its sustainability correlated whether technology is ‘new’ or ‘improved design’ 
of a well-known food processing technology?

• Does the technology readiness level (proof of concept, lab-scale or industrial 
application) affect its sustainability?

• What criteria are considered when analyzing pros and cons of the NTFPTs tech-
nology, compared to conventional already in use within the food sector?

• Are there any legal constraints (covering environmental or food safety 
dimension)?

• Are cost assessments associated with initial costs for setting a new technology or 
does it cover working assets during the entire life-cycle of exploitation?

• What are the social challenges regarding employees, i.e. does the new technol-
ogy create new jobs or shuts down old jobs?

Basically, to understand NTFPTs one should look on the new technology “out of the 
box” differentiating sustainable processes and sustainability of the product. There is 
a need for development of a clear tool that will enable initial validation of NTFPT’s 
sustainability and later verification of its sustainability during exploitation.

9  Conclusion

Progress in NTFPT innovations is driven by many benefits obtained from their cur-
rent use, both in food industry and academia. Revelation of the environmental 
dimension and overall, of its sustainability, is gaining attention and needs to be sup-
ported. However, none of emerging NTFPTs that have appeared in the food technol-
ogy arena in the recent decades, have demonstrated the potential to displace thermal 
processing counterparts completely. Heat and fire, that shaped and defined humans 
through centuries, still remain an integral part of our food processing for the fore-
seeable future.
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Chapter 24
Emerging Non-thermal Processing of Food 
Waste and by-Products for Sustainable 
Food Systems - Selected Cases

Aleksandra P. Djukić-Vuković, Dragana D. Mladenović, Jelena D. Pejin, 
and Ljiljana V. Mojović

1  Introduction

One in every nine people in the world suffered from hunger before COVID-19 cri-
sis. With COVID-19 crisis, additional 132 million people may go hungry during 
2020 and 2021 which is almost 20% increase (FAO 2020). Hunger is again rising in 
the world, after decades of decline in undernourishment. At the same time, around 
one third of all produced food is wasted (Morone et al. 2019) and decreasing food 
waste is among 17 UN Sustainable Development Goals. The food industry should 
provide enough food for world growing population, but it is clear that rational use 
of food and raw materials is the missing link in tackling both problems - hunger and 
food waste. This becomes even more challenging in COVID-19 crisis with rise of 
unemployment and food prices and general increase in poverty. Limitations in 
transport and logistics affect safety of transported food and the amount of food 
being discarded. Disruptions along the food supply chain may induce food losses, 
but also, some studies show decrease in food wasting on consumer level, since 
income often correlates with food wasting (Pappalardo et al. 2020; Roe et al. 2021). 
It can be expected that pandemic will decrease investments in prevention and reduc-
tion of food waste and temporarily put it off the agenda of governments mitigating 
primarily health and financial risks related to COVID-19. A fragile balance between 
food consumption and food waste or loss is severely disturbed in any crisis, being 
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caused by weather, war or pandemic. Present crises could be used to faster rethink 
the food supply chain, including smart and innovative solutions in food waste and 
by-products processing in order to return the resources into the human food chain.

Estimates of generated food waste are ranging from 194 to 389 kg/person/year 
globally and from 158 to 290 kg/person/year in EU (Corrado and Sala 2018). Food 
waste and by-products are generated in different stages throughout the food supply 
chain and the estimates strongly depend on how food waste, food loss and by- 
products are defined and used in literature. Comprehensive reviews of food waste 
hierarchy could be found in literature (Papargyropoulou et al. 2014), but few defini-
tions are most often used. The first is that food waste is the edible fraction of food 
not eventually eaten by humans (FAO 2011; Gustavsson et al. 2013). The second 
definition is that food waste additionally considers edible material that is intention-
ally fed to animals or is a by-product of food processing diverted away from the 
human food chain, including by-products diverted into feed production (Stuart 
2009; Papargyropoulou et al. 2014). The latest definition by Food and Agriculture 
Organisation of the United Nations (FAO) refer to food loss as the decrease in the 
quantity or quality of food resulting from decisions and actions by food suppliers in 
the chain, excluding retailers, food service providers and consumers (FAO 2019). 
Food waste refers to the decrease in the quantity or quality of food resulting from 
decisions and actions by retailers, food service providers and consumers (FAO 
2019). Estimates of generated food waste are often based only on the collected food 
waste and on waste treated in waste management facilities, although other method-
ologies have been applied (Corrado et  al. 2019) which also causes variations in 
reported data.

The aim of this chapter is twofold: to analyze the roles that non-thermal process-
ing had until now in food waste valorization and to highlight their potential for new 
applications based on the results from other fields where they are successfully 
applied. Bibliometric coupling and mapping were used for analysis. Non-thermal 
processing technologies can be combined and this is advantageous characteristic for 
cascade and integrated waste processing. Selected cases of biorefinery solutions for 
processing of wastes from breweries and other fermentation facilities are presented. 
The roles of non-thermal technologies in these processes were emphasized.

2  Methodology

The VOSviewer software tool was used to construct a network of keywords based 
on co-occurrence data aiming to address the questions such as what are the main 
research topics connected with non-thermal processing and how do they relate to 
each other. This tool applies a distance-based approach for visualizing Bibliometric 
co-occurring networks, meaning that the nodes representing the keywords in a net-
work are positioned in such a way that the distance between two nodes approxi-
mately indicates their relatedness (van Eck and Waltman 2010, 2014). This way, the 
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clusters of related keywords can be easily identified and linked to specific research 
topics that are connected with non-thermal processing technologies.

Data for visualization were collected from the ISI Web of Science database. 
Co-occurrence networks were constructed based on keywords of selected publica-
tions. Before constructing the network, the data cleaning was performed by merging 
typographical variations of the same keyword. The search in ISI Web of science for 
networks presented in Fig. 24.1 covered original research articles and review arti-
cles reporting on food waste and the most prominent non-thermal technologies 
(TOPIC: “food waste$” or “fruit waste$” or “fruit residues$” or “vegetable waste$” 
or “vegetable residue$” or “food by-product$” or “agro-industrial residues$” or 
“industrial by-product$” AND TOPIC: “pulsed electric field” or “cold plasma” or 
“high pressure process” or “high hydrostatic pressure” or “ultrasound” or “ultra-
sonication”) in the title, abstract, or keywords for articles or reviews. Keywords 
with a threshold of 5 occurrences were included in this network. In total, 252 docu-
ments published until 19th of February, 2021, were selected for data visualization.

The search related to network presented in Fig. 24.2 included „food waste” and 
related terms (TOPIC: “food waste$” or “fruit waste$” or “fruit residues$” or “veg-
etable waste$” or “vegetable residue$” or “food by-product$” or “agro-industrial 
residues$” or “industrial by-product$”) in the title, abstract, or keywords for articles 
or reviews published in 2020, giving a total number of 2526 publications. Only 
author keywords were used for construction of network with a threshold of 9 
occurrences.

The search related to network presented in Fig. 24.3 was performed using term 
“non-thermal processing” and variations (TOPIC: “non-thermal process*” or “non-
thermal process*” or “non-thermal technolog*” or “nonthermal technolog*”) in the 
title, abstract, or keywords for articles or reviews published until 19th of February 
2021, giving a total number of 1334 publications. All keywords (author and indexed 
keywords) were used for network construction, with a threshold of 15 occurrences.

3  Processing of Food Waste and Food by-Products

The strategies to decrease and manage wasting of food are mostly rooted in segmen-
tation into avoidable and unavoidable food waste (Morone et al. 2019) or food loss. 
In general, minimisation of avoidable food waste would be preferred, but the com-
plexity of the food supply chain and differences in food industry and waste manage-
ment between undeveloped, developing, and developed countries determine scales 
and routes for minimisation, treatment or value recovery from food waste (Lopez 
Barrera and Hertel 2020).

The main intentions of food processing companies are to decrease amount of 
generated food waste or to divert all side streams into valuable products (Hamelin 
et al. 2019). But capability of food processing companies to adopt innovations for 
waste reduction and valorization of by-products is generally low, even in developed 
countries like Norway (Strøm-Andersen 2020). The bibliometric map in Fig. 24.1a 
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Fig. 24.1 Bibliometric map of research on food waste, by-products and non-thermal processing; 
co-occurrence network (a), timescaled co-occurance network (b)

presents the main strategies for management and processing of food waste and by- 
products reported in scientific literature, while the trends and progress are presented 
in Fig. 24.1b.

In practice, food waste is most often subjected to: composting, anaerobic diges-
tion, incineration, landfilling etc. (Fig.  24.1a). Sustainability of these options 
depends on many reasons (Bernstad and Jansen 2012; Slorach et al. 2019), but they 
proved the feasibility to be implemented and scaled up. However, the recovery of 

A. P. Djukić-Vuković et al.



691

bioactive compounds and their recycling back by above technologies into the food 
chain is very low, so the alternatives are being tested. The alternatives are to extract 
bioactive compounds from food waste and by-products and to purify them before 
being returned into the food chain. The options for valorization of food wastes and 
by-products can be further expanded by means of biotechnology. The components 
from food waste and by-products can be converted by microorganisms and enzymes 
and the terms such as biorefineries, fermentation, enzymatic hydrolysis start to 
emerge in the networks related to food wastes since 2015 (Fig. 24.1b). Three clus-
ters were identified under the applied conditions (Fig. 24.1a). More conventional 
strategies for food waste treatment such as anaerobic digestion, biogas and biohy-
drogen production were mostly published until 2015. During the last 5 years, ultra-
sound becomes the first non-thermal technology studied in a context of food waste, 
with ultrasound-assisted extraction playing the major role in the treatment of both 
food waste and by-products (Fig. 24.1b). New clusters, green cluster-mostly related 
to the extractions of antioxidants (flavonoids, polyphenols, anthocyanins etc.) and 
blue cluster -mostly related to technologies used for extractions from by-products 
accrued (Fig. 24.1a). As the most significant technologies- ultrasound, pulsed elec-
tric field, and high pressure processing are emerging.

The new value-added chemicals which can be obtained by means of extraction or 
bioprocessing can be streamed back to food and feed industries or into applications 
in medicine, pharmacy, cosmetics, packaging. The recovery of resources from waste 
and by-products contributes to rational utilization of raw materials in biorefinery 
processes, sustainability, life cycle assessment and circular economy, which are 
evidently becoming more significant as it is visible in the most recent bibliometric 
map of publications in 2020, presented in Fig.  24.2. Some specific aspects, like 
those related to COVID-19 crises and its links with food safety and security are also 
recognized in literature (Fig. 24.2).

The roles of non-thermal technologies in future waste and by-products valoriza-
tion depend on their potential and scalability. Non-thermal processing was first 
implemented in food industry and has many advantages explained in detail in other 
chapters of this book. The pattern established for applications in food processing 
can be translated to some extent into the food waste processing. Bibliometric analy-
sis of search using “non-thermal processing” reveals also other emerging technolo-
gies like UV irradiation, pulsed light and cold plasma, as presented in Fig. 24.3. All 
identified non-thermal technologies in this network are strongly and closely linked 
to microbial inactivation and related terms (e.g. food preservation, food safety, ster-
ilization, decontamination, pasteurization). Ultrasound is also linked to extractions 
of antioxidants and other bioactive compounds in food processing, similarly to 
ultrasound-assisted extractions from food waste and by-products as identified in 
Figs. 24.1 and 24.2. The new fields of research oriented towards physicochemical or 
functional properties of treated food, extraction of specific ingredients or mechani-
cal characteristics of food are emerging in Fig. 24.3, and could be also expected to 
expand in food waste treatment. Among all identified technologies presented in 
Fig.  24.3, cold plasma is the most recently introduced in food processing. Cold 
plasma is not present on the maps related to food waste (Fig. 24.1), but detailed 
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Fig. 24.2 Bibliometric map of food waste and by-products related publications, published in 
2020 – co-occurrence network

search within publications database reveals few publications related to cold plasma 
in last 2 years. It is expected that the cold plasma will be more studied in future for 
resource recovery, including waste valorization.

4  Why Food Waste Is Not more Often Converted into 
High-Value Products?

Agricultural residues or by-products are generally more suitable than food waste for 
biorefineries where the stability in supply and the quality consistency are highly 
required. They are produced in larger batches, often contain less water and therefore 
can be stored for longer time. Segregated food waste from households or restaurants 
varies more in chemical composition and indigenous microbiota, limiting options 
for valorization (Girotto et al. 2015). Proteins, sugars, fibers and antioxidants are 
among the most valuable compounds in food wastes and extraction, separation and 
purification to some extent are necessary. Selection and segregation of food waste 
and by-products on time determines the potential of these substrates to be valorized. 
For example, for efficient conversion of wastes into lactic acid (LA) by LA bacteria, 
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Fig. 24.3 Bibliometric map of non-thermal processing related publications- timescaled co- 
occurrence network

Fig. 24.4 Possibilities for application of emerging processing technologies in valorization of food 
waste and by-products

it is necessary to provide an adequate C/N ratio, to avoid growth inhibitors, to pre-
vent contamination of media or adequately treat these complex substrates while 
enabling desired chemical composition (Fig. 24.4).
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4.1  Complex Chemical Composition and Variations in Food 
Waste and by-Products

A complex chemical composition of residues, including high water content in some 
cases, highly influence the feasibility of waste and by-products valorization. 
Primary, secondary, and tertiary residues are generated at different stages of the 
food supply chain. The primary residues are solid agricultural remains, mainly of 
lignocellulosic composition and are usually left in the field after harvest. The sec-
ondary residues are discarded during food processing stage and they can be both 
liquid and solid. These are rich in easily assimilative sugars, oligosaccharides, pro-
teins, antioxidants etc. and usually contain more water than primary residues. The 
tertiary residues remain after the product consumption in households or restaurants 
(e.g., food leftovers). These are in general very susceptible to contamination, pro-
duced in smaller batches and very difficult to collect on time and treat properly. This 
segmentation is based on the origin of generated wastes and residues, but it also 
correlates with the chemical composition of the residues. Some emerging process-
ing technologies are more advantageous over others for the valorization of primary, 
secondary or tertiary residues and the most promising applications will be 
emphasized.

The main limitation for utilization of lignocellulose rich primary residues as 
sources of sugar in biorefinery is a high content of lignin and recalcitrant structure 
of lignocellulose in general. To be used as feedstock in biorefinery processes, they 
require pretreatment that can break down the lignin protective barrier and facilitate 
hydrolysis of the complex carbohydrates to fermentable sugars. Conventional treat-
ments include application of acids or hydroxides to degrade lignin, but cellulose and 
hemicellulose are degraded into melanoidins, furfurals and other inhibitory and 
undesired chemicals for further biorefinery utilization. These treatments are per-
formed at elevated temperatures and have negative environmental impacts (Djukić- 
Vuković et al. 2019). Promising alternatives are biological treatments for selective 
delignification and subsequent cellulose and hemicellulose hydrolysis (Jović et al. 
2018). Fungi can degrade efficiently lignin and provide not just more effective 
hydrolysis of carbohydrates, but also produce other compounds like fungal chitin 
nanostructures with tuneable properties for food, cosmetics and pharmaceutical 
industry (Jones et al. 2019) or vanillin from lignin (Fache et al. 2016). The biologi-
cal treatments have a huge potential in valorisation of primary residues, however, 
rather slow growth of fungi is the main limiting factor for their faster adoption 
(Troiano et al. 2020). On industrial scale, the production of biomass of edible fungi 
on food wastes has been already established, where metabolic engineering could 
provide economically feasible approaches for novel products from fungi, firstly 
enzymes but also some others (Mahboubi et al. 2017; Jones et al. 2019; Troiano 
et al. 2020).

Physical or physico-chemical treatments are also possible for primary residues. 
High voltage electric discharge has shown promising results. It provides sufficient 
disruption of lignocellulose and improves access for enzymes during hydrolysis 
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(Puértolas and Barba 2016). The costs of currently used enzymatic treatments are 
high, up to 8.5 € per ton of substrate (Zhang et al. 2011). Any strategy to decrease 
the amount of required enzyme and energy is valuable. Cold plasma treatment of 
lignocellulose substrates has shown some selectivity towards lignin (Zanini et al. 
2005; Baltazar-Y-Jimenez and Bismarck 2007; Baltazar-y-Jimenez et al. 2008) and 
efficiency in depolymerisation of cellulose (Benoit et al. 2012; Jérôme et al. 2016). 
A comprehensive assessment of novel, potentially inhibitory compounds produced 
during these treatments in complex waste materials was not performed so far, to the 
best of our knowledge. These can act inhibitory on the growth of microorganisms 
employed in subsequent biorefinery process and this presents a gap in the current 
knowledge.

Secondary residues have higher water content besides the fluctuating composi-
tion of carbohydrates, proteins, and other essential nutrients. Valuable data on com-
position of available by-products generated from soybean, sugar beet, cereal, and 
cassava processing have been previously reviewed and summarized (Elmekawy 
et al. 2013; Zhang et al. 2016; Loman and Ju 2016; Tomaszewska et al. 2018). The 
dry matter content is often below 20% in these substrates and transportation from 
producing to treatment facility is costly with a small time window due to suscepti-
bility to contamination. Drying as an alternative is energy consuming and expensive 
processing step. Substrate sterilization and application of so called closed fermenta-
tions are also energy consuming, however, wherever possible, the open fermenta-
tions are considered as better option (Qureshi et al. 2017; Qiu et al. 2017; Wang 
et al. 2019; Djukic-Vukovic et al. 2019).

The application of non-thermal technologies with intention to decrease growth 
or load of undesired microorganisms in substrate is particularly attractive. Moreover, 
this was the primary field of application for numerous non-thermal technologies in 
food science and technology, starting few decades ago (Fig. 24.3). Emerging tech-
nologies like pulsed electric field (PEF), non-thermal or cold plasma treatments 
(NTP) or high pressure processing (HPP) were mostly studied for microbial inacti-
vation (Fig.  24.3). This corresponds with keywords microbial inactivation, food 
safety, preservation, decontamination etc. This approach was validated for liquid 
foods like juices (Fig. 24.3; apple juice, orange juice), primarily using PEF and 
HPP. All these technologies were studied as alternatives to conventional thermal 
processing for prevention of foodborne pathogens (Fig. 24.3). PEF, HPP or ultra-
sound treatments can enable reduction of several logN units of various microbial 
species which can be present as undesired in liquid substrates (Wouters et al. 2001; 
Mahnič-Kalamiza et al. 2014; Raso et al. 2016). The bibliometric analysis suggests 
expansion of these technologies into the food waste or liquid by-products process-
ing (Fig. 24.1). Storage time can be increased and the range of possibilities for valo-
risation of secondary residues can be expanded. They can be used to decrease 
microbial load before open fermentations or other bioprocessing technologies. 
However, for a complete inactivation of microorganisms in media, these technolo-
gies are most often combined as hurdle technology in food processing and it is rec-
ognized in literature (Fig. 24.1). The hurdle approach enables sufficient safety and 
quality of the substrate obtained from residues while preventing chemical 
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deterioration by intensive heating (Khan et al. 2017). In that case, the overall energy 
consumption should be lower and the treatment time should be shorter.

The tertiary residues are the remains after the final product consumption (e.g., 
food leftovers). Previous studies have reported that mixed food and bakery waste in 
general consists of 29–60% starch, 5–14% proteins, and 10–40% lipids proving 
food waste as a promising feedstock for the production of lactic (Kwan et al. 2016), 
succinic acid (Leung et al. 2012; Zhang et al. 2013) and other platform chemicals 
(Trivedi et al. 2020). Fungal hydrolysis of food waste in submerged fermentation 
showed exceptional opportunities to reduce the dry weight up to 90% and to recycle 
glucose, free amino nitrogen, and phosphate by their assimilation in microbial bio-
mass (Pleissner et  al. 2014). This can be further used for high-value chemicals, 
energy as well as for food and feed production (Pleissner et al. 2014). Homogenization 
of food waste and release of the content from cells is also important and energy 
consuming, although mechanical grounding is currently the most commonly used 
(Puértolas and Barba 2016). High intensity ultrasound or high pressure homogeni-
zation can successfully improve the extraction and homogenization of food waste 
(Putnik et al. 2017) (Fig. 24.1) mostly by significantly altering the composition of 
liquid fraction of treated waste (Jiang et al. 2014). An increase in concentrations of 
reducing sugars and proteins in the liquid fraction was higher in comparison to lipid 
concentration, which is a favorable effect for many biorefineries (Jiang et al. 2014).

The techno-economic analysis of potential routes for the valorization of a spe-
cific type of food waste generated in particular locations is of utmost importance 
(Cristóbal et al. 2018). This is recognized, and novel rigorous studies are performed 
to support best decisions in the selection of processes on wastes and by-products 
(Puértolas and Barba 2016; Aganovic et  al. 2017). For techno-economic assess-
ment, data on available amounts of particular waste are needed and they strongly 
depend on the applied strategies for collection and separation of waste. The collec-
tion and separation of waste are the most challenging steps of waste management in 
general, and it also stands for food waste. A high awareness related to separation of 
food waste in households, at the consumer level, can significantly decrease the costs 
and improve recovery of resources buried in food waste. The dedication to this 
aspect of waste management and non-compliance to related policies are certainly 
the limiting factors in valorization of food waste in some countries.

4.2  Cascade and Integrated Processing of Food Waste 
and By-Products in Biorefinery

The cascade processing enables extraction or conversion of desired compounds 
from complex media in fractions. Desired ingredients are separated, which signifi-
cantly simplifies downstream purification. Antioxidants, mostly reported as poly-
phenols, tannins or anthocyanidins, important in human diet, are present in 
processing waste of plant origin (fruits, vegetables, herbs). In order to valorise them 
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on the market, it is crucial to provide sufficiently purified standardised extracts. 
Technologies which have shown selectivity are attractive for such extractions. 
Antioxidants, most often polyphenols were extracted from fruit peels or pomace, in 
subsequent steps (Wijngaard et al. 2012; Galanakis 2012; Kammerer et al. 2014; 
Herrero et al. 2015; Barba et al. 2016; Pradal et al. 2016; Putnik et al. 2017) or 
simultaneously (Galanakis et al. 2016).

The PEF proved successful since it provides an increase in permeability of cell 
membranes and leaking of intracellular content. Optimization of process conditions 
can enable selectivity. It is mainly performed in water based media, but was also 
applied in mixtures with ethanol with lower conductivity (Shorstkii et al. 2017). The 
utilization of green solvents and minimal heating during PEF processing preserves 
the chemical structure and activity of thermo labile antioxidants in extracts (Barba 
et al. 2016; Putnik et al. 2017). After the extraction of water-soluble active com-
pounds by PEF, residues can be subjected to additional treatments for effective 
downprocessing.

Therefore, physical and biochemical processes are most often combined. For 
example, in the first step, low-temperature hydrothermal processing of waste pome-
granate peel enables simultaneous recovery of pectin and phenolic compounds. It is 
followed by enzymatic hydrolysis and yeast fermentation for bioethanol produc-
tion. As a result, the high methoxyl food quality pectin, punicalagin rich aqueous 
phenolic extract, and bioethanol were produced. Two of three obtained products 
were suitable to be recycled into the food chain (Talekar et al. 2018).

Martinez et al. (2016) developed the multi-purpose cascading biorefinery pro-
cess for the valorization of red grape pomace and the production of polyphenols, 
biopolymer, and biomethane. In the first step, supercritical CO2 extraction was 
applied for the recovery of polyphenols. The remaining dephenolised grape pomace 
was further anaerobically digested under batch low pH conditions. Obtained vola-
tile fatty acid-rich liquid fraction was employed as the substrate for producing poly-
hydroxyalkanoates, while the solid leftover underwent further methanogenic 
process dedicated to the production of a methane-rich biogas (Martinez et al. 2016). 
Other examples could be found in literature (Goula and Lazarides 2015), but wastes 
from citrus fruits stand out as very good candidates for cascade processing 
(Pfaltzgraff et al. 2013).

For making biorefinery more sustainable, complementary technologies and sub-
strates should be combined. This decreases equipment and transportation costs and 
opens new markets. The production of chemicals should be coupled with biofuel 
production and/or extraction of functional compounds, contributing significantly to 
the overall process profitability and productivity (Schieber et  al. 2001; Koutinas 
et al. 2014). A coupled production should be based upon existing production facili-
ties like biodiesel, sugar or ethanol facilities. The combined production enables the 
widening of the product spectrum of existing factories to chemical and other mar-
kets increasing their competitiveness. The fermentative production of LA or suc-
cinic acid, for example, opens a broad range of new products such as polymer 
materials, solvents, food-feed additives, etc., what paves the way for closing the 
loop and making truly circular processes (Lyko et al. 2009).

24 Emerging Non-thermal Processing of Food Waste and by-Products for Sustainable…



698

Very comprehensive overview of integrated biorefinery by means of fungal pro-
ducers of various chemicals confirmed that consolidated bioprocessing where the 
pretreatments were simultaneously applied with fermentation as one processing 
step, were very successful in the case of solid state residues (Troiano et al. 2020). 
Microbial conversion of lignin into vanillin as aroma compound in food industry is 
a good example of a route for integrated processing and recovery of valuable food 
ingredients from residues (Banerjee and Chattopadhyay 2019).

For assessing the feasibility of scale-up with a combined processing, Dimou 
et al. (2016) performed techno-economic analysis of a wine lees refining process for 
the production of ethanol, an antioxidant-rich extract, calcium tartrate, and a solid 
fraction rich in yeast cells. The final products of the proposed biorefinery could be 
intended for use in various industrial sectors, including food, feed, chemical, and 
cosmetic industries. This study revealed the lowest selling price of the antioxidant- 
rich extract that should be achieved in order to develop a cost-effective wine lees 
biorefinery. The extraction yield and the purity of the antioxidant extracts strongly 
affect their market price determining the cost-competitiveness of the integrated pro-
cess (Dimou et al. 2016). Every new step introduced into the process significantly 
affects its profitability. Availability of resources - quantity and quality of food waste 
and by-products as substrates in the process and the quality and safety of obtained 
products are the most important data to be taken into account when considering 
novel process design.

5  Example of brewer’s Spent Grain as a Substrate 
in Biorefineries

Brewer’s spent grain (BSG) is the most abundant brewing by-product, which cor-
responds to around 85% of the total by-products generated in breweries (Mussatto 
et al. 2013). Per hectoliter of beer, approximately 15–20 kg of BSG is produced, 
which results in annual worldwide production of over 30 million tonnes (Niemi 
et al. 2013). Despite being generated in huge amounts, its use is still limited and 
predominantly streamed into animal feed (Bohnsack et al. 2011). BSG has a favor-
able chemical composition and efforts have been put towards efficient extraction, 
purification, and reuse in the food industry and other industries.

Hemicellulose, cellulose and starch as fractions of BSG can be converted into 
xylose, arabinose and glucose as building-blocks and platform chemicals. A near- 
critical CO2 was previously shown as a promising technology to assist enzymes in 
the hydrolysis of BSG polysaccharides into fermentable sugars (Luft et al. 2018). 
Similarly, a new pretreatment method based on non-thermal plasma technology was 
developed to improve the enzymatic hydrolysis of BSG, and obtained hydrolysates 
were subsequently used for bioethanol production (Ravindran et al. 2019). These 
technologies were mainly implemented to increase surface area of BSG or to 
increase its porosity and make cellulose and hemicelullose fibers more accessible to 
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enzymes. Additionally, LA fermentation of sugars derived from BSG using homo-
fermentative Lactobacillus species was also studied as an additional step in biopro-
cessing (Pejin et  al., 2015). This way produced LA may find a wide range of 
applications in the food and beverage sector. Similarly, hemicellulosic hydrolysate 
derived from BSG has been used for the production of bacteriocins, efficient anti-
microbials in the fields of health, agriculture, and food preservation (Paz et al. 2018).

In addition to polysaccharides, BSG is an important source of phenolic com-
pounds originated from the barley grain husk. Major phenolic acids in BSG are 
ferulic, p-coumaric, sinapic and caffeic acids, which have been linked with many 
health-promoting effects such as antioxidant, anticarcinogenic, and anti- 
inflammatory activities (Ikram et al. 2017). Several studies applied PEF to facilitate 
the extraction of these bioactive compounds from BSG. With optimized PEF param-
eters such as electric field strength, frequency and treatment time, concentrations of 
total free and bound phenolic compounds were 2.7 and 1.7 fold higher, respectively, 
compared to the control BSG samples without PEF, indicating an improvement in 
the phenolic recovery with the use of PEF as a pretreatment strategy (Martín-García 
et al. 2020). PEF assisted extraction of light and dark BSG enhanced levels of phe-
nolics, amino acids and proteins in extracts and their antioxidative, antimicrobial 
and immunomodulatory activities (Kumari et al. 2019). These studies on BSG open 
up new avenues for a broad spectrum of value-added products intended for food/
feed market. And these can be produced within the beer facilities. BSG derived 
products could be applied in other markets. The production of volatile fatty acids 
(Ribau Teixeira et al. 2020), biobutanol (López-Linares et al. 2019) or biohydrogen 
(Zhang and Zang 2016) are examples of other biorefinery processes based on BSG.

6  Example of Combined LA and Probiotic Biomass 
Production on by-Products from Agri-Food Industry

LA biorefineries gained interest of scientific community during the last decade 
because of high demand for LA in polymer market. LA is an important chemical 
with wide range of applications and its polymers are thermostable, biocompatible 
and suitable for medical and pharmaceutical applications (Nampoothiri et al. 2010; 
Murariu and Dubois 2016; Djukić-Vuković et  al. 2019). LA concentrations and 
productivities obtained in LA fermentations on various food wastes and agri-food 
industry by-products are given in Fig. 24.5. A combination of complementary sub-
strates such as distillery stillage from bioethanol production from waste potato (rich 
in nitrogen source) and sugar beet molasses (rich in carbohydrates) proved advanta-
geous in LA fermentations by Lactobacillus paracasei NRRL B-4564 (Mladenović 
et al. 2016). Sugar beet molasses is a by-product of the sugar industry that is pro-
duced in huge amounts. For instance, processing of 1  t of sugar beet generates 
140 kg of sugar, 58 kg of dried beet pulp, 40 kg of molasses, and 15 kg of primary 
beet residues (Capper et al. 2013). Stillage is a liquid waste product from bioethanol 
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Fig. 24.5 LA concentrations and productivities in fermentations on different agro-food residues 
reported in literature. Meaning of symbols on x-axis: (1) Sugarcane juice (Dey et al. 2012), (2) 
Cashew apple juice (Silveira et al. 2012), (3) Sweet sorghum juice (Liu et al. 2013), (4) Date juice 
(Nancib et al. 2009), (5) Sugar beet molasses (Mladenović et al. 2018a), (6) Sugar cane molasses 
(Thakur et al. 2017), (7) Carob pod waste (Bahry et al. 2019), (8) Dairy waste (Bernardo et al. 
2016), (9) Cassava wastewater (Coelho et al. 2010), (10) Cassava bagasse (Chen et al. 2020), (11) 
Potato peel waste (Liang et al. 2014), (12) Broken rice (Nakano et al. 2012), (13) Orange waste (de 
la Torre et al. 2020), (14) Brewer’s spent grain and malt rootlets (Radosavljević et al. 2019), (15) 
Tobacco waste (Zheng et al. 2016), (16) Waste Curcuma longa biomass (Nguyen et al. 2013), (17) 
Wheat bran (Li et al. 2017), (18) Wheat straw (Zhang et al. 2014), (19) Rice straw (Yadav et al. 
2021), (20) Corncob (Kong et al. 2019), (21) Corncob molasses (Wang et al. 2010), (22) Empty 
fruit bunch of oil palm trees (Ye et al. 2014), (23) Coffee pulp (Pleissner et al. 2016), (24) Residue 
from coffee production (Neu et al. 2016), (25) Sugarcane bagasse (Unrean 2018), (26) Corn stover 
(Qiu et al. 2017), (27) Organic fraction of municipal solid waste (López-Gómez et al. 2020), (28) 
Food waste (Pleissner et al. 2017)

production, which is generated in an amount of up to 20 L per liter of bioethanol. A 
common strategy for stillage valorization is its drying and using in animal nutrition. 
However, taking into account a high water content, this strategy is not economically 
feasible (Mojović et al. 2012; Djukić-Vuković et al. 2019). NTP pretreatment of 
stillage for LA fermentation was proved successful in reduction of initial microbial 
load. It enabled open LA fermentation with unaffected stereoselectivity of produced 
L-LA of above 95% (Djukic-Vukovic et al. 2019).

After successful attempts to combine low-cost and abundant agro-food residues, 
a significant improvement of the process efficiency with combined solid and liquid 
residues was made by immobilized cell systems. This way primary residues where 
combined with secondary. Sunflower seed hull, brewer’s spent grains, and sugar 
beet pulp acted as carriers for L. paracasei immobilization. The comparison of the 
stability and efficiency proved sugar beet pulp immobilized system superior to the 
other two, achieving LA productivity of 1.48 g/Lh, with maximal LA concentration 
of 80.1 g/L (Mladenović et al. 2018b). Another study showed an efficient immobi-
lization of Lactobacillus rhamnosus ATCC 7469 onto zeolite type X or zeolites 
modified by Mg2+, resulting in up to three-fold higher LA productivity compared to 
free cells system (Djukić-Vuković et al. 2013, 2016).
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Many LA bacteria strains are also traditionally used as probiotic food/feed addi-
tives, which opens the possibility to valorise them as added-value products contrib-
uting to the overall process sustainability. Food and feed production are interlinked 
and food/feed competition should be always taken into account when analysing 
options for biorefineries (van Hal et al. 2019). The majority of LA bacteria are clas-
sified as Generally Recognized As Safe by United States Food and Drug 
Administration and accepted by the European Food Safety Authority, suggesting 
that even LA bacteria which have not yet been proven as probiotics can be consid-
ered as safe. The strains L. rhamnosus ATCC 7469 and L. paracasei NRRL B-4564 
have already shown favourable probiotic characteristics (Djukić-Vuković et  al. 
2015; Mladenović et al. 2019). Besides, according to the chemical analysis, the side 
streams of the processes applying immobilized cell systems based on lignocellu-
losic residues can be valorised as a probiotic enriched source of nutrients in com-
pounded ruminant feeds (Mladenović et al. 2019).

7  Examples of LA Production on Food Wastes

Another example of complementary substrates used for LA production is a combi-
nation of bakery waste and lucerne green juice as an alternative nitrogen source 
(Alexandri et al. 2020). Batch fermentation of bakery waste hydrolysate combined 
with lucerne green juice with Bacillus coagulans resulted in a final LA concentra-
tion of 62.2 g/L, with a productivity of 2.59 g/Lh and a yield of 0.57 g LA/g bakery 
waste. The same work reported fivefold higher LA productivity in a continuous 
fermentation system coupled with cell retention membranes (Alexandri et al. 2020), 
proving the advantage of continuous over batch mode. High productivity obtained 
in continuous mode using low-cost substrate paves the way for further process opti-
mization and improvements to ensure sustainable industrial implementation.

A very prospective one-step process for L (+)-LA production from mixed restau-
rant food waste was proposed by (Pleissner et al. 2017). In simultaneous saccharifi-
cation and fermentation Streptococcus sp. efficiently degraded the food waste and 
produced LA at a maximum rate of 2.16 g/Lh and yield of 0.81 g/g. This study 
revealed a linear relationship between LA concentration and the solid-to-liquid ratio 
of food waste, as well as a possibility to perform the process under non-sterile con-
ditions without considerable production of other organic acids, such as acetic acid 
(Pleissner et al. 2017).

Further improvement of the LA production process from food waste was studied 
through sequential production of LA and biogas. Solids generated in LA production 
using either simultaneous saccharification and fermentation or separate enzymatic 
hydrolysis and fermentation could be valorized in a composting process, making the 
LA production economically more feasible and at the same time solving the issue of 
fermentative residues (Demichelis et al. 2017).

The high optical purity of produced LA is a prerequisite for most commercial 
applications. Isomer L (+) is preferable for the food and pharmaceutical industry 
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since it is the only LA isomer produced in the human body. The final optical purity 
of LA produced from biowaste, especially in the open fermentation process, is usu-
ally affected by naturally occurring LA bacteria which can proliferate and produce 
a racemic mixture of LA, thus limiting commercial applications of the product. To 
solve this issue, a pretreatment with monopolar electrodialysis membranes was pro-
posed for the removal of D (−) LA initially present in biowaste hydrolysate. 
Subsequent fermentation of purified hydrolysate resulted in enantiomeric purity of 
over 98% L (+)-LA (López-Gómez et al. 2020), encouraging future studies on LA 
production from biowaste, including downstream and purification methods, as well 
as an assessment of the economic feasibility of the whole process.

8  Conclusions

Sustainability of the food chain strongly correlates with responsible utilization of 
available resources. Estimate is that the third of all resources which enter food sup-
ply chain is wasted and this could be even enhanced by pandemic, climate changes 
or wars. Therefore, it is essential to find a way to recover as much as possible, and 
return it back into the food chain, while simultaneously preventing food wasting in 
general.

Non-thermal technologies and bioprocessing are identified as very promising 
approaches since the complexity of food wastes and by-products impose many limi-
tations for conventionally used technologies for resource recovery. The bibliometric 
mapping based on co-occurrence networks revealed the main trends, obstacles and 
limitations in the converting food waste and by–products into higher value products. 
Non-thermal technologies were first introduced in food science for microbial inac-
tivation and extraction. A similar pattern can be expected now when they are being 
applied in food waste valorization. Bioprocessing of brewers’ spent grains and LA 
based biorefinery confirms a potential of emerging technologies in resource recov-
ery. This concept, together with the proper design of cascade processing and process 
integrations specific for various substrates, will result in more effective conversion 
into higher value products suitable to be recycled into the food chain. Understanding 
of the current potentials and limitations of emerging technologies in processing of 
waste provides a starting point for creating more sustainable and resilient food sys-
tems in future.
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Chapter 25
Strategies for Commercializing Scientific 
Results and Combining Separate Processes 
Into Complex Technologies

Umm E. Ruman, Muhammad Zubair, Mujahid Farid, 
Sajjad Hussain Summra, Muhammad Faizan Nazar, 
and Muhammad Asif Hanif

1  Introduction

1.1  What Is Scientific Data?

Scientific data is scholarly, public access journal for the elucidation of scientifically 
valuable datasets and the research that proceed the sharing and reuse of scientific 
data. It is the information that has been gathered by using particular methods for 
studying and probing some discrete purpose. Experiments are performed in the lab 
under certain conditions and the results are recorded in the form of scientific data. 
Scientific data is the outcome of scientific research, which is performed by involv-
ing scientific methods. It refers to the information which is established on research 
performed by the scientists and then published in scholarly reviewed journal. The 
tremendous data has been created using scientific equipment and computer repro-
ductions. The new scientific instruments have wonderful accuracy and precision so 
the data quality as well as data quantity is rapidly improving. The data magnitude is 
getting twice every year. The data stored previously, derived from various researches 
is the foundation for the development of new science (Gray et al. 2005). Scientific 
data basically publishes Data Descriptors, which is a new type of publication that 
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provides the detailed explanations of research datasets and also illustrate those 
methods which are used to collect the data. The main purpose of data descriptors is 
helping others to reuse data, instead of testing hypothesis or introducing new inter-
pretations. Wide range of natural sciences can make submissions to scientific data, 
including scientific data from life, biomedical and environmental science. The sub-
missions involve small or big data from new experiments or from the assemblage of 
existing data. The complete reporting of scientific data is based on the exactly 
tracked data from the origin of scientific research (Usama Fayyad 1996).

1.2  Innovation and Novelty in Scientific Data

Innovation is the process with the help of which new products, new processes or 
methods can be created. It is the application of better solutions to fulfil the new 
requirements or already existing needs. Novelty in scientific data refers to the ele-
ments that are new in research, it also includes new methods or new observation 
which result in the discovery of new knowledge. In order to find the novelty in the 
areas of research, researcher should undergo a thorough literature review to find 
what has been studied what are the gaps which are needed to be clarified (Cohen 
2017). There are many topics in literature that are studied but still there is conflic-
tion. Researching on this can lead to the novelty in scientific data. So novelty is 
simply an additional change in the existing products to differentiate them from other 
market products in this era of competition. One common example that how novelty 
in scientific data leads to commercialization is of Toothpaste. In the past toothpaste 
manufacturers have one or two types of toothpastes, but due to competition in mar-
ket, the manufacturers reviewed the scientific data and introduce some novel fea-
tures in toothpaste such as fluoride, tarter control, whitening and stripes etc. But this 
improvement was temporary, because these changes didn’t change the foundation 
of dental health industries, these only improved the products for a while. The manu-
facturers confused the novelty with innovation (Elg 2014). Innovation is long search 
process before and after the new product or methodology has been introduced. To 
focus on the competitiveness for long duration at national or regional level is the 
strategy of innovation. Innovation in scientific data changes the way, the industries 
execute. Thus, innovation is the process which involves constant interaction with 
the present and future customers, with suppliers, with competitors and with the 
academic researchers (Elg 2014).

One example that how innovation in scientific data leads to commercialization, 
Michael Krauser developed a sensor that can measure glucose level. This innovation 
has been commercialized in the form of instrument called Free Style Liber reader 
(A freestyle libre is a flash glucose monitoring system measures your sugar (glu-
cose) levels continuously throughout the day. It can help you and your diabetes team 
see: if your sugar levels are going up or down. How your sugar levels change over 
time) or it is in the form of Free Style Liber Link app installed in the smart phones. 
Across the bluetooth enabled sensor. This sensor enables the users to set alarms 
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when their glucose level is too low or high, these alarms are extremely helpful and 
users can maintain their glucose level by eating or by injecting insulin. This innova-
tion is a great solution for diabetics, because they no more need finger sticks for 
checking glucose level (Staff 2019).

1.3  Validity of Scientific Data and Its Approval 
for Commercialization

Validity in scientific data is mainly concerned with the the accuracy and sincerity of 
scientific findings. A lot of scientific data that has been collected during the scien-
tific research is not valid. The scientific research firstly undergo testing to prove it 
for industrial products. Hence, validity is very important for commercialization 
(Brink 1993).

1.3.1  Validity of Scientific Data

Validity refers to the evidence presented to support or refute the meaning or inter-
pretation assigned to results of scientific research. It is often thought that the results 
of scientific research are often valid because the study is scientific, but unluckily 
that does not always happen. Researchers who perform scientific studies are stimu-
lated by external factors such as to get desired results, to receive funding and to get 
published their findings. As a result number of scientific studies are unauthentic 
(Deterdin 2019). Dr. Ioannidis who is one of the 1meta-researchers in medical field 
reported that scientific studies that get published are those with noticeable out-
comes, which when studied under diligent conditions disintegrate under the burden 
of contradictory data. Dr. Ioannidis has spent his career in exposing the validity of 
scientific studies. He found that many biomedical researchers conclude the results 
of their research, which in turn are used by many doctors, when they prescribe anti-
biotics or other medications are often invalid and imprecise.(Freedman 2010). In 
scientific data or scientific research we came across two types of validity i.e. inter-
nal validity or external validity. Internal validity refers to the design of the scientific 
method or procedure we are adopting to get scientific data is standard or making 
logical sense, while the external validity is about whether the conclusion we have 
drawn from the experiment is real explanation for our procedure in this world and is 
there any other alternative explanation to that result. Most scientists and researchers 
remain successful at improving the problems related to internal validity, but external 
validity is somewhat difficult to achieve (2016).
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1.3.2  Approval of Scientific Data for Commercialization

Commercialization of scientific data is not different from that of commercializing 
anything, but to put scientific data into something practical has been found some-
what difficult. The reason is that to bring something in the form of product in market 
is harder than to design a product. There are some simple rules that should must be 
followed to bring scientific research into commercialization (Fletcher and 
Bourne 2012)

• There is no single path to commercialization

 – There are many ways to bring your scientific research into commercialization 
including licensing, incubation, royalties and in-house development. There 
are many routes to go to market from laboratory bench, so commercialization 
seems like a business process. Most routes are fundamentally mechanistic, 
some work and some don’t.

• Make decision how much of your research you want to give

 – You have the opportunity that you can give your scientific research completely 
and nothing to do with the upcoming commercialization or on the other end 
you can completely involve in the company that is commercializing your 
research.

• Be realistic, Make the difference between Basic research and the Development 
of research

 – There is huge difference between basic research and the development of 
research. Most commonly this development is done by the organization which 
is commercializing the scientific research and this development is considered 
the midpoint between the academic research and its commercialization. This 
is one of the important steps needed for the approval of scientific research.

• Consider the difference between ‘the Need’ and ‘the Want’

 – The academic researcher should know that the product that will result from 
the commercialization of his scientific research will be expressed by people as 
a want or need. People often prefer the wants but they buy needs.

• Make your research outcomes clear and comprehensible

 – The people who will claim to fund your research for commercialization will 
be businessmen not the scientists so you should make an elevator statement 
from your research outcomes that will set the base why one should purchase 
your research.

• Ultimate Peer Review is the key for the approval of scientific data

 – Peer review of the research publications estimates the novelty, accuracy of 
scientific methods, reproducibility and its value to the society. The example of 
Henri Poincare´ is beneficial to quote there, the first version of his book on ‘ 
The Three Body Problem’ contained a serious mistake that was caught and 
removed during peer review.
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1.4  How Entrepreneur Work to Commercialize Scientific Data

According to Giordan, an entrepreneur should possess the properties i.e. a person 
should be trained and skilled and should have high vocabulary. But whether the 
person can do the range of work that is required to be a successful entrepreneur is a 
different story. Albers explains, entrepreneurs need to ask a core set of questions 
about what type of scientific research they want to commercialize: Is there a market 
need? If so, does the technology provide the solution to that need? Does any other 
researcher have a better solution? And finally, how much money is required for 
bringing the technology to market and how much will they earn from the commer-
cialization of that research? (Morrissey 2012). Universities are commonly known as 
the source of technological innovation and play an important role in transforming 
the university invented technology to the commercial product in the market. Now 
entrepreneurs start up companies and make profit based on these innovations. The 
intelligence, skills and ability of an academic entrepreneurs to recognize techno-
logical opportunity, to utilize commercial opportunity and to develop technological 
advanced product are primary characteristics that highlight their role in technology 
entrepreneurship. There are various 1challenges that entrepreneur has to face while 
bringing the research into market, so the attitude of entrepreneur should be creative, 
innovative, risk taking and should be self -confident (Abd Rahim et  al. 2015). 
Entrepreneur has to work through four different stages to commercialize an innova-
tion in research (Yimamu 2018) (Fig. 25.1):

• To pick up an innovation

 – It may include one’s own innovation or the entrepreneurs look for the innova-
tion or for the market opportunity.

• Triggering Event

 – It involves different aspects such as motivation to take a decision to start busi-
ness, business plans, locating different resources and risk assessment.

• Implementation

 – It includes setting up the business strategies and then executing business, pro-
viding resources and managing progress.

• Growth

 – It is the time to maximize profit, the stage to have rewards, and the stage to 
continuously grow your venture with involving other opportunities.

1.4.1  Patent and Commercialization

A patent is a form of intellectual property that gives its owner the legal right to 
exclude others from making, using or selling an invention for a particular time 
period. One main reason that why inventors are awarded patents is that they com-
mercialize the invention and encourage R and D investments. All inventions are not 
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Fig. 25.1 Different stages for the commercialization of an innovation

able to get patent, because it is difficult to find these new ideas, products and devel-
opments among the companies where all patents are registered and if the inventions 
are found it is difficult to find out whether these are sufficient improvements quali-
fying as inventions (Svensson 2012). Commercialization of patent means that the 
owner of the patent has either sold the patent, licensed the patent or has introduced 
the new product based on the same patent. Commercialization simply means that 
patent has provided some income to the owner. Each patent has at least one owner 
and one applying firm. The inventors and the applying firm can be the owner of pat-
ent. Sometimes the inventors are only as employee in the firm that owns the patent 
(Svensson 2012).

World Wide Recognized Patents
The patent protection treaty (PCT) helps the applicants in finding out the worldwide 
patent protection for their inventions. This treaty helps the patent offices in making 
decisions for granting patents. It encourages the public approach to the wealth of 
technical information concerning to those inventions. In order to get worldwide pat-
ent, international patent application is filled under the PCT hence applicants can 
seek protection of their innovation in number of countries. For world wide recog-
nized patents the following criteria must be satisfied: novelty, inventive step, indus-
trial applicability. It means that invention should not have gone public before the 
date of application, our product or process should be an inventive solution and it 
should be possiblethat we can apply our new invention to industries (Sichelman 
2009) (Fig. 25.2).
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Fig. 25.2 Schematic diagram for complete patent filing

1.5  Benefits of Commercialization to Future Research 
and Problems in Commercializing Future Research

1.5.1  Commercialization Benefits

Commercialization of the academic research is the most important way through 
which universities and research organizations meet their 1key performance indicator 
and they are adding value to the industry. There are numerous benefits that com-
mercialization can award us: (Importance of Commercialization-Benefits for You, 
Your Research and Your Research Community, 2019)

• Commercialization provides the way how your research relates to the wider 
industry and when we are promoting and commercializing research we are also 
promoting our research tools.

• When we are commercializing our reagents, it is a guarantee for the safety of our 
reagents in future. Our research tools are located in multiple locations so that we 
can restock our research tools, if something happens to stock.

• Commercialization supports our future research and our institution or research 
organization. The rewards or output generated from the research commercializa-
tion is shared with the researcher and the institution. This ensures you not to lose 
any revenue that has been produced from your research commercialization and 
provides you funding to support your current research.

• Furthermore, investigating the Intellectual property background of your research 
and research tools makes you able to manage your commercialization process, 
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saves time and also ensures you are protecting both yourself and your institute 
(Ogbogu 2015).

1.5.2  Problems in Commercialization Novel Scientific Development

The innovators face the following problems while commercializing their innova-
tions (Al Natsheh et al. 2015):

• The attempts made by the inventors to make perfect product may cause the 
entrance of any other competitive product into the market.

• The funding may exhaust in the pre-sales activities.
• The distribution and supply chains of the product can take time and experience 

to establish.

Review of literature has demonstrated that there are number of challenges that com-
mercialization has to be faced. Parker and Mainelli (2001) discovered certain mis-
takes made during the commercialization of technology and scientific research 
which are: (1) using top-down market analysis, (2) inappropriate testing of technol-
ogy and (3) assigning of unskilled supervisor for the commercialization process 
(Parker and Mainelli 2001).

Rosa and Rose (2007) find out that two main challenges in commercializing 
novel researches are the financial problems that results due to insufficient funding 
and human resource problems in the form of lack of skillful persons that are being 
hired to sell and promote the innovating products.(Rosa and Rose 2007).

Tahvanainen and Nikulainen (2011) reported that a lack of time and interest, 
negative attitude in the research environment, financial risks, bureaucratic distur-
bance, lack of business and commercialization knowledge and issues faced during 
the ownership of rights are the main problems that are confronting commercializa-
tion (Tahvanainen and Nikulainen 2011).

Problems related to the improvement of ability of science to commercialize the 
results of basic and applied research are the following (Komkov and Bondareva 2007):

• To monitor the financing of innovations with a high commercial potential.
• To stimulate government to provide support for innovative projects.
• To improve innovation legislation.
• To use the advanced international techniques of commercializing new technolo-

gies including both the diversification of research and production.
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Fig 25.3 Simpler process leads to a complex process

1.6  Multiple Processes Involved in Technology-Based 
Product Innovation

The model of innovation that has been promoted in the form of complex process is 
usually stimulated by the interactions that are being developed with new product 
development(NPD) (Slotnick and Sobel 2002). Innovation involves simple pro-
cesses which combine together to give rise to a complicated process. These simple 
processes are research, intellectual property disclosure, reviewing of research, 
Licensing and commercialization (Kalle Lyytinen 2016) (Fig. 25.3).

2  Copyrights

Copyright is the dedicated legal right to produce, reproduce, publish or perform 
original literary or drama work, performances and sound recordings. This type of 
protection is available to both published as well as unpublished work (Vaidhyanathan 
2003). Copyrights protect the creators create their creations but it they do not sys-
tems or methods of operations. For example in a computer program the copyright 
covers the program’s lines of code but does not protect its use and function.
(Reichman 1989).
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3  Summary

Novelty and innovation in scientific data leads to the commercialization of scientific 
data. The validity of scientific research is an important parameter that results in the 
commercialization of the results of scientific research by the use of different tech-
niques. The commercialization of scientific research provides benefit by supporting 
our current and future research and by relating our research to wider industry. Some 
problems are also there because the commercialization of research product requires 
time and hence increases the competition in the market.
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Chapter 26
Sustainable Processing Through Efficient 
Use of Energy and Minimizing Waste 
Production

Anubhav Pratap-Singh, Shaba Noore, Ronit Mandal, and Anika Singh

1  Introduction

In ancient history, culture and religion, energy has been designated as one of the 
most important element for the existence of life on planet Earth. Processing of food 
started long ago by the ancient civilization from discovery of heat from fire about 
1.5 million years ago. Animals are hunted and roasted from approximately 1.8 mil-
lion years; wine/beer was invented between 7000 and 5000 BC while bread was 
invented almost 30k years ago. Olive oil and palm oil was introduced in the middle 
of 5400 and 3000 BC (Du Pisani 2006). Several other food products were familiar-
ized in early BC era including pickles, chocolate, bacon, sugar, noodles, etc., 
(Fellows 2004). Since that era processing of food product begins and it was further 
classified into two fractions (a) primary (drying, milling, grinding), (b) secondary 
processing (where food primarily processed is formulated further into the processed 
products with it prolonged shelf life). Presently, there are plethora of food compa-
nies that works on the processing of food products to meet the demand of the con-
sumers. Moreover, these processing companies not only make the food available for 
the consumer with its enhanced nutrition level, but it also generates source of 
income and employment (Kim 2013).
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Table 26.1 Conventional unit operation in food processing

Preliminary 
operations

Cleaning, sorting, grading, peeling, dehusking, shelling, hulling, coating, 
scarifying, rendering, butchering, evisceration, filleting, coring, pitting, 
trimming etc.,

Conversion
Physical Size reduction: Cutting, slicing, dicing, grating, milling, grading, 

emulsification, homogenization.
Size enlargement: Agglomeration, granulation, coagulation, flocculation, 
pelleting
Reshaping: sheeting, rounding, flaking, puffing

Chemical Fermentation, enzymatic conversions, chemical reactions such as acidification 
(pickling), hydrolysis, sulphating, caramelization, depolymerization etc.

Physico- 
chemical

Cooking, baking, roasting, frying, extrusion, smoking

Preservation 
Techniques

Elevated temperature processes: Blanching, pasteurization, sterilization, 
drying.
Ambient temperature processes: Salting, fumigation, irradiation, high 
pressure application
Low temperature process: chilling, freezing, freeze-concentration, freeze 
drying.
Packaging: canning/bottling (aseptic/non-aseptic/modified atmosphere), 
waxing

Separation 
Techniques

Crystallization, precipitation, filtration, centrifugation, evaporation, 
distillation, membrane processes (ultra/microfiltration, reverse/forward 
osmosis, per-evaporation) osmotic dehydration

At present, food processing industry consist of multi-disciplinary activities 
involving the application of chemistry, biochemistry, biophysics, nutrition, microbi-
ology and several branches of engineering. A detailed list of unit operations in food 
processing has being listed in Table 26.1. These operation are further divided into 
four different categories viz., (a) Preliminary operations, (b) Conversion, (c) 
Preservation Techniques and (d) Separation Techniques. Presently, these technolo-
gies are widely utilized in every food sector.

However, these food processing techniques, which maintain balance of energy in 
humans, necessitates the continuous flow of energy supply, for instance to deliver 
1 J of food energy approximately 10 J of energy is consumed from natural resources. 
Moreover, the vivid growth in the human population and its ever increasing nutri-
tional demand has enhanced the consumption of total energy input by 40% over the 
last few decades (Food 2019).

The given line graph (Fig. 26.1) illustrates the source of energy consumed by the 
food industries is divided in several sectors including gas-diesel oil, natural gas, 
fuel, electricity, motor gasoline, liquefied petroleum gas and coal over the past ten 
years. It can be seen that maximum amount of energy is being consumed by gas- 
diesel while consumption of natural gas is limited to 50K (TJoules) from the year 
2009 to 2019. Other sources of energy were utilized moderately and the gradually 
increase can be seen over the years and hence the energy intake by the agro-food 
industries are not sustainable in the long run and about 30% of world’s total energy 
if being consumed by the food sector and generate about 20% of world’s 
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Fig. 26.1 Energy supply in food industries from 2009 to 2019. (Source: energy consumption in 
food processing FAO statistics, 2019)
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Fig. 26.2 Emmision of CO2, N2O and CH4 by food industries by using different energy sources 
for the year 2019 (energy consumption in food processing FAO statistics)

greenhouse gas emission. Additionally, due to the excessive utilization of energy, 
several environmental problems have been reported including enhanced emission of 
carbon dioxide, methane and nitrous oxide gases, dust, black carbon in the atmo-
sphere and combustion processes waste. Energy consumption in food processing 
FAO (Food 2019) statistics (Fig. 26.2) clarifies about the emission of CO2, N2O and 
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CH4 by the food industries and it can be clearly seen that CH2 emission is maximum 
by gas-diesel oil, followed by electricity, fuel oil and motor gasoline. Natural gas 
and coal reflected in less emission of CO2 and hence proves to be better source of 
energy compared with other sources and can be used as sustainable option in the 
coming future. Not much emission was seen in case N2O and CH4, however natural 
gas reflected in minimum release (0.0028 Ktoe; 0.1383 Ktoe for N2O and CH4 
respectively) which further promotes utilization of natural gas.

Moreover, countries with high GDP (Gross Domestic Products) consume more 
energy for processing and transportation as compared to low-GDP territories, gen-
erally in cooking. One fifth of energy demand is from farm and fishery sector but its 
excruciation to elaborate that it emits two-third of greenhouse gases which is huge 
global challenge to irradiate (2019). In order to maintain an equilibrium balance 
between the environmental condition and the energy utilized to meet the demand of 
the nutritious food products, it is important to introduce efficient technologies which 
will not only be helpful in meeting the public food demand and reducing energy 
input but also it will be efficient enough to minimize the cost of production in mini-
mum processing time.

Several novel technologies such as thermodynamic cycles (absorption, heat 
pump/pipes, refrigeration cycles), non-thermal food processes (irradiation, high 
pressure processing, pulse electric field) and unique heating strategies (microwave, 
infrared and ohmic heating) are perfect substitute for the conventions techniques 
and can be introduced in food industries (Sun and Wang 2001; Ozyurt et al. 2004; 
Kuzgunkaya and Hepbasli 2007). These emergent strategies not only reduce energy 
consumption but it also helps in cost reduction of the developed product. Additionally, 
these techniques are time efficient with no waste generation, thereby enhancing the 
sustainability of food processing industries. This chapter focuses on presenting 
basic evidence and references, to illustrate the consumption of energy in several 
food processing industries. It also provides details about the sustainable novel tech-
nologies practiced to reduce the consumption of energy and as food by-product 
waste (Toepfl et al. 2006; Brown et al. 2008; Yang et al. 2010; Nguyen et al. 2013).

2  Energy Consumption in Food Processing

2.1  Energy Consumption in Food Industry

Processing of food initially started with thermal treatment on natural resources to 
develop a processed product. It works on the principle of high and low temperature 
application for processing as well as preservation of the products. William Cullen 
back in 1750 invented a cold press system which in present date has been modified 
to energy efficient system known as freezing and refrigeration. In the same way, 
Nicholas Appert in early 1800s developed a food preservation method to extent the 
shelf life of the food products to be delivered to French army and presently that 
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Fig. 26.3 Traditional and emerging technologies and approaches used along the food chain. 
(Adopted with permission Knorr et al.(2020))

method has been modified to thermal-processing equipment. Figure 26.3 recapitu-
lates some of the conventional and emerging strategies that are practiced in food 
processing industries. The prime focus to find a suitable alternative to thermal and 
chemical preservation was to reduce the consumption of energy and waste gener-
ated (Brown and Pariser 1975).

In food processing industry there are ample number of processes including mate-
rial handling/storage, sorting/screening, peeling, washing/thawing, cutting/slicing/
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chopping, mixing/blending, grinding/milling/crushing, forming/moulding/extrud-
ing, extraction, centrifugation sedimentation, filtration, membrane separation, crys-
tallization, bleaching, deodorization, distillation, dissolving, fermentation, 
coagulation, refrigeration, packing/filling, freeze drying, freezing, cooling and 
chilling, dehydration, drying, pasteurization, tempering, frying, roasting, baking, 
blanching, melting, hardening, carbonation etc., which require huge energy input 
and the possible solution to reduce the energy input is to optimize the energy con-
sumption by enhancing the processing efficiency by implementing emerging tech-
niques thereby reducing the emission and effluents (Tiwari et al. 2013).

According to US energy consumption statistics 2018, about 101.1 quadrillion 
Btu (British thermal unit) of energy is being consumed by the food processing 
industries in production and transportation of food which is equal to the total power 
used France for the entire year and thus US has the largest food producing sector in 
the world. Tobacco and food industries exhausted about 28.012 million tons of oil 
equivalent energy, which is estimated to approximately 9.8% of the over-all energy 
demand in the entire production sector. During the manufacturing of the food prod-
ucts, energy tracker is installed to monitor the amount of energy consumed in devel-
opment of the particular product. The energy consumed can be calculated using the 
given equation

 
I U Me e p� � /

 
(26.1)

Where I′e denotes indicator for consumed energy, Ue indicates portion of energy 
consumed and Mp is the portion of products developed. According to the literature 
energy indicator reflected a tremendous increase in the energy consumption 
(14–48%) in four different European countries including France, Germany, the 
Netherlands and UK (Wang 2014)

2.2  Energy Use in Different Food Manufacturing Sectors

There are six major food processing sectors which includes (a) grain and oil milling, 
(b) sugar and confectionary processing, (c) meat and fish processing, (d) fruits and 
vegetable processing, (e) bakery and (f) dairy processing industries. The major por-
tion of enhanced energy consumption is from meat processing industries as it con-
sumes excess energy to process the frozen and cut meat products. While in case on 
rice processing industry, energy consumption is reported to be minimum (0.43 MJ/
Kg) (Arendt and Zannini 2013). Further to develop breakfast cereals it was reported 
to consume 66 MJ/kg of energy which includes grinding, milling, wetting, baking 
and drying (Aguilera et al. 2011). Other food industries such as sugar and confec-
tionary industries consumed almost 6.90 MJ/kg of energy where 65% of thermal 
energy was used by evaporative crystallizer and other 25% or the total electricity 
was consumed for melting and centrifugal drying.

At present sustainable use of energy is carried out by eradicating juice purifica-
tion step and replacing evaporative crystallization method by cool crystallization 
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Fig. 26.4 Energy consumed to produce bakery products. (Adopted with permission from Ladha- 
Sabur et al. (2019))

using concentrated fresh juice. Also, energy is regenerated by using by-products of 
sugar as a biomass to generate biofuel. Fruits and vegetable, as they are rich in water 
content, excessive amount of energy is generally consumed to process them into 
final products. However, in case of cheese and dairy products energy consumed in 
the range of 10.30–13.85 MJ/kg while Bakery products energy consumption was 
reported to be limited to 5.21 MJ/kg (Singh 2013). Figure 26.4 educates about the 
several sections of bakery processing along with its energy consumption.

2.3  Energy Use for Production of Different Food Products

Consumption of energy totally depends on the type of food being processed, for 
instance to produce one ton of milk powder the amount of energy consumed is 
reported to be approximately 9385 and 9870 MJ while to prepare one ton pasta 
energy consumption is limited to 2 MJ. Further to produce one ton of wheat starch 
2960 MJ of electricity us consumed whereas to produce one ton of beet pulp the 
energy consumption is limited to 5 MJ.

In development of different products several unit operations are taken into prac-
tice including freezing, drying, blanching etc., now in order to freeze one kilogram 
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of product the amount of energy used is 1  MJ but to dry the same product the 
amount of energy used is consumed six time more to remove one liter of water from 
the product (Wang 2008).

2.4  Energy Sources for Food Processing

The major source of energy at present that are extensively utilized by the manufac-
turing industries includes gas diesel oil, fuel oil, motor oil, natural gas, liquefied 
petroleum gas, electricity, coal. Although natural gas is known to be the largest 
source of energy still consumption of renewable source of energy tends to grow at a 
rapid pace as food industries are utilizing there agro-food waste as biofuel for the 
development of energy and about 9% of the electric energy is produces by using 
onsite power system. In food manufacturing industries, steam is the major unit 
which consumes the one third of the total energy consumed by the other unit opera-
tions. Motor and refrigeration energy consumption is about 12 to 16% while heat-
ing, lighting and transportation is limited to 8% (Okos et al. 1998) (Fig. 26.5).

Fig. 26.5 Different sources of energy
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3  Energy Conservation for the Utilities in Food Processing

3.1  Energy Savings in Steam Supply

Majority of food manufacturing industries comprises of huge demand for steam and 
use boilers to generate steam that liberates heat energy for the processing (pasteuri-
zation, sterilization, and dehydration) of food products. It consumes almost one- 
third of the total energy generated and approximately 57% of the total fuel used by 
the food industries (Einstein et  al. 2001). Some porting of energy is lost during 
adverse conditions such as steam leakage, bad surface insulation etc., Interestingly, 
by practicing steam technology to generate heat energy, almost 20% or energy is 
being saved and also emission of CO2 has been reduced which proved to be a sus-
tainable solution that can be enhanced in the coming future to bring down the level 
of energy consumption in food producing sector (Walker et al. 2013).

Furthermore, this technology is majorly sub divided into two separate groups (a) 
operation optimization and (b) waste heat recovery. In case of operation optimiza-
tion it comprises of several operational conditions (boiler size, boiler pressure and 
temperature, optimal excess air and blowdown stalk) that needs to be optimized in 
order to enhance the efficiency of the boiler to approximately 15%.

If the conditions are optimized and equipment is efficiently used, about 78% of 
stored heat energy can be recuperated which can save 1.3% fuel preserved for boiler 
use (Einstein et al. 2001).

3.2  Energy Savings in Compressed Air Supply

Compressed air is another extremely interesting processing technique used in food 
processing basically for wrapping machine, colour sorter, blow drying for removal 
of water from cans before labelling, pneumatic controls and lid machines. To 
develop compressed air, it is considered to be extremely expensive but efficient and 
proper use of air compressor can save 20—50% of energy (Mull 2001). Moreover, 
energy can be saved by using high speed and efficient motors, low inlet air tempera-
ture, waste heat recovering unit, low air pressure, no air leakage and utilization of 
local air delivery strategies.

3.3  Energy Savings in Power Supply

Two main components of food industries which drive huge amount of electricity are 
motor drives and refrigerators and account to be approximately 48–25% of entire 
electricity (Okos et al. 1998). Moreover, in meat industries this energy utilization 
percent reflects a tremendous rise to 90% during the production time and reaches to 
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100% at the time is non-production (Ramirez et al. 2006). Motor and pumps play a 
vital role in food processing industries as pumps are responsible for the movement 
of the fluid or semi-fluid from one unit to different units in production section and 
motors are required to provide energy to pump. Amount of money spent on electric-
ity can be saved by monitoring the demand, enhancing the power factor, and 
decreasing the utilization of electricity as much as possible. Since motor consumes 
about 5–30% of power therefore to conserve energy it is necessary to find sustain-
able method. Motor works on the principle which required two types of power (a) 
resistance power and (b) inductance power and it is designed to work at rated loads. 
Hence the most actual way to conserve energy is to match the essential loads along 
with the rated motor load. Additionally, when buying a new motor, parameters 
which need to be taken care of in order to keep the energy consumption as low as 
possible is (a) high power factor, and (b) adjustable speed motor.

3.4  Energy Savings in Heat Exchanger

In food processing sector, numerous unit operation including freezing, heating, 
thawing, thermal sterilization, refrigeration, drying/evaporation are practiced in 
order to transfer the amount of heat between heating object and food product. This 
phenomena of exchange of heat takes place in heat exchangers which also plays a 
vital role in waste heat recovery. Different energy saving strategies such as opti-
mized heat exchange network/ design and improved heat transfer is being utilized to 
enhance the effectiveness of heat exchangers (Zimparov 2002). Literature indicates 
that about 30% of energy consumed in meat and slaughterhouse can be preserved 
after proper configuration of heat exchangers (Smith 2000; Fritzson and 
Berntsson 2006).

3.5  Energy Savings by Recovering Waste Heat

Any food processing treatment which is above ambient temperature, requires 
energy. Leftover energy including boiler fuel gas, boiler blowdown water, ovens, air 
compressor water, drier exhaust gas, and cooker vapours are some of the major 
source of waste heat and in US about 50% of the consumed energy was liberates as 
waste heat into the environments (Mull 2001). About 40% of the energy can be 
saved by implementing waste heat recovery as it not only reduces the energy 
expense but also it will diminish the environmental pollution caused by thermal air 
liberated from industries and factories. Nevertheless, the value of recovered waste 
relies on heat transfer equipment used and the quality and quantity of the recovered 
heat waste.
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4  Energy Conservation in Energy-Intensive Unit Operations 
of Food Processes

4.1  Energy Savings in Thermal Food Processing

Thermal food processing involves high-power consuming unit operations including 
sterilization, chilling, freezing, pasteurization, evaporation and drying which are 
implemented to preserve and extent the shelf life of the food products. In this pro-
cessing sector energy can be conserved in three different protocols (a) enhancement 
of energy effectiveness in current unit, (b) exchange of energy unit with novel tech-
niques, (c) consumption of renewable energy sources specifically derived from 
agro-food waste.

4.2  Energy Savings in Concentration, Dehydration, 
and Drying

In order to prevent spoilage and extent the shelf life of the food products, food 
undergoes certain treatments including dehydration, concentration dying thereby 
changing its physico-chemical properties which includes moisture content, weight 
and volume of the final products and hence prevents it from spoilage. Several other 
techniques of drying includes microwave drying, vacuum drying and freeze drying 
and the energy required to practice these techniques in food industry is approxi-
mately 2.5–2.7 MJ/kg, while energy required for conventional drying methods is 
reported to be 4–6 MJ/kg (Midilli and Kucuk 2003; Dincer and Sahin 2004; Akpinar 
2004; Akpinar et al. 2005, 2006). However, membrane technology has the potential 
to bring down the total energy consumption during the evaporating /drying opera-
tion and thus reducing the overall energy consumption (Kumar et  al. 1999; 
Onsekizoglu et al. 2010; Cassano et al. 2011).

4.3  Energy Savings in Refrigeration and Freezing

In food processing industries there is a dense utilization of refrigeration unit. 
According to statistical analysis about 15% of total world’s energy is consumed by 
refrigeration. In United States around 25% of the electricity is consumed only for 
refrigeration and process cooling (Okos et al. 1998). Moreover, dairy and meat pro-
cessing sectors are the major users of refrigeration and hence the consumption of 
energy by the refrigeration can be reduced by improving insulation with enhanced 
refrigeration cycles powered with waste heat.
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5  Utilizations of Energy Efficiency Technologies 
in Food Processing

As the thermal processing operations are energy intensive, newer ways of conserva-
tion of energy application of novel thermodynamic cycles, non-thermal processes 
are being used. Some of the recent cutting-edge and energy-efficient technologies 
that are being used in the food industry are discussed in this section.

5.1  Application of Novel Thermodynamic Cycles

5.1.1  Heat Pump

Heat pump is a thermodynamic device that basically heats up a space by transfer-
ring energy from cooler body to a warmer body. It utilizes the application of exter-
nal power to deliver heat from colder body to warmer body by using the refrigeration 
cycle (Fig. 26.6).

A working substance (a liquid refrigerant) vaporizes at temperatures below boil-
ing point by application of low pressure which is then compressed to higher pres-
sure. The compressed vapour is condensed during which it releases heat to the 
surroundings. The energy efficiency of heat pumps is typically termed as “coeffi-
cient of performance” or COP, which is the ratio of the heat supplied to the 
expressed as:

Fig. 26.6 Heat pump 
thermodynamic cycle
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The heat pumps have been long used for space heating applications and desalina-
tions (Goh et al. 2011). Heating applications of heat pump in food processing has 
been mainly carried out to assist in thermal processes (Ozyurt et  al. 2004). The 
researchers designed a milk pasteurization for cheese production unit whereby the 
incoming cold raw milk was heated by the heat pump condenser, while hot pasteur-
ized milk was cooled down by the evaporation unit. For the system operating 
between pasteurization temperature of 72 °C and 32 °C, the COP was 2.3–3.1. They 
showed that the heat pump assisted pasteurization system reduced the energy con-
sumption by 66% compared to the thermal pasteurization techniques.

Drying is one of the energy intensive unit operation in food processing (Pratap 
Singh et al. 2020). In the recent decades, heat pumps have been studied for their 
application in food dehydration systems. In a typical food dehydration system, te 
heat pump is incorporated as an augment to recover heat and dehumidify the hot air 
used in drying food materials. Warm and moist air form the drying unit is cooled 
and dehumidified in the heat recovery unit and evaporator, respectively while the 
condenser unit heats up the dry air for drying process (Fig. 26.3) (BudžakI et al. 
2019) (Fig. 26.7).

The condenser latent heat supplied the sensible heat to the air that is input to the 
drying unit. Some of the advantages of the heat pump assisted dryers include higher 

Fig. 26.7 Heat pump assisted hot air drying cycle
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energy efficiency, efficient temperature, and humidity control of the air, suitable for 
drying of sensitive agricultural commodities. The drying system approaches effi-
ciency of 100% because of total recirculation as compared to hot-auir drying alone 
(35–40%) (Perera and Rahman 1997). However, drying should be carried out at 
temperatures <60 °C and relative humidities ≥30%. Perera and Rehman (Perera and 
Rahman 1997) formulated the efficiency value for heat pump assisted dryer in terms 
of the COP of the dehumidifier as a function of specific moisture extraction rate 
(SMER, kg/kW-h) and latent heat of vaporization (hfg, kJ/kg)

 
COP SMER hfg� � �1

 
(26.3)

In a study, Aktaş et al. (2017) dried grated carrot using heat pump assisted air dryer 
where they obtained an energy efficiency and exergy efficiency of ~50%. Also, due 
to lower temperature of drying, the process could be beneficial for retaining the 
overall quality of the products. For instance, there was an observed potential for 
drying paddy in terms of energy saving and maintaining quality characteristics 
(Jinjiang and Yaosen 2010). Low temperature (30–37 °C) heat pump drying of mint 
leaves led to retention of ascorbic acid (Venkatachalam et al. 2020) Some of the 
applications of the heat pump assisted drying have been summarized in Table 26.2.

5.1.2  Novel Refrigeration Cycles

Several newer refrigeration cycles based on absorption and adsorption (liquid-liquid 
or liquid-solid) have emerged in the recent decades. Typical absorption-desorption 
(Fig. 26.8) works on the basis that partial pressure of refrigerant vapour changes 
according to the temperature and concentration of a refrigerant and sorbent solution. 
H2O/NH3 and LiBr -H2O mainly used as absorbent solutions. The low pressure 

Table 26.2 Food commodities dried using heat pump assisted drying in the recent years

Product Geometry

Final 
moisture 
content 
(%)

Drying 
temperature 
(°C)

Humidity 
(%)

Velocity 
(m/s)

Time 
(min) References

Potato Chips: 
2*3 mm

35, 45, 55 10–30 1–2 Zlatanović 
et al. (2017)

Banana Cylinders: 
6*7 mm

Tomato 
slices

Diameter: 
40 mm

35–45 1 Coşkun 
et al. (2017)

Coffee 
beans

11%
(wet 

basis)

50 70 2 4320 Dong et al. 
(2017)

Shiitake
mushrooms

35-62 2 1020 Liu et al. 
(2018)3 1200
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Fig. 26.8 Vapor absorption refrigeration cycle

refrigerant vapor like H2O from the evaporator (where the product is chilled) is 
absorbed by LiBr to form a refrigerant-sorbent system, which is pumped to the 
generator at higher pressure. The generator heats up the refrigerant to remove the 
sorbent which is throttled back to absorber by a throttling valve at low pressure. The 
refrigerant moves to the condenser to be condensed into liquid form (Sun and Wang 
2001). The COP of the refrigeration system is less than that of a vapor compression 
cycle system.

Adsorption type refrigeration system (Fig. 26.9) consists typically of an evapora-
tor, condenser and an adsorber. Adsorbent system replaces the compressor system 
of the mechanical vapor refrigeration cycle and the absorption system of the vapor 
absorption cycle system. Some of the used adsorbents are hydrides of metal, acti-
vated carbon, silica gel, zeolite etc. with the adsorption system involving the lkes of 
zeolite-water or activated carbon-methanol. During a cycle, the refrigerant from the 
evaporator is adsorbed by the adsorbent bed, which cools the product. Desorption is 
carried out by heating the sorbent bed and the refrigerant vapor is condensed in the 
condenser. There exist a slow heat transfer in the system leading to longer cycle 
times and low COP compared to compression systems (Sun and Wang 2001).
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Fig. 26.9 Vapor adsorption refrigeration cycle

5.1.3  Heat Pipes

Heat pipes involves the use of a long metallic tube with a wick and working fluid 
like water inside the tube. There exists a finite temperature difference between the 
either ends of the tube. One end serves as the evaporator whereby the liquid evapo-
rates and moves to the other end as vapor (Fig. 26.10). The vapor are condensed on 
the other side by removal of the latent heat. The condensed liquid then travels back 
into the evaporator end by capillary action of the wick or by gravity. Since the 
operation involves simultaneous heat and mass transfer with release of the latent 
heat by phase change, the heat transfer is very quick (Chaudhry et al. 2012). Some 
of the used working liquids are water, heptane, ammonia, acetone, pentane etc. 
(Chaudhry et al. 2012). Studied technologies for heat pipe include tubular heat pipe, 
variable conductance heat pipe, thermal diode, pulsating heat pipe, loop heat pipe, 
micro heat pipe, sorption heat pipe (BudžakI et al. 2019).
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Fig. 26.10 Heat pipe operation

5.2  Application of Non-thermal Food Processes

Many thermal processes like pasteurization, sterilization are energy intensive pro-
cesses. They are characterized by slow heating processes. Non-thermal processes, 
which include food irradiation, pulsed electric fields processing, high pressure pro-
cessing etc. do not require heating and are quick and less energy intensive.

5.2.1  Food Irradiation

Food irradiation is the process of treatment of food products by exposing them with 
high intensity ionizing electromagnetic radiations including the X-rays, electron 
beams, gamma rays. They have very high frequency with short wavelengths ranging 
from 100 picometers to 100 nanometers. Owing to high energy, they tend to knock 
electrons from the molecules they are targeted with. Their germicidal nature arises 
from their capability to interact with the DNA of the microbial cell and thereby inac-
tivating them. Irradiation with high energy X-rays and gamma rays do not produce 
much heat (up to 3  °C rise in temperature) (Loaharanu 1996). Also, it consumes 
much less energy than conventional thermal processing. Energy imparted to the food 
during irradiation is quantified in terms of KiloGray or kGy. Food and agricultural 
products are usually treated with less than 10 kGy (equivalent to 10 kJ/kg).
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5.2.2  Pulsed Electric Fields

Pulsed electric fields is the application of an external electric field as short pulses 
(1–100  μs) to the sample for inactivation of microorganisms. The fundamental 
mechanism of microbial inactivation is based on electroporation. When an external 
electric field is applied to a cell, an electric potential develops across the cell mem-
brane. When the electrical potential exceeds the critical value, structural changes in 
the cell membrane take place. Such structural changes in the membrane lead to 
formation of pores in the membrane, thus the term electroporation (Wiktor et al. 
2020). Due to electroporation, the cellular materials start leaking out and cell dies. 
Pulsed electric field has been used for the cold pasteurization of liquid foods, 
imparting a fresh like taste and higher nutritional value than conventional processes. 
Pulsed electric field for the treatment of foods at around 30 °C demands a specific 
energy input of 100 kJ/kg, which is considered to be higher than the conventional 
pasteurization (Wang 2014). In a study, Aganovic et  al. (Aganovic et  al. 2017) 
observed that tomato and water melon juice treated by pulsed electric fields required 
0.2 kWh/L of juice compared to thermal processing (0.04 kWh/L). Additionally, it 
has been observed that processing at elevated temperatures lower the energy con-
ception considerably (40 kJ/kg compared to 100 kJ/kg) (Heinz et al. 2003). However, 
it has been shown to assist in drying processes of food commodities compared to 
conventional drying. One drawback of the technology is its high capital cost even 
for low capacity units.

5.2.3  High-Pressure Processing

High pressure processing is the application of pressure for the treatment of foods. 
At high pressure, the microbial cells are inactivated due to permeabilization of their 
cell membranes, which leaks out the cellular organelles. Membrane consists of pro-
teins and lipids. When pressure is applied on the cells, the protein chains get altered 
in configuration, leading to permeabilization. During pressurization of liquids, the 
compression work tends to increase the temperature of the liquid by adiabatic com-
pression. For examples, in case of compression of water, 3 °C rise in temperature 
occurs every 100  °C.  For 600  MPa pressurization, 18  °C temperature rises will 
occur. Energy input for high pressure processing at 600 MPa would be 122- kJ/kg.

5.2.4  Membrane Processing

The principle of membrane processing is to separate liquid or gas food into two 
streams by applying pressure through a semipermeable membrane. The stream with 
materials passing through the membrane is called permeate. At the same time, the 
stream with molecules that are cast off by the membranes is retentate. Depending on 
the properties of the membrane and the design of the system, this technique enables 
the separation or concentration of specific molecules based on the molecular size, 
diffusion, shape, and charge (Rajendran et al. 2021).
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In decades, the high energy consumption of many traditional separation methods 
has become a great concern in food film operations. As a perfect alternative for food 
separation, membrane processing can save 30–50% of the potential energy compare 
to evaporation and distillation. Nikmaram and Rosentrater’s study announced that 
the evaporation with mechanical vapour-recompression consumed 50  kJ/kg for 
water removal, while membrane filtration only uses around 14–36  kJ/kg. About 
90% of those saving is because no heating is involved for phase change in mem-
brane processing (Nikmaram and Rosentrater 2019). No heat involvement in mem-
brane processing also improves the retention rate of molecules that are sensitive to 
heat, such as protein, vitamins, and phytochemicals. The quality and nutritional 
value of the product from the membrane processing are thus improved. Furthermore, 
microfiltration membrane processing can also enhance electricity production in a 
system with a salinity environment. This feature improves the energy efficiency in 
a way recovering the energy from the processing system (Nikmaram and 
Rosentrater 2019).

5.2.5  Supercritical Fluid Processing

Super critical fluids are used for extraction of certain components from a product. 
Supercritical fluids for example supercritical CO2 have a low critical temperature 
and pressure (31.1 °C and 7.3 MPa). At such state, the fluids possess excellent sol-
vent properties. Due to low critical temperature and pressure, the process is far bet-
ter than the conventional solvent extraction processes. This is advantageous in terms 
of the applied low operational cost of the process.

5.3  Application of Novel Heating Methods

5.3.1  Microwave and Radio Frequency Heating

Microwaves are electromagnetic radiation that travels in straight lines through the 
air, glass, paper, and plastic but are reflected by metals. Radio frequency (RF) refers 
to the radio waves that are at the low-energy end of the electromagnetic spectrum. 
Because of the larger penetration depth of the RF rays, RF heating is more suitable 
to be used for large volume products. When those electromagnetic radiations are 
absorbed by food, heat is generated through the intermolecular fiction from the 
water vibration (Vadivambal and Jayas 2010). Besides, both microwave and radio 
frequency heating perform dielectric heating, in which heat is produced throughout 
the dielectric material (Sun et al. 2016). Since the heat is directly transferred to the 
food component without heating up the whole oven, microwave and radio frequency 
heating can be a more energy-efficient processing method comparing to the conven-
tional heating method (Sun et al. 2016).
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To understand the energy efficiency of microwave heating, several studies had 
demonstrated comparison experiments to distinguish the energy usage difference 
between microwave and conventional heating. In terms of drying, microwave heat-
ing presented approximately 75% faster processing time than the conventional 
oven, electric oven, hot air drying and vacuum oven (Li et al. 2019). Menon et al. 
also reported that the application of microwave drying saves nearly 50% of the 
energy consumption compared to hot air drying (Menon et al. 2020). Further, the 
improvement of the drying processing efficiency of microwave heating was discov-
ered in various food products and wave frequency compared to conventional drying 
(Li et al. 2019). Those evidence has proven that microwave heating can be widely 
used to decrease energy consumption in food industries. The combinational use of 
microwave heating with other heating methods is another strategy to reduce energy 
usage in food companies. Using convective drying with microwave drying had sig-
nificantly reduced 70% of the overall energy consumption in contrast with hot air 
drying. It is noticeable that hybrid drying applications even had a greater energy 
reduction rate than microwave drying alone (Menon et al. 2020).

Regarding to RF heating, Jiang et al. observed an average of 76.1% heating effi-
ciency for pasteurization and disinfestation on low moisture food (Jiang et al. 2020). 
Besides, the general conversion rate between electricity to thermal energy in an RF 
heating system is nearly 60% higher than the traditional heating system. The equip-
ment used in RF heating is also inexpensive compare to the conventional method. 
That characteristic ensures RF heating perform with less charge in energy and oper-
ation (Jiang et al. 2020).

Apart from drying processing, microwave heating can also be used for multiple 
purposes. Microwave-assisted extraction (MAE) is a popular novel application that 
provides benefits such as short processing time, reduction of solvent usage, and 
extraction yield improvement to the food companies. In addition, microwaves can 
cause a reorientation effect and different heating rates between different molecules. 
This phenomenon shows the potential of microwaves to perform separation, which 
includes microwave-assisted pervaporation and microwave-assisted reactive distil-
lation (Li et al. 2019). With respect to radio frequency, blanching and thawing are 
the major application for egg, vegetable, and fruit processing. Radio frequency pro-
vides high uniform heating with limited negative effects on food quality and nutri-
tional values. However, the telecommunication present in the food industry may use 
frequencies that can interfere with the RF used in food processing. It is necessary to 
design proper shielding to prevent interference through processing in RF applica-
tions (Altemimi et al. 2019).

5.3.2  Ohmic Heating

Ohmic heating generates heat by directly passing an electric current through an 
electrically conducting food product. The heating energy transfer internally within 
food particles indicates the heating efficiency will not be affected by the solid-liquid 
phase system of the food product (Wang et al. 2021). Ohmic heating has a great 
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advantage in energy saving due to its exceptionally short processing time (few sec-
onds to several minutes) and close to 100% energy transfer efficiency (Chizoba 
Ekezie et al. 2017). In contrast with the traditional heating method, ohmic heating 
can reduce 82–97% of the energy consumption and decrease the heating time by 
90–95% (Stojceska et al. 2019). Even comparing the energy efficiency of ohmic 
heating with other novel heating methods like microwaves, the energy conversion 
rate of ohmic heating can be at least 35% higher than microwave heating (Chizoba 
Ekezie et al. 2017). Using ohmic heating as a pre-treatment method for drying can 
also improve the energy efficiency of the process as well as the food structure of the 
final product. According to Cokgezme et al., the combinational use of ohmic heat-
ing with vacuum drying can improve the energy efficiency by up to 27.88% compar-
ing to vacuum drying alone. Generally, ohmic heating can decrease the processing 
cost of a company by 3.5–5 times (Çokgezme et al. 2017).

Excepting the energy efficiency benefits from ohmic heating, the transferred 
energy dissipates directly without undermining any internal solid particles in the 
food, which enhances the quality, nutrition value and value of the final products 
(Chizoba Ekezie et al. 2017). Among the novel heating methods, ohmic heating is 
the most suitable option for bread fermentation. As the gas cells developed during 
fermentation, the conductivity of the bread dough decreases linearly, which allows 
the company to demonstrate a simple numeric model to control the temperature 
through ohmic heating (Wang et al. 2021). From the environmental aspect, ohmic 
heating reduces about 3–5 times of the greenhouse gas emission than traditional 
drying methods (Çokgezme et al. 2017). Those characteristics make ohmic heating 
a sustainable, economically beneficial, high product quality technique for various 
type of food industries.

5.3.3  Infrared Radiation Heating

Infrared radiation (IR) belongs to the electromagnetic wave that is located between 
visible light and microwave electromagnetic radiation, having a wavelength of 
0.78–1000 μm (Lee 2020). In recent years, IR heating application on food produc-
tion has bought people’s attention due to its convenience, versatility and rapid heat-
ing characteristics. Heat transfer of IR rays occurs by radiative heating at the surface 
and conductive heating on the inside of the food (Vaidyanathan and Krishnamurthy 
2020). Currently, IR heating applications at industrial and pilot levels include bak-
ing, drying, thawing, pasteurization, sterilization, blanching, and peeling (Lee 2020).

Comparing to the conventional heating method, IR heating provides distinct 
advantages of efficient heat transfer to food products by reducing process time and 
energy costs (Lee 2020). Neglect the possible energy absorption of the air, infrared 
radiation can transfer heating energy directly to the food substance with no energy 
loss to the surrounding medium. Hence, IR heating can provide uniform, energy- 
efficient heating into the sample (Vaidyanathan and Krishnamurthy 2020). As sum-
marized in Table 26.3, IR heating has improved the processing time, productivity, 
and energy efficiency when comparedwith convection heating. The use of an 
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Table 26.3 The comparison of energy consumption between IR heating and conventional heating 
(Lee 2020)

Attribute

Infrared 
heating 
process

Conventional 
heating process Description

Billet heating time 
(mins)

20 240 The processing time using IR 
heating1 is reduced by 12 times

Throughput 
(production rate)  
(lbs/hr)

350 80 IR heating1 provides a greater 
production rate

Energy used for 
Al-billet heating 
(BTU/lb)

500 1500 The IR heating1 uses 3 times less 
energy than the conventional 
heating2

Overall efficiency of 
the system (%)

~30 ~10 IR heating1 process is 3 times more 
efficient than the conventional 
heating2 process

1Infrared heating process is performed by continuous-belt hybrid rapid infrared furnace
2Conventional heating process is performed by conventional convective gas-fired Furnace

infrared furnace has increased the system’s overall efficiency by three times com-
pared to the convective gas-fired furnace (Lee 2020). IR heating application on 
roasting also reduced 33% and 66% of processing time compared to sand and drum 
roasting, respectively (Bagheri 2020). However, designing a proper IR heating sys-
tem is the key to improve the efficiency of food processing. A single electrical IR 
lamp emits IR energy in all directions, and the minority of them can get to the sur-
face of the food. Insufficient heating also occurred in using gas-fired IR heat since 
the IR energy cannot emit to the backside. Hence, focusing the IR rays emitted onto 
the target surface will be necessary for establishing an effective heating process. As 
an example, the use of elliptical and parabolic reflectors with IR lamps can improve 
the emitting rate of IR rays to the desired surface. An IR system designed by Lee’s 
team uses reflectors to concentrate IR energy to a limited surface, which saves more 
than 90% of the energy compare to the conventional heating method (Lee 2020).

One of the limitations for IR application is the low penetration ability of the 
infrared radiation, which creates difficulty in heating up the center of the food. 
Combining IR application with additional heating techniques can help to exceed the 
limitations.(Bagheri 2020). The combination of hot-air conventional roasting with 
infrared heating shows higher roasting efficiency and lower roasting time compare 
to using these methods alone (Bagheri 2020). A synergistic effect has distinguished 
between the Infrared radiation energy and hot air, which the hybrid application can 
reduce 31% of the energy usage compared to the conventional hot air method 
(Bagheri 2020).

On the other hand, the application of IR heat also demonstrates the advantage of 
uniform heating, reducing quality loss and the absence of solute migration. The 
devices used for IR heating are commonly inexpensive and smaller compared to 
other commercial heating methods, which can save more working space for the 
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firm. Since the application of infrared heating does not require any medium, it 
brings convenience for the industry to clean up the working environment. Those 
advantages make IR heating a great practice for industry food processing (Lee 2020).
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Chapter 27
Food Safety and Security (HACCP 
and HAZOP) for Consumers and Workers 
(Nonthermal Technologies and Their Use)

Muhammad Kamran Khan, Muhammad Imran, 
Muhammad Haseeb Ahmad, Rabia Shabir Ahmad, Farid Chemat, 
and Aliza Zulifqar

1  Introduction

In past few years, research shown more interest in applying non thermal technolo-
gies as compared to thermal technologies, these technologies fulfil the required 
function as well as preserve the functional properties of food (Van Impe et al. 2018). 
Innovative non-thermal technologies include pulsed electric field, ultrasound, high 
pressure processing and gamma rays etc. These technologies mainly used in extrac-
tion, processing, preservation and modification; these technologies overcome all 
negative impact of thermal processing that traditionally used (Daniela Pingret and 
Catherine Renard 2012). Non-thermal technologies, which have a Green chemistry 
principle, extensively studied as innovative techniques. When comparing the perfor-
mance of the conventional heating with non-thermal techniques, two of the advan-
tages should be considered, high rate of energy transfer and reduced nutrient losses. 
An alternative option to conventional thermal processing is ultrasound. The prolif-
eration of ultrasound in any liquid product engenders bubbles which are mainly due 
to changes in pressure. In result of these pressure changes, induced bubbles disinte-
grate and cause a sudden temperature and pressure increases. This sudden powerful 
and localized pressure and energy convey pasteurization effect to product without 
heavy momentous change in temperature (Jiménez-Sánchez et  al. 2017). Among 
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other innovative non-thermal technologies, PEF is also efficient technology which 
is being used nowadays for the safe beverage production (Rawson et al. 2011). HPP 
is another non thermal technology which is used for both solids and liquid products 
(mostly in batch system). This technology uses different ranges of pressure on prod-
ucts which are pre packed before this step, fruits and vegetables mostly preserved 
by applying this technique (Betoret et al. 2015). Gamma rays, being non-thermal 
technique, directly damage the DNA of microorganisms, thus preserving food from 
microbial contamination (Eissa et al. 2014) (Table 27.1).

2  Non-Thermal Technologies and Their Industrialization

It is clearly evident the role of technology in society from the past. With time being 
new development in industry continues towards the urge of producing high perfor-
mance technology with low cost. Such development replaces the older one and 
become a necessity. In these developments, safety for material handler, environ-
mental concerns of surrounding areas should be balanced too along with perfor-
mance and quality (Chen et al. 2015). The scale and direction of further technological 
development should also be considered, considering that these process phases are 
critically dependent on energy transfer within reactions to providing the maximum 
level of process performance and final-product consistency.

In general, non-thermal methods use relative permeability measurements by a 
network analyzer, which is an indicator of the heat produced in a sample (Pereira 
et al. 2008). To scale up these methods from to laboratory to industry processes, 
quantitative classification done successfully for a) Electric field profile, magnetic 
field and radio waves in the device and (b) changes in the resulted product. In col-
laboration with Cooperative National ND de Chime in Montpellier, Serem has set 
up a unique platform in Europe for industrial scale experimentation. The main 
parameters of a pilot-scale installation were maximum induction of ultrasound 
power and high achievable US power density. Process intensity is actively adapted 
based on non-thermal technology to achieve better positions on an industrial scale 
(Motarjemi and Mortimore 2005). High response rates and advanced selectivity, 
along with the opportunity of repetitive procedures, show the useful implementation 
of these permitting strategies. A vital role of scaling up is continuous flow process-
ing. The main benefit of continuous processing is the convenience of amplifying 
responses through the working of a couple of systems in parallel or correlated strat-
egies, in order that product-level volumes can be easily achieved (Hill 1998).
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Table 27.1 Applications of non-thermal technologies in food processing

Technology Applications Advantages Products Reference

Ultrasound Preservation Improve the shelf life
Minimal negative effects on 
fruit juice
Lower processing cost

Pomegranate Pala et al. 
(2015)

Processing Cultivate the probiotic strain 
L. casei which was then able 
to ferment sonicated 
pineapple juice without any 
nutrient supplementation
Improve shelf life

Pineapple Costa et al. 
(2013)

Pulsed 
electric field

Preservation Log reduction of Z. 
bailii - Retention of ascorbic 
acid and antioxidant capacity

Amla Bansal et al. 
(2015)

Microbial stability for 
31 days
Conservation of nutritional 
values and fresh-like 
characteristics

Fruit juice Morales-de La 
Peña et al. 
(2010)

The maximum inactivation of 
native microflora
Retention of carotene content 
and overall acceptability

Mango Kumar et al. 
(2015)

High 
pressure 
processing

Processing Minimal negative effects on 
nutritional quality of fruit 
juice
Improve the shelf life
Lower processing cost

Apple juice (Sokołowska 
2013)

Blending Product was similar to 
unprocessed controls and 
appeared to retain fresh like 
characteristics
Minimal effects on 
nutritional quality

Red fruit- 
based 
smoothies

Hurtado et al. 
(2017)

Production Microbial reduction of E. 
coli, Salmonella typhimurium 
and L. monocytogenes
Significant changes in the 
glucose, fructose and sucrose 
activity after any of the 
treatments

Coconut Lukas (2013)

Gamma 
rays

Packaging Reduction in microbial count
Improve shelf life, elevated 
color
Off flavor development

Red pepper 
powder

Jung et al. 
(2015)

Preserving Prolong shelf life by 
decreasing microbial count
No significant effect on color 
and flavor
Increased antioxidant 
contents
No significant nutritional loss

Grape juice 
blends

Carvalho 
Mesquita et al. 
(2020)
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3  How HACCP and HAZOP Become Important for New 
Technologies Adopted at Industrial Scale?

The quality and safety protocols of food products were accomplished by utilizing 
the idea of quality control in any food sector. By keeping this concept, hazard analy-
sis critical control point as well as hazard operability strategies are utilized as execu-
tive’s safety and quality management system. In any activity, nothing is a higher 
priority than the wellbeing of personal, particularly safety of workers along with 
quality of finished product. In a running industry different safety and quality param-
eters are already being applied but whenever a new technology is adopted there are 
different limitations and unknown hazards which may not be safe for both the oper-
ators and end product. For such technologies hazard analysis critical control point 
(HACCP) becomes mandatory to access the hazards, critical limits and corrective 
action to be taken. Presently hazard operability technique as a reciprocal frame-
work, is being endeavored to be utilized in the food industry with the integration of 
HACCP investigation. Thus, this aggregate conceptualizing exertion can make a 
careful survey of the process. Three fundamental approaches are focused in food 
industry in any operations. First of all, to ensure the safety measures that will viably 
keep food from contaminations and other perils, secondly to understand a success-
ful utilization of man power and materials in order to achieve the highly economical 
production mode and at the last, it’s very important to get an appropriate food qual-
ity and safety to raise hygiene managing level of practitioners. Above stated 
approaches are principle preferences of HACCP framework which demonstrate the 
need of industry to actualize HACCP system for any novel technologies (Kushwah 
and Kumar 2017). Nowadays the food business isn’t just liable for delivering safe 
food, a job which has consistently been perceived, yet additionally for showing in a 
straightforward way how food handling has been arranged such as to measure the 
hazards and ensure the product safety. This is done by improving the HACCP stud-
ies and plantings as a feature of the food handling confirmation system (Motarjemi 
and Mortimore 2005). As customers have few assumptions for the food supply, 
including that it should be nutritious, healthy, unadulterated and safe. Lately cus-
tomers have set expanded accentuation on sanitation and expect that food ought not 
to add to persistent illness like cancer and heart diseases. No industry would need to 
see customers becoming sick from utilization of the food it produces while simulta-
neously it loses its standing and the trust of consumer (Knowlton 1981). Guaranteeing 
food safety implies a consistent fight against microbial and chemical risks. To com-
bat this effectively HACCP system gets compulsory for food industries.

As HACCP framework counts all the risks regarding safety of the product and 
process, the HAZOP framework connects significance to the security and safety of 
workers along with equipment. Contrary to conventional safety contemplations, 
there are some other safety concerns novel to non-thermal methods, for example, 
direct impacts of ultrasound waves, execution attributes, and processed materials 
and impact of rays. Consequently, it is hard to build up a single standard for recently 
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received advanced implemented techniques. Effective use of men force and their 
safety are major concerns for any operating industry. In any industry there are a 
number of reasons which can lead towards need of HAZOP implementation for 
innovative/newly adopted technologies; workers safety and safety of equipment’s 
and items are the most important one. Safety of operating procedures of a process 
steps, identified constructive nonconformities in apparatus and system, overall will 
improve the safety of already existed plant and will help to decide that where a plant 
should be installed. To check and assure all these points HAZOP application 
becomes complementary for industries (Boonthum et al. 2014). To meet above pro-
tection assessments any enterprise calls for a systematic evaluation of protection, 
hazards, and associated risks within different operating units (storage room, pro-
cessing hall, etc.), within the chemical process industry or in different words, calcu-
lation of risk to the general public health, plant and surroundings due to risky 
operation/mishap in a chemical system plant. HAZOP is one such study, wherein 
potential risks to the plant, to the personnel, and to the plant environment are recog-
nized, assessed, and various chance factors are computed primarily based on the 
chance of prevalence and the effects of such dangers (Khan and Abbasi 1997). 
HAZOP mainly identify all momentous accident results and major reasons behind 
these accidents including the which can be occur and the majority of accident 
causes, including all the cases which are likely to occur i.e. have a full-size danger 
contribution (Taylor 2017).

4  Hazard Analysis Critical Control Point HACCP

The hazard analysis critical control point (HACCP) system is a procedure that iden-
tifies and perceives the dangers and risks connected with the processing, storage and 
delivery of products, and implements the best controls focused on the elimination of 
the risks at specific point in processing (Kushwah and Kumar 2017). HACCP is 
main element of modern food safety management system as layout, application, 
control and management. HACCP system is very critical and important for the pro-
duction of safe food products. HACCP (abbreviation of Hazard Analysis Critical 
Control Point) was developed by the Natick Army Laboratory of the National 
Aeronautics and Space Administration of USA with association of non-public 
effective food company Pillsbury for starting a food producing management system 
that’s ensure the food safety of astronauts (Motarjemi et al. 1996). The idea was 
recognized and acclaimed between professionals in food safety on its application in 
1960. From 1960s, HACCP had become the gold standard in valuing food safety 
from farm to fork.

HACCP food safety system considered as a cost-effective system for food safety. 
It is a safety tool and it must be implemented as a safety tool in complete production 
line (Knowlton 1981). Food technologist take the food in terms of hazards and risks, 
“Hazard” known as any biological, chemical or physical agent which cause an 
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adverse health effect in human. Hazard Analysis and Critical Control Point 
(HACCP), a food safety tool, is mainly known as a powerful way to reduce the risks 
in the food industry. HACCP stimulates an efficient, protective approach to improve 
food safety regarding biological, chemical, and physical hazards tangled in food 
production line (Boonthum et al. 2014). The key and novel function of HACCP is to 
control product quality over the critical steps in the production line than normally 
inspection of finished products. Producers got a scientific methodology for finding 
and avoiding potential hazards, and compromised product quality (Khan and Abbasi 
1997). Literature of safety and management showed that HACCP is a food safety 
tool which enables the safety of food products and significant protection for both 
customers and enterprises.

4.1  Principles

The HACCP is a food safety system which basically comprises of seven principles. 
A working framework developed by using these seven principles along with quality 
and safety characteristics of system (Taylor 2017). This combination of food safety 
approach and systematic quality approaches known as an important aspect of 
HACCP implementation in any industry by food scientists.

These are the universal principles of HACCP

• Draw a process flow diagram and conduct a hazard analysis
• Pointing the critical control points in process flow diagram (CCP’s)
• Defining critical limits for identified critical control points
• Development of a system for monitor/control of the CCP which were identified 

by establishing principle 2 of HACCP
• Establish a plan to take a corrective action when the previous step indicates that 

any of the CCP’s is not under control.
• Development of a system that verify that implemented HACCP system is work-

ing competently.
• Establishment of a documentation plan which keeps all the procedures, and keep 

the record of deviation which occur and handled according to principles (Dunjó 
et al. 2010)

4.2  HACCP and Non-thermal Processing

4.2.1  Quality Assurance

One of the pillars in food manufacturing is quality assurance during production, 
monitoring which involves a number of analyses of product (Casola et al. 2019). 
Before the implementation of non-thermal technologies in food sector, some of the 
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analysis was performed with destructive thermal technologies, which were also 
time taking and long testing procedures. Non-thermal technologies are helpful for 
such analysis, for instance, ultrasound with low-intensity has been used to assess the 
quality of watermelons, avocados and mangoes by estimating ultrasonic restrictions 
such as speed and attenuation relative to the physical properties of the medium. The 
quality of red meat, white meat, cod, pork, milk, alcohol, sugar solutions and ghee/
oil is assessed using ultrasonic parameters, applying the principle that how the wave 
structure (speed and attenuation) relays the physical structure of the medium 
(Cuihua 2014). Cheese texture, vegetables (cooked) texture, and ripening level of 
fruit all have been accessed using ultrasonic waves (Sicaire et al. 2015). High pres-
sure processing (HPP) inactivates the microbes by applying the high pressure on the 
cell membranes which results in rupturing of cell. The Pulsed Electric Field (PEF) 
make negligible changes in food properties while ensuring optimal safety. Pulsed 
light is used in the treatment of various (transparent) fluids. Both high pressure pro-
cessing and pulsed electric field treatments kill vegetative bacteria, mainly by 
mechanical destruction of cell structure (Kushwah and Kumar 2017). Food quality 
is an important component that compels the development of innovative technologies 
to lessen thermal decomposition, remove foodborne pathogens from food products 
and provide maximum nutrient products. Non-thermal techniques can be used, but 
important control procedures of non-thermal processing are required (Motarjemi 
et al. 1996). The HACCP program needs to be set up for use in food engineering, in 
which critical control points of food processing can be identified so that potential 
risks can be controlled in the production of a safe quality product.

4.2.2  Process Control

Wherever HACCP is implemented it covers all the going on process in food pro-
cessing plant from transportation of raw material to packaging of end product as 
well its storage or placement in warehouse. As HACCP is systematic and following 
approach, so for proper working flow charts are necessary which contain all steps 
that have to be followed in any specified process. This flow chart must be confirmed 
by the HACCP team members. In non-thermal novel techniques different equip-
ment’s used which basically modulate and preserve the foods which are of liquid 
and semiliquid consistency (Arvanitoyannis and Stratakos 2010). In non-thermal 
processing modification or change in characteristics like emulsification, foaming 
etc. and preservation, needs a heat exchanger and a treatment area which varies 
according to technology being used for example it may be use of high pressure, 
ultrasonic waves, gamma rays or pulsed electric field. Hazards which are mainly 
focused are of three types i.e., physical, chemical or biological. HACCP team 
selects these hazards according to process and equipment. In pulsed electric field 
treatment, electric field strength, pulse waveform, energy input, temperature, food 
composition and volume to be processed are considered as critical control points. In 
ultrasound treatment of food, intensity of ultrasonic waves, time of contact, type and 
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Fig. 27.1 CCP decision tree for HACCP system

nature of microorganism, composition and volume of food to be processed are con-
sidered as critical control points. In processing by gamma rays, critical control 
points are assumed to be the dose of rays, exposure time, type of product, type and 
nature of microorganism Therefore, the HACCP team needs knowledge of the 
potential microbial, chemical, physical and biological hazards associated with the 
processes under evaluation. After identifying current hazards and control measures, 
a step or process is defined so that food safety risk can be avoided, eliminated, or 
reduced to an acceptable level (Barbosa-Cánovas et al. 1999). This stage or control 
process is an important control point (CCP). CCPs are selected using the CCP 
Decision Tree (Fig. 27.1). This decision tree is designed to assist the HACCP team 
in determining the critical control point against a control point that can handle spe-
cific, logical questions. This assumed decision tree is not perfect and main purpose 
is to get attention of HACCP team members, to identify the critical control points 
and what action should be taken to control the hazard (Table 27.2).
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Table 27.2 Critical control points according to decision tree

Processing steps

Questions from the CCP decision tree CCP or 
not a 
CCP Hazards associatedQuestion 1 Question 2 Question 3 Question 4

Reception of 
raw material

Yes Yes CCP Microbes, physical 
pollutants, 
chemicals

Storage Yes No Yes Yes Not a 
CCP

Preparation No No Not a 
CCP

Mixing Yes No Yes Yes Not a 
CCP

Adulterants, excess 
of food additives

Pulsed electric 
field treatment

Yes Yes CCP Biological, 
physical and 
chemical

Ultrasound 
treatment

Yes Yes CCP Biological, 
physical and 
chemical

Irradiation 
treatment

Yes Yes CCP Biological, 
physical and 
chemical

Drying Yes No Yes Yes Not a 
CCP

Aseptic 
packaging

Yes Yes CCP Pathogenic 
microbes

Finished product 
storage

Yes Yes CCP Pathogenic 
microbes

4.2.3  HACCP and Preservation Through No Thermal Processing

In food preservation main aim is to kill or inactivate unwanted microorganisms. 
There are many treatments used for this purpose like sterilization and pasteurization 
but this process may contribute to quality of food by affecting its characteristics 
(Soriano et al. 2002). Non-thermal food preservation includes the innovative tech-
nologies which basically target the initial population of undesirable microorganisms 
to a level that is considered to be safe, without effecting or minimal effect on food 
quality characteristics.

In HACCP approach the key attention is given to avoid contamination and dete-
rioration of products by keeping a check on coming raw material, processing ingre-
dients, packing materials and subsequent processing in the food processing plant, 
cross-contamination and degradation of products, their subsequent inspection, 
acceptance and storage until they are used, and inspections or complete check on 
semi processed and fully processed products from the time when they were pro-
duced (Notermans and Mead 1996; Vanne et  al. 1996). Nevertheless, with some 
emerging technologies, microorganisms become more resistant over time to the 
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action of specific factors such as pressure, electricity, or sound waves. In these 
cases, some reports show a positive effect on some microorganisms and enzymes 
when combined with other preservation techniques (Piyasena et al. 2003). However, 
with some new processing technologies, microbes become more resistant over time 
to the action of specific factors such as electricity or high intensity sound waves. In 
such cases these techniques can be used in combination to produces the desired 
results (Rodríguez et al. 2003). High pressure will have a lethal effect on undesir-
able microbes when applied in combination with ultrasound treatment. If ultrasound 
used as single process, its effects are too gentle towards microbial population. To 
increase the effectiveness of processing or preservation, ultrasound can be com-
bined with pressure or electricity too and same with the other non-thermal food 
preservation technologies (Soria and Villamiel 2010).

5  Hazard Analysis and Operability

Hazard analysis and operability (HAZOP) is a systematic methodology used to ana-
lyze the process to identify ways in which parameters or specific conditions of the 
process or equipment can deviate from their intended specification or standards and 
thus cause hazards or problems with operability (Single et al. 2019). It is the most 
commonly used Process Hazard Analysis (PHA) method accepted by regulators all 
over the world today. The main objective of the HAZOP is to identify potential 
process, plant, equipment, or operating system hazards. These hazards may include 
those that are relevant to a particular localized area of a process, equipment, or oper-
ating system, as well as those that may affect or influence upstream and downstream 
plant processes (Baybutt 2015). HAZOP also identifies possible operational prob-
lems and the causes of operational disturbances and production abnormalities within 
the process, equipment and operating systems. This method identifies the deviation 
from the intended specific conditions by using guide words such as No, More, Less, 
As well as, Reverse, and Other Than to the process parameters such as pressure, 
temperature, flow, reactions, etc. on the specific portion of the process at which 
specific parameters are being investigated for deviation called Nodes (Hyatt 2018). 
A significant advantage of HAZOP is that the resulting expertise, gathered in a 
standardized and comprehensive way to recognizing possible hazards and operabil-
ity issues, provides the investigation team with more details when assessing suitable 
remedial steps and thereby processing safety barriers or safeguards (Taylor 2017).

5.1  Principles

Basic underlying principles are as follow:

• Definition and preparation – Scope and objectives of HAZOP analysis are 
defined comprehensively and teams with different expertise are selected for 
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assigning specific responsibilities. Plan for HAZOP study, collect data, deter-
mine the style of recording and arrange meetings (Hyatt 2018).

• Design representation - A descriptive model adequately describing the system, 
equipment or process under analysis, its parts and elements, and identifying their 
process parameters. The representation may be of the physical design or logical 
design that gives the function of each part and element qualitatively and quanti-
tatively (Siddiqui et al. 2014).

• Examination – Divide the system into parts or sections (Nodes) and then select 
the nodes and define node intent (desired process behavior) and process param-
eters. Identify deviation by using guide word on process parameter, identify and 
record the cause and consequences of this deviation and then estimate its sever-
ity, like hood and risk (Rossing et al. 2010). After this, identify and establish 
protection and corrective actions to mitigate this deviation and set up monitoring 
procedures to check the efficiency of corrective actions.

• Record keeping and documentation- record the examination process and doc-
ument the final output report of the analysis and follow up on actions required.

5.2  HAZOP and the Potential Hazard of Using 
Non-thermal Equipment

5.2.1  Ultrasonication

Ultrasonication is a non-thermal processing technique that creates alternating low- 
and high-pressure waves, causing the development and vigorous collapse of micro-
bubbles called cavitation. Recently, much attention has been centered on ultrasound 
application in food processing, preservation and active compound extraction. Many 
research studies indicate technological benefits from the integration of conventional 
techniques with ultrasound. Ultrasonication generally requires processes that can 
reduce processing time and increase rates, improve quality and safety, (Ravikumar 
et al. 2017).

Direct effect on operators Accidental operator’s contact exposure to ultrasonic 
waves is the key threat that operators can face during the processing operation. Much 
industrial application of ultrasound often incidentally produces and transmits sound 
waves at high-pressure level in the sonic and ultrasonic range in the air can cause a 
hazard to be arising from the airborne ultrasound reception of ears (Smagowska and 
Pawlaczyk-Łuszczyńska 2013). Operator contact exposure occurs due to the direct 
intimate interaction between the transducer and the operator tissues when there is no 
air gap between them. An air gap, however, can decrease the transmitted ultrasonic 
energy. Accidental immersion of the operator’s body parts i.e., hands in an ultrasoni-
cally excited water bath may cause tissue damage and approximately 65 percent of 
the energy transmitted to the bone from radiations (Sicaire et al. 2015). Ultrasound 
equipment running at a low frequency will readily cause tissue damage through con-
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tact exposure. The ultrasonic wave emitting from the humidifier can cause severe 
pain in the finger within a second due to overheating of bones. However, when the 
ultrasound equipment operating at high frequencies between 20 and 40  kHz can 
cause pain in the operator’s hands on direct exposure to ultrasonication (Shankar 
et al. 2011). Ultrasound equipment is an electrical system that provides operators 
with a possible threat. Electricity is an invisible energy that, during electrical instal-
lation, makes it much more dangerous because it can readily cause electric shocks 
and burns, and even pose a possible fire hazard (Jafari et al. 2012).

The indirect effect on operators Airborne ultrasound waves primarily cause a 
seriously detrimental effect on the nervous system and cause harm to the operator’s 
ear. Several other health consequences caused by ultrasonic waves such as fatigue, 
nausea, headache, tinnitus, hearing loss, and disruption of neuromuscular synchro-
nization have been reported (Kühler et al. 2019). Direct exposure to both ultrasonic 
waves and audible acoustic energy can also cause hearing loss, nausea, headache, 
fatigue and tinnitus in females working near the area of an ultrasonic cleaner. The 
same symptoms have been experienced by the operator working with laboratory 
equipment’s operating at high-frequency acoustic/ultrasonic waves (Ahmadi et al. 
2012). The use of acoustical energy of 165 dB can cause the local heating and burn-
ing sensation in the gaps between the fingers and excruciating heating and burning 
sensation on the hand palm after several second of exposure, primarily due to sound 
waves absorption and heating (Chen et al. 2006).

5.2.2  Pulsed Electric Field Technology (PEF)

PEF is a non-thermal processing technique operating at moderate temperature by 
exposing the food material to short pulses at high electric field intensities (Toepfl 
et al. 2014). The food industry has strong prospects of using PEF processing because 
promising results have been obtained on the nutritional improvement, product safety 
and inactivation of unwanted microorganisms. Besides, problems with nutritional 
losses in PEF treated foods seem to be minimal. In conjunction with other non- 
thermal processing techniques or mild heating techniques, the use of this technol-
ogy will increase microbial destruction (Syed et al. 2017).

Direct effect on operator The operator can face a serious threat of accidental con-
tact exposure to the pulsed electric field during the processing operation. Direct 
exposure to an electric field can damage the skin tissue, redness and burning 
 sensations (Pakhomova et  al. 2012). Cataract development has been investigated 
due to exposure of the eye to high-intensity electric field radiation (Liu et al. 2017). 
The electric field in the processing area is more dangerous because it can cause 
electrical shocks, burns, muscular spasms, headaches, convulsions, nervous disor-
ders, cardiac arrests and even pose a possible fire hazard in the processing area.

The indirect effect on operator The electric field can affect the cardiovascular 
system by slightly increasing and decreasing the heartbeat rate (3–5 beats/minutes). 
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Nevertheless, no obvious acute or long-term cardiovascular-related risks have been 
proven at levels below a certain threshold level. When a certain threshold level of 
the field strength has been passed, it can affect the brain nerve tissues, change in 
response time for complex reasoning tasks and change in time perception has been 
occurred in worker or operator in the pulsed electric field processing area. It has also 
been suggested that electric fields might decrease the level of certain hormones such 
as melatonin in operators that ultimately induce the symptoms of cancer (Lerchl 
et al. 2015).

5.2.3  Irradiation

Food irradiation is a non-thermal food preservation process. It is a treatment of food 
exposition on an amount of energy in the form of rays. Irradiation processing results 
in improved microbiological safety reduced storage losses, and prolong shelf life 
depending on radiation dose (Ehlermann 2016). Irradiation treatment is a physical 
process in which controlled doses of the energy of X-rays, gamma rays or electron 
beams are delivered to food commodities, bulk or pre-packaged. Irradiation affects 
living organisms directly and indirectly, such as microorganisms, insects and para-
sites, which results in its preservative effect. The following ionizing radiation has 
been approved for food treatment: cobalt-60, gamma radiation with a maximum 
energy of 1.17 and 1.33 MeV, accelerated electrons beam with a maximum energy 
of 10 MeV, cesium-137 with an energy of 0.66 MeV, and X-rays with a maximum 
energy of 5 MeV, respectively (Roberts 2014).

Direct effect on operator Being exposed to a lot of radiation can cause skin burn, 
skin redness and radiation burns. The direct exposure may also lead to headaches 
and diarrhea in operators and workers dealing with irradiation processing opera-
tions. Radiation exposure beyond a certain threshold level can impair the function-
ing of certain tissues and organs of the body of the operator (Mostafavi et al. 2012). 
During Irradiation processing, electrical shock can occur that is a physical effect 
and a violent electrical force reaction entering the body. The main electrical injury 
indicating tissue damage occurs after the electric current is encountered. Electricity 
can also cause serious burns to the body. The reason is concealed from the electrical 
resistance of the body in the power dissipation. The symptoms of shock can be car-
diac arrest, tissue and organ burns, muscle spasms, extreme nervous system effects, 
and any unexpected consequences (Mettler 2012). Other disorders, depending on 
which organs the current passed through, can occur within weeks or months after 
the shack.

The indirect effect on operator Extremely high radiation exposure can cause 
acute health problems such as radiation sickness, headache, hearing loss, and skin 
redness and burns, just like being exposed, like being exposed to an atomic explo-
sion (Dörr and Meineke 2011). Long-term exposure may cause health problems 
such as cardiovascular disease and cancer. However, the low ambient radiation 
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Table 27.3 Operability hazards associated with non-thermal technologies

Non-thermal 
processing 
techniques

HAZOP and process parameters where 
hazards can occur Hazards

Ultrasonication Sound energy density, intensities and 
frequencies, temperature, ultrasound 
power, size and shape of ultrasound 
reactor, solvent, external pressure and 
presence of dissolved gases, properties of 
the matrix

Electric shock, airborne 
ultrasound waves, increasing in 
process temperature, high 
ultrasound power, rusting in the 
chamber

Pulsed electric 
field (PEF)

Electric field intensity and field strength, 
wave type, pulsed numbers, frequency 
and width, processing time and 
temperature, solvent

High electric field intensity, 
process temperature, changes in 
wave type and shape,

Irradiation Irradiation source, dose, time, 
temperature, radiation wavelength, 
frequency, intensity dose distribution, 
irradiation chamber and detector

Overdosage beyond a threshold 
level, detector malfunctioning, 
radiation sources

exposure level does not cause immediate health consequences but is a small con-
tributor to the overall risk of cancer (Singh and Seed 2018). Radiation exposure over 
a short period can cause symptoms like nausea and vomiting within hours and often 
result in death over the following days and weeks which is called acute radiation 
syndrome. Radiation exposure can damage operators’ tissues and organs depending 
on the dose of radiation received or absorbed, which is generally expressed in an 
international unit called gray (Gy). The potential damage from an absorbed dose 
also depends on the radiation type and the sensitivity of different tissues and/or 
organs. More than 0.75 Gy exposure can induce the symptoms of acute radiation 
syndrome. However, exposure to the low radiation level does not cause immediate 
health effects but can lead to a small increase in cancer risks over a lifetime (Kamiya 
et al. 2015). These health consequences are more severe at higher doses rates and 
longer exposure (Morgan and Sowa 2015) (Table 27.3).

6  Nonthermal Technologies for Safe Use

6.1  Ultrasonication

Limited occupancy and direct or indirect contact exposure to high-power ultrasound 
operating areas must be always prohibited. The operating staff and industrial safety 
inspectors should be informed about the potential adverse effects of high-power 
ultrasound waves and the appropriate protective actions to be taken. Only operators 
trained for the use of ultrasound equipment or persons under strict control should be 
permitted to enter the facility when the equipment is running. Safety labels must be 
displayed on the high-power ultrasound systems that could cause a person to receive 
ultrasound contact exposure and the equipment should not be touched when it is 
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working or a certain part of it (Badri et al. 2012). The low-power ultrasound levels, 
in general, cause little risk of harm from accidental contact exposure. However, 
excessive contact exposure should be avoided as biological impact data are still 
inconclusive. It is important to put warning signs on all high-power ultrasound 
products.

There should also be a statement accompanying each alert sign that shows safety 
and precautionary measure to be taken when the equipment is operating. Safety 
labels should be displayed on all ultrasonic cleaning tanks to alert operators not to 
touch or immerse hands or other parts of the body in the tank when the cleaning 
process is running (Houston et al. 2011). The safety protocols for staff protection 
must ensure that the ambient sound pressure levels should not exceed the recom-
mended maximum allowable level for the operator. This is done first by measuring 
the acoustic energy and where possible, by lowering exposure levels with certain 
engineering controls, by installing sound-absorbing materials and containment baf-
fles on or in its path. If it is not possible to provide engineering controls, then ear 
protection should be used that reduces the amount of ultrasound in their ears (Chen 
et al. 2013).

6.2  Pulsed Electric Field Technology

During PEF treatment, voltage strength, which is in the kilovolt range, is the main 
concern for the operators working in the PEF facility. A high voltage power supply 
is required to charge the capacitor and the discharge switch releases the stored elec-
tric energy in the form of the electric field through the product (Nimunkar and 
Webster 2008). The power supply, capacitor and treatment chamber must be con-
fined in the restricted access area with interlocking gates. If opened when the power 
supply is on, the gates will shut the pulser off. There should be emergency switches 
with easy access in case of a process failure and discharges locks must be given to 
discharge the products from the facility before the repair or inspection of the equip-
ment’s take place (Knoerzer et al. 2012). All chamber connections must be sepa-
rated and the material carrying pipes to or from the treatment chamber must be 
attached to the ground in case of high-voltage leakage through any fluid in contact 
with the treatment chamber.

Detailed standard operating procedures for operating and maintaining the equip-
ment should be in place and training must be conducted to educate and taught these 
procedures to the operator involved in the PEF.  Proper warning signs for safety 
measures and risks must be in place in the manufacturing areas. The cleaning solu-
tions i.e., detergents and sanitizers must be chosen that comply with the regulations 
of the FDA and UDSA or those of similar organizations in other countries. Operators 
must use safety equipment such as face masks, caps, apron, gloves and goggles 
when employing and eliminating the cleaning solutions. There must be a complete 
method to specify when, where, which and how to use cleaning and sanitizing solu-
tions. Proper record-keeping is required to avoid contamination of the goods with 
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detergents and cleaning solutions. There should be a complete layout of the facility/
plant including details on the location of equipment and emergency exits. The lay-
out must reflect modifications to the configuration of the facility (Vega-Mercado 
et al. 2004).

6.3  Irradiation Processing

The basic criteria for designing safe radiation processing equipment must ensure 
that access to the radiation room is denied during exposure to the irradiation source 
and ensure that no person is exposed to the radiators when inside the irradiation 
processing area. Irradiator operators work closely with a certain irradiator and are 
usually responsible for their safe operation day after day (Ic and Cetinkaya 2020). 
The irradiator should only be approved for use by trained irradiator operators. 
Education and training should be given to operators together with their responsibili-
ties and duties for operating irradiating equipment. The personnel who routinely 
enter i.e., irradiation equipment operator and maintenance staff, should be subjected 
to dose monitoring. This personnel should wear whole-body monitoring gadgets 
such as dosimeter, film badges, optically stimulated luminescent dosimeter(Hine 
and Brownell 2013).

The International Atomic Energy Agency (IAEA) has regulated the safety stand-
ers that can establish safety requirements to ensure the health safety of operators 
and environmental safety from the harmful effects of high levels of ionizing radia-
tions. Fundamental principles and procedures are established to monitor the expo-
sure of humans to radiations and the release of radioactive materials to the 
atmosphere. These principles and procedures reduce the risk of events that may lead 
to radiation and minimize the effects of events if they occur. The protective measure 
should be implemented to the activities and processing area facilities that can cause 
radiation threats which include the use of radiation and its radioactive sources, 
transport of radioactive materials, and its waste management, etc. The safety assess-
ment of the plant and its equipment should be conducted regularly for identifying 
and assessing the plant’s predictive response to postulated equipment failure or mal-
functions, a common cause of equipment failure and expected human errors and any 
other external events that could lead to an accident. Combinations of certain mal-
functions, failures, errors and incidents should be included in this HAZOP analysis 
(Abdul-Halim and Davey 2016).The operating organization can consult a profes-
sional expert for regulating the radiation safety measure and for solving issues relat-
ing to radiation safety maintenance of engineering features and other facilities, 
health and safety optimization, dosimetry and radiation control, abnormally high 
exposure and over-exposure investigation, safety evaluation and contingency 
arrangements, improvements to a facility, equipment or facility (Parlato et al. 2014).

Radiation rooms are equipped with monitors that can detect high levels of radia-
tion. High radiation levels occur in case of an accident such as when the electron 
beam is expected to be switched off or when the radioactive source is expected to be 
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in the fully shielded position. Some fixed detectors are also designed to detect a high 
level of radiation when the product leaves the radiation room, a potential indicator 
of the dislodging of radioactive material from the radiation room. The radiation 
dose rates may be temporarily higher after the equipment has been shut down due 
to the dark current and the presence of activation products in the shielded, accelera-
tor and ancillary parts of equipment. Radiation level survey of irradiation process-
ing area should be carried out before personnel are permitted to enter.
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Chapter 28
Innovative Success Stories on Commercial 
Non-thermal Technologies - Interviews 
of Major Food Industries Working in This 
Area

Yuthana Phimolsiripol, Kasemsak Uthaichana, Noppol Leksawasdi, 
and Choncharoen Sawangrat

1  Cold Plassma Technology for Startup Company

High quality and safe foodstuffs are one of the fundamental achievements by this 
technology. The quality of foodstuffs has gained considerable attention with expec-
tation of uncompromising hygiene level. The Food and Agriculture Organization 
(FAO) estimated that nearly 25% of food is contaminated by either undesirable 
chemicals, such as pesticides or mycotoxins, or undesirable microorganisms, like 
fungi and bacteria (Batos et al. 2017). These unwholesome substances and microbes 
are transferred to food due to pre-harvest or post-harvest contamination. A number 
of contaminated microorganisms and chemicals in food and feed can be mitigated 
by keeping appropriate measures during the primary agricultural production as well 
as further post-harvest and processing (Phan et al. 2017a). Non-thermal cold plasma 
technology has been applied in several foodstuffs such as mango in terms of pesti-
cides mitigation (Phan et  al. 2017b, 2018) and microorganism contamination 
removal (Phan et al. 2019). In addition, the modification of rice using cold plasma 
technology was also investigated by Noppakun et al. (2021). The success story of 
startup company for cold plasma technology for pesticide residue decontamination 
was initiated by one PhD dissertation from Chiang Mai University, Chiang Mai, 
Thailand. The flagship product of the company is a plasma activated water generator 
in the household scale as called “REMO” as presented in Fig. 28.1.

The developed technology was the startegic partnership of the Science and 
Technology Park (STeP) and Thai-Korean Research Collaboration Center (TKRCC), 
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Fig. 28.1 House-hold machine of plasma activated water generator (REMO) produced by Thai 
Startup company

Chiang Mai University. The PhD candidate started the project by obtaining the cold 
plasma treatment from TKRCC and applied the treatment for pesticide residue 
decontamination to various fruits and vegetables. The key point of pesticide decon-
tamination is reactive oxygen species (ROS) production by cold plasma while com-
bining the massive amount of microbubble for improving the machine efficiency. 
The budget for commercial version of the prototype was about US$ 50,000 funded 
by TED  Fund Ministry of Higher Education, Science, Research and Innovation, 
Thailand.

Before startup launching, the founders participated in a business model competi-
tion called “Research to Market” (R2M) supported by STeP in 2014. The develop-
ment of commercial purpose machinery was soon followed and resulted in the first 
prize of startup Thailand league in 2017. The additional prize was also received 
from the Government Savings Bank in the same year. In this stage, the developed 
machine is still required to be registered in accordance to Thai Industrial Standards 
with expert company from Italy. Although the machine is not relevant to the FDA 
approvement, the process of future application in food industry is still required for 
novel processing.
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2  Radio Frequency (RF) in Rice Industry

Radio frequency (RF) is a rate of oscillation in the range of 3 kHz to 300 GHz, 
which corresponds to the frequency of radio waves. RF heating is the process in 
which a high-frequency alternating electric field and electromagnetic radiation 
rotates molecular dipole of dielectric material generating thermal energy. RF dielec-
tric heating at intermediate frequencies, due to its greater penetration over micro-
wave heating, shows greater promise than microwave systems due to the relatively 
short processing time. Uniform heating is also observed with extensive elimination 
of parasites and pests in certain harvested crops (Vearasilp et al. 2015).

This story started from the research group from Faculty of Agriculture, Chiang 
Mai University, Chiang Mai, Thailand for more than 15 years ago. The fruitful col-
laboration between Professor Dr. Suchada Vearasilp and Professor in Gottingen 
University, Germany by Thai-German Research Platform was supported by Asia 
Development Bank Fund which resulted in the laboratory scale RF machine. The 
insect decontamination experiments were then carried out in Thailand as a represen-
tative of suitable tropical countries. The seed treatment, insect elimination strategy, 
decontamination of mold, and drying process were investigated thoroughly. 
Subsequently, Vearasilp et al. (2015) developed a prototype of RF heating system at 
27 MHz which was further developed to control rice weevil contamination in milled 
rice. The insects at all four life stages, especially the eggs and adult insects were 
completely eradicated at 50–55 °C with exposure time for at least 2 min. In term of 
rice physical quality, the color of treated rice at 50 °C for 0 and 3 min indicated no 
significant difference (p > 0.05). This prototype is thus highly effective in com-
pletely eliminate insects in rice.

As the conventional chemical strategy of applying phosphene to rice was no 
longer desirable due to awareness of consumers towards possible chemical residue 
in rice. The development of RF technology as alternative clean and green method 
with chemical-free process in rice treatment industry has become very promising. 
Once the small-scale  technology for 5  kg capacity production (batch type) was 
proven, the continued success has gone further by the support of STeP and the 
Science Park Promotion Agency (SPA) Thailand to construct the RF pilot plant with 
the capacity of 1,000 kg/h per module or 8,000 kg/day capacity production as shown 
in Fig. 28.2. This could perfectly match the demands by several co-operatives in 
many provinces. The module can also be stacked to meet higher demands by large- 
scale rice milling production.

After the success in feasibility study of 1000 kg/h production per module (1 RF 
source), the RF technology was adopted by a rice machinery company namely “Yon 
Phol Dee” whose owner is also a PhD candidate in Faculty of Agriculture, Chiang 
Mai University. The main business of Yon Phol Dee is production of rice and seed 
milling machines. Yon Phol Dee has developed the BIO-Q for commercialization 
(Fig.  28.3) with approval from Ministry of Industry for Thailand Industrial 
Standards. The Innovative Product from National Innovation Agency (NIA) also 
recognized BIO-Q and induct the unit as innovative product. This is another success 
story case of non-thermal processing in industrial commercialization.
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Fig. 28.2 Pilot plant RF technology for controlling rice weevil in milled rice

Fig. 28.3 Commercial BIO-Q RF technology machine controlling rice weevil in milled rice

Y. Phimolsiripol et al.



775

3  High-Pressure Processing (HPP) in Tuna Industry

Another interview of success story is tuna industry in which a representative from 
the Thai Union (TU) Group PCL has participated. TU Group PCL is a world’s sea-
food leader for more than 40 years with the aims of pioneering the sustainable high 
quality, healthy, tasty, and innovative seafood products to customers across the 
world. Today, TU is regarded as the world’s largest producer of shelf-stable tuna 
products with annual sales exceeding US$ 4.03 billion and a global workforce of 
over 49,000 personnels. The company’s global brand portfolio also includes market- 
leading international brands such as Chicken of the Sea, John West, Petit Navire, 
Parmentier, Mareblu, King Oscar, and Rügen Fisch and Thai-leading brands 
SEALECT, Fisho, Qfresh, Monori, Bellotta and Marvo.

The beginning of TU success story arises from the global vision for innovation 
and establishment of the Global Innovation Unit. TU allocated large budget to con-
struct the pilot plant with interests of adopting novel non-thermal food processing 
technique such as HPP. This technology applies high hydrostatic pressure through 
water with multiple advantages for foods and beverages processing. The pilot plant 
is equipped by leading-edge technology to innovate sustainable and value-added 
products. Global Innovation Incubator (Gii) was in charge of this seafood pilot plant 
and Gii extension during 2014–2015. The results of US$ 6.3 million investment 
boost in this project by TU has helped facilitating vision of the Royal Thai 
Goverment to become a hub for food research and innovation. The TU’s novel food 
product - “Premium Yellowfin Tuna Slices”, a ready-to-eat, pre-sliced tuna prod-
uct made from whole tuna loins, was launched in 2018 as presented in Fig. 28.4. 
This product has been awarded as the Best New Foodservice Product Category of 
2018 Seafood Excellence Award in at Boston’s Seafood Expo, USA.

TU’s Yellowfin tuna slices are the world’s first pre-sliced, pre-seasoned tuna 
made from whole yellowfin tuna loins. This product is developed to provide health-
ier and convenient alternative to traditional luncheon meats which is suitable for 
sandwiches, salads, charcuterie and cold-cut platters. HPP technology is used to 
modify the texture of normal tuna to novel texturized tuna slices. As mentioned by 
Scott Solar, TU director of food service, nutritionists have encouraged the public to 
add more seafood into their diet, but food service has offered few new alternatives 
to the conventional beef, pork, chicken and turkey cuisine. The challenge is to mod-
ify the classic deli experience by making sliced tuna a ready-to-eat option with 
added health benefits to sandwiches and salads. TU developed Yellowfin Tuna 
Slices at Gii where the company utilized innovative and patent-pending technology 
to deliver a fresh and novel way of processing and consuming tuna.

The story started by the idea of develop new tuna product by Gii which seeking 
the novel non-thermal processing such as HPP as alternative to conventional ther-
mal processing to obtain the new product. The main reason for developing the new 
product is also influenced by high amount of water consumption system and high 
temperature. Since 2015, Gii started sending tuna sample to Commonwealth 
Scientific and Industrial Research Organisation (CSIRO), Australia for evaluation 
on possibility of HPP implementation. Laboratory scale processing indicated that 
the processing should combine high pressure and sterilization. The first trial of 
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Fig. 28.4 TU’s Yellowfin tuna slices. (Source: Thai Union (2021))

product development resulted in overcooked product with rubberlike texture that 
could be sliced in similar manner as ham. Gii team concluded that the texture was 
very different from common tuna and the HPP should be optimized for better tex-
ture. The optimization of temperature and pressure conditions were soon followed. 
The research and development team also sought collaboration with other research 
agents aroud the world.

The second step was to establish linkage with HPP machine company such as 
Hiperbaric, Spain, and other research centers such as CSIRO, Australia and 
Campden BRI, UK. During that time, industrial scale HPP was relatively new and 
there was no industrial player of this technology in Thailand. The optimization of 
HPP process for tuna slice was carried out in Spain for more than a year before 
achieving the desirable product. The next obstacle is find the way to sell this novel 
product with FDA approval. TU has a strategic partner with the objective of export-
ing and marketing this product in USA which requires FDA agreement. The 
US-FDA recommended that the product must pass food safety evaluation, espe-
cially Clostridium botulinum and Listeria monocytogenase, by the challenge study. 
TU contacted Campden BRI to perform this safety test in parallel with TU labora-
tory. The test for C. Botulinum was done first and subsequently followed by L. mono-
cytogenase which was examined in the USA. After food safety has been proven, the 
permission for full scale-up production was granted. The construction was carried 
out for 6 months before initial full-scale production. The shelf life of this product 
was about 14–21 days in refrigerator. The approval from US-FDA was beneficial for 
TU leading to the successful application from Thai FDA. This is a success story of 
creating diversification in tuna product by non-thermal processing such as HPP by 
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TU with the total budget of US$ 4 million. The lesson learned is useful for TU for 
future development of innovative products.

In summary, cold plasma technology in fruits and vegetables industry, radio fre-
quency in rice industry and high-pressure processing in tuna industry are innovative 
success stories on commercial non-thermal technologies. The continual dedicated 
collaboration and strong partnership between academic and industrial sectors as 
well as visions of the company all play important factors towards these success case 
studies.
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