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Preface

The science and technology of polymers for agri-food applications is often known as 
“plasticulture.” This agricultural science and technology (Plasticulture Science and 
Technology) is growing daily, and is particularly aimed at developing alternative 
materials that avoid the use of non-biodegradable products obtained from the petro-
chemical industry. Strong concerns related to climate change, as well as new sustain-
able and ecological concepts in emerging economies have driven the development of 
natural polymers for agri-food applications. Synthetic polymers also have a promi-
nent role to play in agro-industry, and as such, they will also be discussed by recog-
nized researchers. This book addresses the different applications of natural and 
synthetic polymers in agri-industrial processes with the goal of improving food crop 
yields while reducing the carbon footprint.

Tomy J. Gutiérrez  
National Scientific and Technical Research Council (CONICET)
Institute of Research in Materials Science and Technology (INTEMA)
Thermoplastic Composite Materials (CoMP) Group
Mar del Plata, Argentina
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Chapter 1
Trends in Polymers for Agri-Food 
Applications: A Note from the Editor

Tomy J. Gutiérrez

Abstract  An expanding world population and a planet limited in natural resources 
are two of the main reasons that have propelled the development of scientific and 
technological solutions that enable the efficient, sustainable, and massive production 
of food and its subsequent preservation. In this regard, natural and synthetic polymers 
have found a place in agri-industry. In this first chapter, we introduce the main 
polymeric systems and their potential applications in agri-industrial processes.

Keywords  Agriculture · Agrochemicals · Controlled release systems · Crops  · Edible 
coatings and films · Foams and emulsions · Horticultural produces  · Hydrogels · 
Micro- and nanoencapsulation · Mulch films · Postharvest

1.1  �Present and Future Perspectives

The future of food presents us with several real challenges, some of which require 
an immediate response. The solutions to others, however, must be built up more 
slowly, especially when contemplating the large amount of food that will be required 
to feed the growing world population, coupled with the limited availability of pro-
ductive lands and water (FAO 2009). Every day science and technology make giant 
steps forward. Even when the answers or solutions are not quite found, progress 
continues to be made by informing us of the limitations of some of the possible 
alternatives or by signposting paths that we should not follow. There are many ways 
that researchers in agri-food can contribute to the pool of knowledge, but increas-
ingly a more complex and holistic approach is sought. This, in turn, requires highly 
trained inter- and intradisciplinary professionals who are also extremely creative, as 
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traditional thought processes can limit progress towards the re-creation and redefi-
nition of some ideas, and even science itself. With this in mind, the high importance 
given to natural and synthetic polymer systems in agricultural production today 
would have been unthinkable a few decades ago. Now, however, we can see how 
polymers have carved a space for themselves in the agri-food sector. For example, 
as micro- and nano-systems encapsulating phytohormones and agrochemicals 
which allow the controlled release of these substances giving food crops what they 
require for growth, as well as protecting them against weeds and insects, whilst 
avoiding damage to the environment (El-Ramady et al. 2018). Some natural poly-
mers have even demonstrated elicitor properties, i.e. they can stimulate plantations 
to create their own means of defense (Merino et al. 2018b). Hydrogel systems have 
also been created as moisture regulators for the long periods of drought that are 
being currently experienced due to global climate changes (Cheng et  al. 2018). 
Polymers have also been used in regulatory agrochemical systems (Xiang et  al. 
2018). Agricultural mulch films protect crops from UV radiation, regulate moisture 
levels and control pests (Merino et al. 2019a,b; Merino et al. 2018a; Merino et al. 
2018c; Touchaleaume et al. 2018). Foams, emulsions, membranes, films and coat-
ings have also made significant contributions to the preservation and extension of 
the shelf life of fruits and vegetables post-harvest (Saberi and Golding 2018). All 
these polymeric systems have been proposed and studied with the aim of increasing 
the production of foods, or avoiding losses during their cultivation, harvest, trans-
port and sale, until they reach the final consumer. In this book, the aforementioned 
polymeric systems will be discussed by several research groups worldwide.
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Chapter 2
Polymer Based Micro- and  
Nanoencapsulation of Agrochemicals

Tanushree Sinha, Prachi Bhagwatwar, Chandan Krishnamoorthy, 
and Ramalingam Chidambaram

Abstract  Agrochemicals such as pesticides and fertilizers have been used to 
increase agricultural production. Most agrochemicals although highly beneficial, 
lead to major environmental and ecological damage. At present, controlled release 
systems such as “encapsulation” are developed to control agrochemicals availabil-
ity, reduce wastage for sustenance and increased production for agricultural plants. 
Polymers, due to their tailorable properties can be used in encapsulation. In recent 
years, micro and nano-encapsulation have shown great promise for a better design 
release of agrochemicals. New sustainable technologies are being designed via dif-
ferent encapsulation techniques, in order to avoid the loss of crops and increase 
agricultural productivity.

Keywords  Agrochemicals · Micro- and nano-encapsulation · Polymer

2.1  �Introduction to Agrochemicals

Agrochemicals have a pivotal role, in maintaining the rising demand for food. 
However, the harmful effects of agrochemicals on the environment and health is a 
major problem with their use. Hence, careful handling of these chemicals is also 
necessary. Agrochemical is a general term that describes the various chemicals used 
in agriculture including pesticides, fertilizers, and other growth agents. Among 
these, pesticides play a vital role in agricultural development by removing harmful 
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pests because greater than 30–40% of the food production goes to waste due to pests 
like insects and weeds (Abhilash and Singh 2009; Campos et al. 2014b). Fertilizers 
also play a crucial role in agriculture, affecting between 35 and 40% food produc-
tion (Ram et al. 2014).

In conventional agrochemicals, the active component is combined with inert 
materials for their safe and easy handling as well as for their effective use in the 
field. However, the immediate release of these active components is the biggest 
issue faced in the field. This is caused due to the quick loss of the agrochemical that 
happens through degradation processes like photolytic, hydrolytic and microbial 
degradation as well as phenomena like volatilization, evaporation, and leaching. 
Thus, accumulation of the active component in the field drops fast, below the con-
centration required to have an effective impact. Since the desired concentration 
should be maintained, agrochemicals must be added repeatedly, eventually resulting 
in various health and environmental issues. Excess pesticides may be toxic to plants 
as well. Newer formulations of agrochemicals have been synthesized that address 
these shortcomings. These formulations release agrochemicals in a controlled, grad-
ual and sustained manner (Prasad et al. 2017; Campos et al. 2014b).

2.2  �Agrochemicals

2.2.1  �Pesticides

Pesticides are agrochemicals that can effectively target the elimination of plant 
pests and diseases for increased crop production. Although the traditional pesticides 
formulations are very effective, they are used in the form of water-miscible formula-
tions or granules or dust which are sprayed on the soil or the plants directly which 
is not a specific site. There is an excess loss of pesticides due to poor dispersion, 
heavy or small dust drifts and high concentration of organic solvent contents with 
only 1% of the used pesticide finally reaching the target organism, contributes to 
serious environmental pollution, excess wastage and very high expenses for farm-
ers. To avoid these excess losses and unwanted exposure to other organisms and the 
environment, a controlled release system which releases the pesticides in a sus-
tained manner at a suitable location and an at a suitable time is desired. Intense 
research has opened a gateway to many diverse controlled release systems amongst 
which encapsulation of pesticides with polymers is majorly assessed as the most 
advantageous.

To date, studies on pesticides can be differentiated based on the target organism 
to be eliminated. They are:

i.	 Insecticides-As the name suggests, they are used to kill insects by targeting their 
habits by specific formulations in the form of aerosols, solids, liquids or gran-
ules. For example, flying pests are a target by using aerosol sprays or fogs, while 
surface powders, sprays or granules for dermal and/or oral entry is best suited 

T. Sinha et al.
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for crawling insects. Through different paths the insecticides reach inside the 
insect’s body, thus, poisoning them.

ii.	 Herbicides- targets plants that are unwanted and competitively inhibits the 
growth of the agricultural plants, thus, affecting the agricultural produce.

iii.	 Bactericides- targets bacteria.
iv.	 Fungicides- targets fungi.
v.	 Larvicides- targets larvae.

Thus, pesticides target different organisms based on the major infestation or the 
risk of an infestation of a specific organism.

2.2.2  �Fertilizers

Fertilizers including macro- and micro-nutrients are some of the most important 
agrochemicals for crop production, in terms of both quality and quantity (Wen et al. 
2016). The characteristics an ideal fertilizer should have are:

i.	 It should allow optimal growth for plant and enough nutrients with a one appli-
cation per season.

ii.	 It should give the maximum percentage recovery and absorption of nutrients to 
achieve highest returns from the expenses on raw materials and input.

iii.	 It should have minimum detrimental side effects on the soil, water and atmo-
spheric environment (González et al. 2015; Neamtu et al. 2015).

Nitrogen is the most vital nutrient for soil fertility and plant growth and plays a major 
role in agricultural productivity, although only about 30–50% is efficiently utilized. 
Phosphorus (P) is the second most important macronutrient for plants after nitrogen. 
When phosphorus is applied as fertilizer, plant uptake is limited to 10–25% and the 
rest is lost to leaching in soil. Urea is an economically favorable fertilizer due to a 
high nitrogen content and low production cost. The consumption of urea has increased 
by about 29% after the green revolution in India. However, the major disadvantages 
of urea are ammonia volatilization and nitrate leaching which lead to a high loss rate 
and low efficiency, eventually resulting in economic loss and environmental haz-
ards. The use of nitrogen fertilizers has been useful but has had harmful effects on 
the beneficial microbes that live in the soil. Simultaneously, large quantities of the 
fertilizers are not taken up by plants due to run-off and cause pollution (Wen et al. 
2016; Navarro-Guajardo et al. 2017; Duhan et al. 2017).

Biofertilizers are beneficial microorganisms like fungal mycorrhizae, 
Azotobacter, Rhizobium, phosphate solubilizing bacteria like Pseudomonas and 
Bacillus, Azospirillum and cyanobacteria. Microorganisms break down com-
plex organic matter into simple compounds containing micro and macronutri-
ents, improve soil fertility, and increase crop yield. The use of biofertilizers has 
drawbacks like temperature sensitivity, short shelf life, and storage issues 
(Duhan et al. 2017).
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Micro and nano-fertilizers are encapsulated or coated fertilizer particles that 
can deliver nutrients to crops in three possible ways; the nutrient can be encap-
sulated inside nanomaterials (nanotubes or nanoporous materials), coated with 
a thin polymer film and delivered as nanoparticles or nanoemulsions. The use of 
nano-fertilizers in soil maximizes the efficiency of the absorption of nutrients 
while reducing their loss, avoids unwanted interaction of fertilizers with micro-
organisms, soil, and water, reduces the toxicity to the soil, provides more resi-
dence time of the fertilizer in the soil, and reduces the frequency of application of 
fertilizers. Thus, nano-fertilizers help in improving crop yield. Nanoparticles con-
tain fertilizers better due to their higher surface tension than conventional surfaces 
and provide surface protection for larger particle sizes (González et  al. 2015; 
Neamtu et al. 2015; Duhan et al. 2017; Navarro-Guajardo et al. 2017; Nagula and 
Usha 2016).

Synthetic polymers have been used for encapsulation due to their availability 
and variety. These are composed of urea-aldehyde resins, hydrogel nanocompos-
ites, kaolin-chitosan (Cs) systems, polyamides, polyesters, polyvinylidene chlo-
ride, polyvinyl alcohol (PVA), polyurethanes, and other hybrid systems. However, 
the use of non-biodegradable synthetic matrices, due to their persistence and 
slow decomposition, leads to serious environmental issues associated with the 
accumulation of plastic residues. These concerns have motivated research towards 
the development of encapsulated fertilizers with biodegradable natural or syn-
thetic polymers/blends derived from renewable natural resources or biopolymers, 
like matrices of Cs, cellulose, starch, and natural rubber (Tolescu et  al. 2014; 
González et al. 2015; Neamtu et al. 2015; Gutiérrez 2017, 2018a; Herniou--Julien 
et al. 2019).

Cost is another major factor to be considered when analyzing the viability of the 
synthesis of nanoparticles. The production hydrogels as carrier matrices for nanopar-
ticles is still more expensive than the use of conventional mineral fertilizers. Some 
polymers have lower costs due to lower processing requirements, are abundant in 
nature or are byproducts/ waste materials from other industries. The utilization of 
hydrophilic biopolymers for the synthesis of agrochemicals has several benefits. 
However, due to their higher cost, their use is still widely hindered in agriculture 
(Perez and Francois 2016).

The rising demand for fresh water, increasing manufacturing costs of agrochemi-
cals as well as an awareness of their harmful ecological effects have thus helped in 
creating a need for better formulations of agrochemicals.

2.2.3  �Phytohormones

In the recent year’s encapsulation of gibberellic acid and growth promoting bacte-
rias such as rhizobacteria have been achieved, but they have not been explored 
much. A lot of research and development is required in the field of encapsulation of 
phytohormones.
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2.3  �Agrochemical Formulations

An active ingredient or compound targeting specific pests needs the addition of 
different materials called inert ingredients, such as solvents, surface active ingredi-
ents, stabilizers, etc. to stabilize, improve its solubility and the mode of action. 
Active and inert ingredients together are formulated into these formulations. These 
are made in the form of different concentrates like emulsifiable concentrates, sus-
pension concentrates, ready-to-use low concentrate solutions, dry flowable, solu-
ble concentrates, and ultra-low volume concentrates etc. They are also made in the 
form of powders like soluble powders and, wettable powders. Other than different 
concentrates and powders, they are found in the form of dust, pellets, granules 
tablets, microencapsulates, water dispersible granules, baits, gels, aerosol, etc. 
(Liu et al. 2012).

Either direct application of these formulations or prior processing before the 
application in the form of a solution, emulsion or a suspension is done, based on 
their nature and properties. Suspension concentrates have become quite popular 
whereas emulsifiable concentrates and wettable powders are no longer commonly 
used by farmers.

Ultimately, effective delivery systems which improve pesticide handling and 
application extends shelf life, decrease pesticide toxicity, control the release rate, 
improves bioactivity, is targeted and expands the control spectrum and delays devel-
opment of resistance is required (Liu 2012). Although the above formulations are 
quite effective their release rate and targeted delivery are insufficient, thus, they are 
used in excess leading to wastage, pollution, and extremely high expenses.

As discussed, to increase the release rate and control spatiotemporal release of 
agrochemicals, encapsulation is done.

2.4  �Encapsulation

Nanotechnology can be defined as the engineering of functional systems through 
the manipulation of molecules and atoms in the nanoscale to create nanoparticles or 
nanomaterials, which exhibit useful and distinct chemical and physical properties. 
The term ‘nano’ describes a billionth of a meter and implies that structures manu-
factured with a circumference ranging between 1 and 100 nm form a part of nano-
technology (Ammar 2018).

Encapsulation can be defined as the process in which a coating or matrix is used 
to surround or embed the active chemical or ingredient (Gutiérrez and Álvarez 2017; 
Gutiérrez 2018b). The advantages of encapsulation are protection from unfavorable 
environments, for controlled and sustained release, and for precise targeting. There 
are several reasons for its use and is applied in different industries such as pharma-
ceuticals, chemical production, cosmetics, biotechnology, etc. (Hack et  al. 2012; 
Campos et al. 2014b).
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Agrochemicals are incorporated into a polymer carrier for controlled release. 
These carriers can deliver the agrochemicals gradually and for longer periods to a 
specified target at a desired rate, continuously (Nair et al. 2010; Gogos et al. 2012; 
Campos et al. 2014b).

The main parameters for the release of agrochemicals from capsules are material 
properties, capsule properties, and some external parameters. Material properties 
govern the controlled release from the capsules. These include density, crystallinity, 
solubility, orientation, cross-linkage, polarity, chemical degradation, and biodegrad-
ability. The capsule properties control the controlled release and include size, shell-
to-core ratio, configuration, shell thickness, concentration, etc. External parameters, 
which decide the controlled release, consisting of temperature, pH, humidity, partial 
pressure difference, etc. among others (Hack et al. 2012).

The following classes of agrochemicals and related materials may be prepared 
by encapsulation of suspensions:

	i.	 Synthetic origin-pesticides (insecticides, herbicides, etc.) and fertilizers.
	ii.	 Biological origin-microbial biopesticides, pheromones, plant hormones, seeds 

and cells (Hack et al. 2012).

2.5  �Need for Encapsulation for Agrochemicals

Food security is a global concern that needs to be addressed with sustainable meth-
ods that allow future generations to satisfy their demands. Most developing coun-
tries rely on agriculture to generate income. Diminishing arable land and reduction 
in organic matter in the soil, as well as a drop-in crop yields, are amongst these 
challenges. To maximize crop yields from their fields and to cope with nutrient 
deficiencies, farmers resort to excessive fertilizers utilization and agro-chemical 
products (Tolescu et al. 2014; Ammar 2018).

The green revolution led to excessive use of pesticides and chemical fertilizers, 
leading to a loss of soil biodiversity. Pathogens and pests have become resistant to 
them, along with the occurrence of biomagnification of the agrochemicals. The use 
of excessive amounts of mineral fertilizers led thus, to the growth of crops contain-
ing excess quantities of chemicals, ultimately ending up in the food chain and 
affecting the consumers’ health along with having a detrimental impact on the envi-
ronment (Tilman et al. 2002; Auffan et al. 2009; Duhan et al. 2017).

Efforts are being made to improve agricultural yield through research in nano-
technology. There is a growing demand for the development of new technologies 
that could seamlessly work with various agrochemicals, potentially increase yield 
efficiency and quality of farmlands, preserve agro-ecosystems, and diminish the 
negative health risks imposed by conventional practices. Smart delivery systems 
that utilize encapsulated agrochemicals in micro or nanoscale carriers, capsules, or 
particles, could enable the accurate and targeted delivery and dosage for fertilizers, 
pesticides and growth promoters to crops. They reduce the impact of the harmful 
chemicals by reducing loss due to leaching, hydrolysis, photolysis, volatilization, 
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and bacterial degradation (Nair et al. 2010; Gogos et al. 2012; Campos et al. 2014b; 
Ammar, 2018).

The main goal of using encapsulation is the slow or gradual release of an active 
material from a polymeric matrix with the purpose of getting higher yields during a 
longer time period. Their physical characteristics (reservoir or matrix system) and 
the technique controlling the release (diffusion, swelling or degradation of the poly-
meric matrix), can control and change the agrochemical release pattern. Encapsulation 
would also make it possible to create new product features, like improved storage 
and transport properties, ability to adjust particle size, synthesizing formulations 
that are combinations of different substances and changing the material properties. 
It also allows protection for the agrochemicals against external forces like oxida-
tion, light, water, and evaporation. The environment itself can also be protected 
against the agrochemicals that are encapsulated (Hack et al. 2012; González et al. 
2015; Perez et al. 2016).

2.6  �Types of Encapsulation Based on Their Size

2.6.1  �Microencapsulation

Microencapsulation is the process in which solid, liquid or gaseous substances are 
combined into another material, usually a polymer, to give useful properties to the 
product. Due to their varying structures, microcapsules are normally classified into 
two basic forms:

i.	 In matrix structures, the agrochemical is embedded over the entire matrix of the 
capsule

ii.	 The core/ shell structures consist of a capsule shell and a core where the agro-
chemical is contained

Some types of microcapsules among these include double- and multi-walled par-
ticles, surface eroding particles and bulk eroding particles, and self-aggregated 
structures, like micelles, emulsions, and liposomes (Hack et al. 2012).

Techniques for microcapsule synthesis can be divided into chemical and physical 
(or mechanical) methods. Chemical methods involve strong intermolecular forces 
(electrostatic interaction, hydrogen bonding, and hydrophobic interactions) or 
chemical reactions. Physical methods are based on shape or structure. Techniques 
like wet/dry grinding, condensation coating, spray drying, pan coating, extrusion 
and membrane emulsification are normally used. In general, encapsulation depends 
on the technology, composition of the shell, physicochemical properties of the 
active compound, release mechanism, and particle size (Hack et al. 2012).

Microencapsulation involves alteration of colloidal and surface properties of a 
coating material that encapsulates an active compound such as agrochemicals, in 
the diameters ranging between 1 to 1000 μm. Microencapsulation leads to the con-
trol of the spatiotemporal release of active compounds such as agrochemicals, pro-
tection from environmental factors such as pH, temperature, light, humidity etc. 
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which affects the encapsulated agent. Environment-friendly and biodegradable 
materials which allow the sustained release of the agrochemicals is required as an 
encapsulating agent.

2.6.2  �Nanoencapsulation

Nanoencapsulation is an innovative and promising nanotechnology in which the 
active compounds are efficiently released in a controlled, gradual manner from the 
capsules or particles. It is like microencapsulation, except that it involves particles 
of a size on the nanoscale. Different release mechanisms such as diffusion, dissolu-
tion, or biodegradation could be used for the delivery of agrochemicals in nano-
encapsulated materials (Hack et al. 2012; Ammar 2018). A few major differences 
between microencapsulation and nanoencapsulation are shown in Table 2.1.

2.7  �Types of Encapsulations Based on Their Application

Plant growth promoting bacteria and nitrogen-fixing bacteria (NFB) used as biofer-
tilizers have gained importance due to their potential sustainability, especially over 
chemical fertilizers. However, their main drawback at the moment is the low inocu-
lum survival rates in the field. Encapsulation techniques to control the biofertilizer 
and pesticidal activity are now gaining popularity, due to their ability to increase 
cell survival or viability, provide protection against the environment and improve 
release kinetics of the microorganisms (Campos et al. 2014b).

2.7.1  �Water-In-Oil Emulsion

Water-in-oil emulsions are a method to embed microorganisms in liquid formula-
tions. The microorganism is trapped in water by a layer of oil, which is favorable to 
prevent dehydration, along with improving cell viability and release kinetics. 

Table 2.1  Differences between microencapsulation and nanoencapsulation

Microencapsulation Nanoencapsulation References

Dependent on both technology and 
material properties

More dependent on properties  
of materials used

(Hack et al. 2012; 
Prasad et al. 2017)

Capsule dispersions and powders are 
usually obtained

Nanoparticles are easily obtained (Hack et al. 2012; 
Prasad et al. 2017)

Smaller surface area to volume ratio Larger surface area to volume 
ratio

(Hack et al. 2012; 
Prasad et al. 2017)

Greater shell thickness Smaller shell thickness (Hack et al. 2012; 
Prasad et al. 2017)
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However, sedimentation during storage can create problems that affect its release 
properties. In a study carried out by Vandergheynst et al. (2007), hydrophobic silica 
nanoparticles were used to reduce cell sedimentation and improve cell viability and 
survival by thickening the oil phase during storage.

2.7.2  �Spray Drying

Spray drying represents a fast, economic process widely used in the large-scale 
production of biofertilizers. It involves the dissolution or suspension of the active 
material in a polymer solution, followed by its drying, while trapped in the matrix. 
A study was conducted by Campos et al. (2014a) in order to demonstrate the use of 
spray drying for the microencapsulation of plant nodule forming and putative NFB 
associated with Lupin nodules in polymer matrices to obtain a fertilizer with con-
trolled release, reduced cost and improved efficiency on and protection against the 
environment.

2.7.3  �Ionotropic Gelation

Ionotropic gelation occurs when uric acid in alginate crosslinks with multivalent cat-
ions in metals or substrates. He et al. (2015) microencapsulated Raoultellaplanticola 
Rs-2 with sodium alginate (NaAlg)-bentonite (Bent) composites for formulating a 
biofertilizer for controlled release and to minimize production costs. All release curves 
of the bacteria from the NaAlg-Bent microcapsules showed an initial burst followed 
by a gradual increase. The presence of Bent in microcapsules regulated the continu-
ous release of bacteria and minimized the corresponding burst release effect. NaAlg-
Bent composites could thus be ideal materials for encapsulation for bacterial fertilizers 
in farmlands. These were found to possess a long shelf life and could be stored at 
room temperatures for longer periods of time. Overall, the results indicated that Bent 
could be used as a filler to enhance the compatibility and structural properties of the 
polymer beads.

2.8  �Polymers Used

Cs nanoparticles are being used in agriculture in seed treatment and also as biopes-
ticides that help the plants fight off fungal infections and their effect on the growth 
of plants and agrochemical uptake depends on the plants being cultivated (Puoci 
et al. 2008; Duhan et al. 2017).

Polymers (especially as hydrogels and beads) are pivotal in controlled-release 
systems. These formulations provide slow-release properties and have excellent 
water-retention properties. They can also be used as compost after their degradation. 
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Natural polymers are gaining more popularity and approval over synthetic polymers 
as materials for encapsulation due to their eco-friendly nature, cost-effectiveness, 
easy availability, and biodegradability (Campos et al. 2014b).

2.9  �Encapsulation Methods

There are many different types of encapsulation methods formulated to encapsulate 
agrochemicals in recent years (Fig. 2.1). A few common methods are:

2.9.1  �Interfacial Polymerization

Interfacial polymerization is a process of microencapsulation in which polyconden-
sation reaction takes place at the phase interface of two different solvents having 
one reactive monomer each (Liu et al. 2012). For example, natural pyrethinnano-
capsules (Guo et al. 2014).

2.9.2  �Solvent Evaporation

Microcapsule formation takes place by precipitation of the solution containing the 
dispersion of encapsulating material and core material in the organic phase along 
with a solution immiscible with the encapsulating material (Zhou et al. 2007). For 
example, Spinosad nanocapsules (Cao et al. 2009).

Fig. 2.1  Different 
encapsulation methods
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2.9.3  �Emulsion Polymerization

In emulsion polymerization, a uniform emulsion, made by dispersing an emulsifier in 
a solvent-insoluble monomer, is used for initiating a polymer reaction which ulti-
mately forms the nanocapsules (Xu 2013). For example, abamectin nanocapsule sus-
pension, natural pyrethrin nanocapsules, etc. (Shang et al. 2007; Song et al. 2009).

2.9.4  �Membrane Emulsification

A shirasu porous glass (SPG) membrane under inert gas pressure, is used for the 
entry of the dispersion phase into the continuous phase, leading to breakage of 
continuous phase into droplets due to shear force between the membrane and the 
droplets themselves. This leads to the formation of small nanocapsules such as 
chlorantraniliprole and avermectin nanocapsules (Wu et  al. 2008; Zhu-Zhu Li 
et al. 2006).

2.9.5  �In situ Polymerization

Water-insoluble polymer formed by polymerization of two or more soluble mono-
mers takes place to encapsulate the active compounds within the polymer (Feng 
et al. 2011). For example, acetochlor, methotrexate etc.

2.9.6  �Nano-Precipitation

The dispersion of the formulation along with the polymer occurs from the oil phase 
into the aqueous phase by interaction at the interface of a solvent and a non-solvent. 
As a result, the formulation gets wrapped into a nanocapsule via precipitation (Feng 
et al. 2011). For example, pyrazole azoxystrobin and azoxystrobin nanocapsules, 
among other (Zhou et al. 2014; Wang et al. 2018).

2.9.7  �Double Coacervation

Pesticide which is specifically water insoluble is encapsulated with a wall of two 
polymers of opposite charges (Feng et al. 2011). For example, azoxystrobin micro-
capsules (Ma et al. 2008).
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2.10  �Major Techniques for Encapsulation of Agrochemicals 
Inside the Polymer/Embedded in a Matrix

2.10.1  �Interfacial Polycondensation

In interfacial polycondensation, the two reacting compounds or substances meet at 
an interface and react rapidly. One study used to synthesize encapsulated fertilizers 
involved a microencapsulation technique in which polycondensation was done 
between urea and formaldehyde following a stepwise process, along with maintain-
ing a strict control of room temperature. The main goal of this study was to show the 
effectiveness of a controlled release fertilizer registered under the name of 
FERLENT®, which was obtained from a polymeric material. The resulting material 
acted as an alternative source of nutrients, allowing plants to consume nutrients 
when required (González et al. 2015).

Another study involved the synthesis of a urea-formaldehyde polycondensate 
using interfacial polycondensation in a microemulsion. Urea-formaldehyde resins 
were formed when formaldehyde was reacted with excess concentration urea at 
controlled temperature and pH. Polycondensation was done after the initial pre-
polymerization to synthesize the fertilizer. This yielded medium molecular weight 
products from which water and residual solvents were removed (Neamtu et  al. 
2015).

Another microencapsulation study involving urea-formaldehyde systems was 
used to synthesize encapsulated fertilizers containing N, P, Ca, and Mg as active 
nutrients. In order to perform tests to study the biological activity and leaching from 
the microcapsules, it was necessary to agglomerate the capsules using specific 
ingredients. The aim was to synthesize and test a new type of N-P-Ca-Mg encapsu-
lated fertilizer, which had a higher availability in Arabidopsis thaliana, even though 
lower doses than conventional granular fertilizers were applied. The in vitro results 
showed good slow-release properties for both macronutrients and micronutrients 
(Neamtu et al. 2015).

2.10.2  �Ionotropic Gelation

The technique of ionotropic gelation or crosslinking involves the interaction of an 
ionic polymer with an oppositely charged ion or polymer to create crosslinking.

Perez and Francois (2016) conducted a study to examine the application of mac-
rospheres prepared with Cs and Cs-starch blends, using a sodium tripolyphosphate 
aqueous solution as the crosslinking agent. These biopolymers formed hydrogels 
that were capable of controlling release kinetics of the encapsulated fertilizers. 
Potassium nitrate encapsulated inside beads was also found to be useful as a 
controlled-release fertilizer. On using starch-Cs blends, lesser concentrations of Cs 
have been found to be needed to encapsulate the agrochemicals.
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2.10.3  �Thermally Induced Polymerization

In thermal polymerization, polymerization is carried out directly on the agrochemical 
particles’ surface, using an external heat source. Microwave irradiation (MW) has 
been considered and studied as a method to prepare SAPs. This has various advan-
tages like uniform heating, increased reaction rate, simple experimental apparatus, 
and convenient process control, along with saving energy and time (Wen et al. 2016).

In a study, an encapsulated urea fertilizer was synthesized in a single step, by incor-
porating it in a polymer matrix of NaAlg, acrylic acid (AA), acrylamide (AM) and 
Bent. The proposed microwave-assisted method yielded high reaction rates with a 
very low reaction time. This also showed that Bent helped increase water absorption, 
improved water-holding ratio and water-retention capacity of the soil, along with 
causing the system to release the nutrient in a more sustained manner. Microwave 
irradiation could thus be used to produce encapsulated fertilizers (Wen et al. 2016).

2.10.3.1  �Spray Chilling

The spray chilling process is one of the most used encapsulation technologies in the 
pharmaceutical, cosmetics and food additives fields. It consists of the atomization of 
a matrix, containing a suspension or emulsion of an active ingredient, into an envi-
ronment maintained at temperatures below the melting point of the matrix. The 
atomization leads to the formation of small droplets, which then solidify on cooling 
and result in microencapsulated structures with spherical shapes and smooth sur-
faces. This technology is easy to use and scale-up, due to no need for the use of 
organic solvents and the use of high temperatures. However, this technology has not 
been as widely studied for agrochemicals (Ammar 2018).

Navarro-Guajardo et al. (2017) made a study to explore a bioinspired structure 
based on the plant cuticle model and its membrane properties for water and nutrient 
transport control. Candelilla wax, extracted from Candelilla wild plants (Euphorbia 
antisyphilitica), was studied as a renewable, biodegradable matrix for a controlled 
release phosphate fertilizer, microencapsulated via a modified spray chilling pro-
cess. The choice of a cuticular wax as encapsulating matrix conferred slow-release 
characteristics that displayed the regulated water and nutrient transport features on 
use in plants.

2.10.4  �In situ Free Radical Polymerization

In in situ free radical polymerization, direct polymerization of the basic units or 
monomers is carried out on the surface of the active components to be encapsulated, 
using free radicals. In a study, slow-release NPK fertilizers were encapsulated by 
SAPs, synthesized via in situ free radical polymerization of NaAlg, AA, AM, and 

2  Polymer Based Micro- and Nanoencapsulation of Agrochemicals



18

montmorillonite to coat fertilizer particles. It was found that these had good slow-
release properties, a water adsorption capacity, which could reduce fertilizer loss 
and increased utilization of water in agriculture (Campos et al. 2014a).

2.11  �Role of Polymer in Different Types 
of Nanoencapsulation

Different structures of nanoencapsulation can be obtained (Fig. 2.2):

2.11.1  �Nanocapsules

Polymers form a membrane around the active compounds, i.e. pesticide formula-
tions, sometimes, along with another polymeric matrix which is present mainly to 
absorb the active compounds for spontaneous formation and encapsulation of the 
nanocapsules (Mora-Huertas et al. 2010; Ezhilarasi et al. 2013). Nanocapsules are 
prepared by nanoprecipitation, double-emulsification, emulsion-diffusion, layer-
by-layer deposition, emulsification-coacervation and solvent evaporation (Pinto 
Reis et al. 2006).

Natural polysaccharides are biodegradable, non-toxic and biocompatible which 
makes them more preferable over polymers such as PEG, PCL etc. For example, imi-
dacloprid, an insecticide which acts on the central nervous system of insects, is encap-
sulated in NaAlg using emulsion cross-linking technology (Kumar et al. 2014). Also, 
the self-linking property of copolymers found amongst natural polysaccharides has 
given rise to a vast number of possible synthesis techniques for nanoencapsulation 
such as encapsulation of imidacloprid crystals with Cs and NaAlg. Oppositely charged 
polymers like Cs and NaAlg are cross-linked due to electrostatic interactions and 
absorption of oppositely charged polyelectrolytes. Amphiphilic polymers are cross-
linked more easily and thus, also reduces the need of a surfactant which aids in self-
assembly of polymers. For example, methomyl is loaded in photo-crosslinked 
nanocapsules of amphiphilic carboxymethyl Cs (Az-CMCs) (Yin et al. 2010).

Fig. 2.2  Role of polymer in different types of nanoencapsulation
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Encapsulation efficiency and the size of the nanocapsules formed is decided mainly 
by the ratio of masses of pesticide to be loaded and the encapsulating copolymers. 
Lesser the mass ratio of pesticide is to the polymer, the greater is the nanocapsule’s size 
and lesser is the efficiency while the size of the nanocapsule decreases and the effi-
ciency of encapsulation increases as the mass ratio increases (Perlatti et al. 2013).

2.11.2  �Nanospheres

Nanospheres are synthesized in a similar way as nanocapsules but instead of having 
a cross-shell arrangement, the active ingredients, i.e. pesticides are uniformly 
embedded in the whole polymeric nanocapsule. Polymerization techniques such as 
emulsion or interfacial polymerization play a major in nanosphere synthesis (Forim 
et al. 2012; Zhang et al. 2013).

Many polymers such as PCL used for azadirachtin encapsulation to produce 
nanospheres and nanocapsules in the range of 150–200 nm diameter have shown 
great potential in the encapsulation of active ingredients such as pesticides like aza-
dirachtin (Trivedi et al. 2010).

2.11.3  �Micelles

Self-assembly property of amphiphilic polymers is used to form micelles in an 
aqueous solution. Amphiphilic block copolymers, surfactants, etc. together form 
spherical micelles in an aqueous solution due to self-assembly of amphiphilic poly-
mers which formation of an outer hydrophilic micellar shell and an inner hydropho-
bic core. Water-soluble pesticides are easier to encapsulate to form micelles. While 
water-soluble copolymers form micelles either through direct dissolution or through 
film casting methods. The direct dissolution method involves the addition of the 
copolymers above their critical micelle concentration to the aqueous solution which 
in turn, leads to the micelle formation along with the entrapment of pesticides form-
ing the hydrophobic core. Whereas, the film casting method involves using different 
approaches to solubilize previously formed films of copolymers with pesticides 
(Trivedi et al. 2010; Zhang et al. 2013).

2.11.4  �Nanogels

Polymers are cross-linked physically or chemically into a group of networks of 
aqueous dispersions of hydrogel particles, called nanogels which are in the nanoscale 
size. Prospects of targeted delivery perhaps could not be established with these 
preparations, thus are not of much use in the controlled release of pesticides.
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2.12  �Agrochemical Delivery from Polymer Encapsulated 
Materials

Polymers help in the delivery of various agrochemicals by altering their physical 
and chemical structure, in response to chemical and physical changes in the envi-
ronment. It is divided into following kinds of stimulus-based deliveries (Fig. 2.3).

2.12.1  �Light Sensitivity

Some formulations are light sensitive and undergo decomposition on light expo-
sure leading to rapid release and reduced effectiveness of the pesticides. Due to this 
property, pesticide formulations need to be frequently added, increasing the overall 
costs and wastage. To protect the pesticides from decomposition, they are encapsu-
lated with or within photo-responsive polymers. Photo-responsive polymers absorb 
light energy from light stimulation which induces changes either in the intramo-
lecular or intermolecular arrangement leading to changes in solubility, color and 
conductivity of the polymers, or it can induce various chemical reactions like 
polymerization, dimerization, photolysis or isomerization reactions (Wang 2014). 
These changes due to light stimulation are utilized to have a controlled and tar-
geted transmission of pesticides.

The photoresponsive polymer encapsulated pesticides can be made to respond in 
the following ways:

–– Change in the physical and chemical properties of luminophore groups added to 
carrier materials leads to a controllable change in the properties of the polymers 
on light exposure.

–– Decomposition of light-sensitive polymers into ions on light stimulation can be 
used to controlled pesticide release by tailoring the polymers while considering 
the role of environmental factors in its decomposition.

–– Some polymers become light sensitive on exposure to heat which can be gener-
ated by conversion of light energy to heat energy by some additional light-sensitive 
molecules. Thus, indirectly controlling the release of the pesticide.

Fig. 2.3  Agrochemical release because of environmental factors on the encapsulating polymer 
material
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Recently, a photoresponsive herbicide formulation of 2,4-D using a coumarin copo-
lymer was formulated which effectively transmitted the herbicide into the plant body 
while showing strong fluorescence along with a high light response (Singh et al. 2015).

2.12.2  �Temperature Sensitivity

Alteration in physical and chemical properties of temperature-responsive polymers 
due to temperature change have been proposed to be one of the properties of tem-
perature sensitive polymers that can be utilized in the agriculture field. Temperature 
sensitive polymers are used along with the agrochemicals in the form of gels, lipo-
somes, polymers, and nanoparticles etc.

Phase separation property of certain polymers on temperature change is used as 
one of the release mechanisms in the active ingredient loaded polymers. The prop-
erty that plays a major role in the determination of response mechanism of a poly-
mer encapsulated pesticide is lower critical solution temperature (LCST). LCST is 
the minimum temperature found on the phase separation curve which forms in the 
plot of polymer concentration and the surrounding temperature of a homogeneous 
polymer. The release response is inhibited at a temperature lower than the LCST of 
a polymer as strong hydrogen bonding interactions between the water molecules 
and the polymers take place at that temperature. Whereas pesticide release occurs at 
higher temperatures than LCST when all the polymer becomes water soluble which 
leads to hydrophobicity, since the polymer side chains are simultaneously intensi-
fied. This makes the polymer amphiphilic which changes the irregularly coiled 
structure of polymer encapsulated pesticide into a tight colloidal structure, since the 
hydrophobic chains of the side chains also influence the backbone to form cross-
linked network structures. In the case of rice farming, a temperature sensitive pesti-
cide formulation of NIPAM and butyl acrylate has shown promising applications as 
pyraclostrobin microcapsules whose LCST is 28.2 °C above which the release of 
pyraclostrobin takes place. Toxicity of pyraclostrobin in pyraclostrobin microcap-
sule was observed to be much lower than the original pyraclostrobin thus, protecting 
the environment with encapsulation (Otsuka et al. 2012).

Currently, temperature-responsive pesticide encapsulations need additional 
research in the areas related to improving the response and controlling the spatial-
temporal release of pesticides. The difference in the indoor and the outdoor tempera-
tures affects the release mechanism, thus, controlling the release mechanism under 
indoor and the outdoor conditions must also be optimized.

2.12.3  �pH Sensitivity

Amongst the environmentally responsive polymers, pH-responsive polymers have 
the most potential as they are easily soluble, have volume and allows good perme-
ability (Xu 2014). They are comprised of weakly acidic or weakly alkaline groups, 
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and many acidic groups such as carboxyl groups or alkaline groups such as amine 
groups are found within the molecular segments of these polymers.

As these polymers in response to a change in the external pH value, release and 
capture protons, accordingly, i.e. protonate and de-protonate on change in the pH of 
the environment (Sun et al. 2016), thus, the change in the degree of ionization of 
these pH-sensitive polymers have been mainly exploited to encapsulate pesticides 
and direct its release mechanisms.

The change in the solubility of these polymers depends on their ionization capac-
ity. Above the polymer’s isoelectric point, the ionization capacity changes which is 
due to the pH change. Polyacrylic acid (PAA), polyvinyl pyridine, polymethacrylic 
acid-2-(diethylamino) ethyl methacrylate, polymethacrylic acid (PMAA), polypro-
pylamine hydrochloride, etc. are some of the known pH sensitive polymers.

pH-responsive polymers are divided into two types based on pH range and ion-
ization and deionization at different pH ranges (Yang et al. 2012; Lee et al. 1999). 
They are polyacids and polybases.

Polyacids such as PAA and PMAA are ionized/deionized at low pH and accept 
protons at neutral or higher pH range of 4–8. Whereas polybases, pH-responsive 
polymers under acidic conditions, turns into cations by accepting protons by amino 
groups which are typically present on their side chains. Protons are released under 
alkaline conditions which makes them less soluble.

Although a lot of systematic research is required for the field application of these 
pesticide carriers, pH-responsive polymers tend to have high purity, properties that 
can be easily controlled and chemically modified with good selectivity, thus, they 
can be used to encapsulate pesticides (Lin 2016).

Recent developments in the pH-responsive polymer encapsulated agrochemicals 
includes PAA or aminated or chlorpyrifos mesoporous silicone incorporated encap-
sulations where release rates were the highest at acidic conditions, while their slow 
release in the neutral environmental conditions could be used for sustained release 
of pesticides (Li et al. 2003).

2.12.4  �Humidity

Material resistance, dielectric constant, and volume are some properties of certain 
polymers, which are altered with the change of humidity of the local environment 
(Liu 1997).

Polymer humidity-sensitive material interacts to form hydrogen bonds with 
water molecules and van der Waals force comes into play to make the polymers 
more hygroscopic (Klier et al. 2000). High sensitivity, desired surface areas, fast 
response, small size, much lower weight along with easier incorporation allows 
humid sensitive polymers such as polyimide to be applied in the agricultural field 
for sustained release of agrochemicals.

In the recent years, formulations such as BASF Seltima® microcapsule which are 
released in contact with leaves to control rice blast, whereas is water resistant to control 
the release of pesticides with respect to the surrounding humidity (Huang et al. 2018).
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2.12.5  �Enzyme-Responsive

Enzyme-responsive polymers undergo physical and chemical changes as a response 
when a pest interacts with a plant. The stimulation is generated in the form of a series 
of changes which includes changes in the plant’s enzymes (Bai et al. 2016).

These enzyme responsive pesticides are biodegradable and biocompatible. The 
enzyme responsive polymer encapsulated pesticides degrade on contact with the 
enzymes to release the agrochemicals, e.g. crop endangering Lepidoptera insects 
breaks the walls of pesticide microcapsules with the cutinase enzyme present in 
them, thus coming in contact with the pesticides. Further development in this field 
is necessary to control the morphology and chemical reversibility of these 
encapsulations.

2.13  �Some Specific Polymers Used for Encapsulation 
of Fertilizers

2.13.1  �Silicon-Based Nano-Fertilizers

Mesoporous silica and aluminosilicates have greatly defined channels with high 
porosity, active sites for adsorption, large surface areas, and ion exchange and 
catalysis. Silicon-based fertilizers can improve the growth and development of 
seedlings and roots. To increase food production, titanium oxide or titanium that 
are non-toxic have been tested as additives in fertilizers, in order to increase water 
retention properties of soil (Abhilash and Singh 2009; Duhan et al. 2017).

2.13.2  �Superabsorbent Polymers

The growth and quality of the plants depend on fertilizers and water. Superabsorbent 
polymers (SAP) have been studied as materials for water management. They are 
cross-linked 3D hydrophilic materials that can absorb fluids much higher than their 
original weight without dissolution, and can, even at high pressure, contain liquids. 
It also helps improve the water retention capacity and soil fertility. However, syn-
thetic SAPs derived from non-degrading petroleum-based polymers like polyacry-
late or polyacrylamide play a major role in the market and lead to environmental 
problems. Newer studies are focused on the incorporation of biodegradable and 
eco-friendly polysaccharides into SAPs, instead of using petroleum-related prod-
ucts (Wen et al. 2016).

One such polymer is NaAlg, which is inert in aqueous solutions within a matrix, 
undergoes gelatinization, and has a higher gel porosity besides being water-soluble, 
non-toxic, biodegradable, and compatible with biological systems. However, NaAlg 
is not practical due to high cost, low modulus, thermal stability and gas permeability. 
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To overcome the drawbacks, clay/polymer nanocomposites containing a higher 
proportion of clay were synthesized by Bashidzadeh and Olad (2014). The use of 
clay reduces production costs, along with the improvement of basic NaAlg proper-
ties, while ensuring mechanical and thermal stability. The need for sustainable 
NaAlg-based clay/polymer materials has consistently increased. A range of nano-
fertilizers with controlled-release kinetics have been developed consisting of syn-
thetic or biological polymer composites made from NaAlg and clays. Adsorbent 
clays like zeolite, montmorillonite and Bent have been used to design them (Wen 
et al. 2016; Duhan et al. 2017).

Bent is derived from sedimentary rocks and is mainly composed of montmoril-
lonite, which has good water absorption and swelling properties. Addition of low-
cost Bent to NaAlg increases the concentration of solids present and improves the 
mechanical strength due to increase viscosity and enhanced stability. Bent can also 
act as a modifying agent in alginates, which makes the encapsulation more efficient 
and controls the agrochemical release profiles (He et al. 2015).

2.13.3  �Biodegradable Polymers

Two major hydrophilic, biodegradable polymers that are widely used are Cs and 
starch, polysaccharides that have the desired characteristics like lower cost, 
environment-friendly and ability to regulate fertilizer release (Perez and 
Francois 2016).

Cs is a biodegradable, linear, cationic, and non-toxic polysaccharide. It is a deriv-
ative of chitin, which is usually present in the exoskeletons of crustaceans. It is 
synthesized by partial deacetylation of chitin under alkaline conditions or enzy-
matic hydrolysis in the presence of a chitin deacetylase. It forms ionic complexes 
with various water-soluble polymers and crosslinking agents, thus forming insolu-
ble gels. It also acts as a growth promoter in plants and guards’ agrochemicals 
against harmful microbial activities, making it a good polymer to be used with agro-
chemicals (Perez and Francois 2016).

Cs polymer synthesis has been done with PMAA for encapsulation of NPK fer-
tilizers. Wu and Liu (2008) developed and characterized Cs particles for the con-
trolled release of NPK fertilizers, and water retention. The particles were formed by 
three layers: a water-soluble core containing the fertilizer, Cs as an internal coating, 
and an absorbent polymer acting as an external coating. Addition of the particles 
significantly enhanced the water retention capacity of the soil (Duhan et al. 2017; 
Campos et al. 2014b).

Starch is a complex, non-ionic polysaccharide that exists in nature, with proper-
ties such as hydrophilicity, biodegradability and low cost (Suárez and Gutiérrez 
2017; Toro-Márquez et al. 2018; Gutiérrez 2018c). Han et al. (2009) developed a 
starch and PVA film for the encapsulation of soluble fertilizer granules, due to their 
permeability and biodegradability.
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Chapter 3
Nano and Microencapsulated Nutrients 
for Enhanced Efficiency Fertilizer

Débora França, Lucas Luiz Messa, Claudinei Fonseca Souza, 
and Roselena Faez

Abstract  Enhanced Efficiency Fertilizer (EEF) is a current and very important sub-
ject. These systems offer an effective way to improve nutrient efficiency, minimize 
fertilizer losses by physical, chemical and biological processes, and reduce environ-
mental impact. Examples of such materials are: Slow Release Fertilizer (SRF), 
which releases the nutrient slower than a common fertilizer; and Controlled Release 
Fertilizer (CRF), when factors as release rate, pattern and release period can be 
controlled during its use. Ideally, it should be faster at the beginning and slower dur-
ing cultivation, to meet the nutritional need of the plant, which changes over the 
growing period. Those materials have been developed in diverse platforms such as: 
(i) the matrix itself acts as a fertilizer, or (ii) the fertilizer is dispersed in a matrix, 
and/or (iii) the fertilizer is covered or encapsulate by a matrix, typically, polymeric 
or composites materials. The first EEF developed were made with synthetic poly-
mers, mainly acrylamide-based ones. However, recent studies have proposed the use 
of environmentally friendly materials such as biodegradable polymers, clay miner-
als and calcium carbonate. The processes used to obtain EEFs are numerous, e.g. 
chemical and physical methods as polymerization, coacervation, coating, and (micro 
and nano) encapsulation. As the name suggests, encapsulation technique involves 
capsules preparation composed of a shell material completely around a chemical 
core material (nutrient). This shell provides a prolongation of nutrient release from 
the core. Once this shell is dissolved or ruptured the nutrient encapsulated is released. 
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Even though encapsulation is not a novelty, its industry has rapidly innovated with 
new technologies applied to pharmaceutical, agricultural, cosmetic and food indus-
tries. In this chapter, we discuss the techniques to improve nutrient efficiency 
according to the materials and encapsulation methods used.

Keywords  Agricultural · Biodegradable · Encapsulation · Natural polymers

3.1  �Introduction

The great population growth and the scarcity of natural resources are determining 
factors for the food production to be more efficient and with fewer losses of nutri-
ents. In this scenario, development of promising technologies in plant nutritional 
effectiveness linked to sustainable materials is of great importance for the agricul-
tural and economic sector. The requirement of intensive use of fertilizers, water and 
pesticides, together with new technologies, has led to enormous developments in 
modern agriculture over the years. Agricultural production (unit of productive land) 
has developed greatly, contributing to population growth and economic develop-
ment. However, while these developments were significant, environmental impacts 
were not fully considered and measured. Such impacts associated with agricultural 
expansion have resulted from the excessive application of agrochemicals, which 
have led to processes such as eutrophication, water toxicity, groundwater pollution, 
air pollution, soil degradation and even ecosystem change, bring up questions on the 
sustainability of modern agriculture. This scenario is no longer acceptable and alter-
natives for increasing agricultural production without compromising the environ-
ment should be considered.

The efficiency of the agrochemical and water is then a fundamental requirement 
for the sustainable management of the agricultural systems. An alternative to a better 
plant nutrient utilization has been attained with enhanced efficiency fertilizers (EEF) 
in which refine nutrient management in agricultural systems (Dubey et  al. 2011; 
Davidson and Gu 2012; Azeem et al. 2014; Mukerabigwi et al. 2015). The enhanced 
efficiency fertilizer is dependent on polymer matrices and the methodology to cover, 
disperse or encapsulate the nutrient. Those factors drive the type of EEF, i.e. slow/
controlled release and/or environmentally friendly fertilizer as shown in Fig. 3.1.

3.2  �Types of EEF: Slow/Controlled Released 
and Environmentally Friendly Fertilizer

An EEF is defined as any system where it is possible to reduce the use of agro-
chemicals in order to not impact the environment and the economy. Figure  3.1 
shows a scheme of three different ways to propose an EFF, i.e. controlled or slow 
release and environmentally friendly fertilizers. In a slow release fertilizer system, 
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the nutrients are released at a slower rate than a common fertilizer. However, release 
rate, pattern and release duration are not well controlled and can be influenced by 
the conditions of use and the soil type. On the other hand, controlled release fertil-
izer the settings that influence the rate and release pattern are known and can be 
controlled during its use (Trenkel 1997, 2010; Shaviv 2001). To be considered as an 
environmentally friendly fertilizer the materials used to cover, encapsulate or dis-
persed the fertilizer must be degraded after the fertilizer release and cause no harm 
to the environment. After that, to be slowed or controlled release not necessarily 
biodegradable polymers have been used, but the best relationship among EFF sys-
tems are based on aspects of slow and/or controlled together with its sustainability.

3.3  �How to Prepare EEF

The development of new fertilizers has increased considerably in recent years due 
to the need to achieve sustainable systems, i.e. to improve economic efficiency and 
minimize socio-environmental problems due to excessive use of fertilizers. EEFs 
offer an effective way to improve nutrient efficiency, minimize leach losses and 
volatilization of fertilizers, and reduce negative environmental impact (Fu et  al. 
2018). Many efforts have been made to develop environmentally friendly coating 
materials, which can be degraded in the soil and converted to carbon dioxide, water, 

Fig. 3.1  Slow and controlled release and environmentally friendly fertilizers and their intersections
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methane, inorganic compounds or microbial biomass (Naz and Sulaiman 2016). 
The most common and commercially available methodology is to cover the fertil-
izer granules with a polymer or sulfur coating in order to produce a low permeabil-
ity and compact film (Liang et al. 2007). However, a wide range of strategies have 
been used such as dispersions of fertilizers in a microsphere prepared by coacerva-
tion (Santos et al. 2015; Messa et al. 2016; Feng et al. 2017), or microencapsulated 
by spray drying (Tomaszewska and Jarosiewicz 2006; Navarro-Guajardo et  al. 
2018; França et al. 2018), or film and membranes (Ariyanti et al. 2012; Bortolin 
et al. 2013) and mechanical or melt-processed materials of polymers and agrochem-
icals (Pereira et al. 2015; Xiang et al. 2018; Souza et al. 2018). A description of the 
different methodologies used to improve the efficiency of fertilizers can be detailed 
in Table 3.1.

3.3.1  �Cover Up Particle Surface With a Polymeric Coating

To cover up the surface of a particle a layer of polymer, biopolymer, sulfur and oth-
ers is applied on the surface of the granules in order to regulate the availability of 
nutrients (Gutiérrez, 2018a). In this way, the fertilizer must have a regular effect 
and, mainly, be adequate to the nutritional needs of the crop. The types of the coat-
ing materials as well their thickness determine the gradual release of the coated 
nutrient. Additionally, knowing the chemical composition of these coatings is fun-
damental to understand the characteristics that determine the mechanism of release 
of each type of coating (Shaviv 2001). According to Majeed et al. (2015), fertilizers 
can be coated with sulfur and polymers of various natures, including synthetic, nat-
ural and biodegradable (Majeed et al. 2015). More recent studies are devoted to the 
development of polymers from both renewable and biodegradable, and those most 
cited in the literature include lignin, starch, chitin, cellulose, and chitosan (Cs) 
(Azeem et al. 2014; Gutiérrez & Álvarez, 2017).

In a recent study, Treinyte et al. (2018) developed a biodegradable polymer coat-
ing to assess the applicability of different combinations of by-products and residues. 
Composites of poly(vinyl alcohol), horn meal (waste materials of slaughter houses), 
phosphogypsum (by-product of the phosphate fertilizer industry) and crude glyc-
erin (by-products of biodiesel production) were proposed as matrices for fertilizer 
encapsulation. Poly(vinyl alcohol) was used as a binder and the other components 
were added in order to reduce the costs. The material contains phosphorus, nitrogen, 
calcium, potassium and sulfur, useful nutrients for plants and also good mechanical 
properties. The encapsulation resulted in a prolonged release time and after tested in 
a tomato culture a positive effect on the plant roots development was observed 
(Treinyte et al. 2018).

Qiao et al. (2016) demonstrated the development of a double-coated fertilizer 
using ethyl cellulose as an inner coating and superabsorbent starch-based polymer 
from three distinct botanical sources as the outer coating. The granules of the 
fertilizer coated with starch presented a slow release and the differences on nitrogen 
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release behavior can be attributed to the botanical origins of the starch, which give 
the starch different water-absorbing properties. In particular, those with potato 
starch exhibited a constant release behavior for more than 96 h (Qiao et al. 2016).

The polymer coating is one of the most used technology to cover up the fertilizer 
solid particle (> 0.1 mm). However, the film layer should not rupture during trans-
portation and application, since the cracks disable the release properties of the 
material.

Table 3.1  Techniques to prepare EEF

Techniques Type of material shaped Images References

Cover up the 
fertilizer

Particle surface covered with 
polymeric film

 
Single layer

Treinyte et al. (2018)
Qiao et al. (2016)
Lubkowski (2014)

 
Double layer

Bortolin et al. (2013)
Ariyanti et al. (2012)
Ni et al. (2011)

Coacervation Macro and microspheres Feng et al. (2017)
Fertilizer is 
dispersed in a 
matrix phase

Fertilizer dispersions during 
coacervation process
Fertilizer sorption after 
coacervation process

Messa et al. (2016)
Santos et al. (2015)

Mechanical and 
melt-processing

Films, pellets, particles, etc. Xiang et al. (2018)
Souza et al. (2018)
Xiao et al. (2017)
Harmaen et al. (2016)
Pereira et al. (2015)
Pereira et al. (2012)

Spray-dryer Nano and microspheres França et al. (2018)
(2-fluid nozzle) Tomaszewska and 

Jarosiewicz (2006)

Spray-dryer Microcapsules França et al. (2018)
(3-fluid nozzle) Wu and Liu (2008)
or Liang et al. (2007)
Core-Shell Xie et al. (2011)

Pillai (2010)
Zohuriaan-Mehr et al. 
(2010)
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3.3.2  �Coacervation

Coacervation also is very common for producing EEF based mainly on polysaccha-
rides. The production of microspheres is applicable in the case of the of retention 
water-soluble compounds such as inorganic fertilizers. For this, the fertilizers can be 
dispersed in a polymeric matrix during the coacervation process (Messa et al. 2016). 
Another way to retain the nutrients in the composite matrix could be fertilizer sorption 
after the coacervation process, as mentioned by Santos et  al. (2015). Coacervation 
method consists on adding a solution of hydrocolloid (a polymer formed by more than 
one monosaccharide type) to an electrolyte with an opposite charge of the colloidal 
species. Thus, an insoluble derivative is formed as a result of the electrostatic interac-
tions, producing solid-walled microspheres around the dispersed fertilizer in the same 
reaction medium (Schrooyen et  al. 2001). In addition, the coacervation process 
depends on the net charge of the system and is consequently influenced by parameters 
such as the conformation and chain length of the polymers and media conditions that 
include: pH, ionic strength, temperature and nature of the reactants. These variables 
are directly related to the efficiency of microspheres production and their physical 
characteristics such as structure, size, and porosity (Yeo et al. 2005).

Messa et al. (2016) prepared double layer microspheres based on Cs and clay- 
potassium nitrate (KNO3). The addition of lamellar silicates such as montmorillon-
ite clay worked to increase the water absorption capacity and retention of chemical 
compounds. The microspheres were obtained in a two-step, first, the Cs-clay-
fertilizer solution was casting and the film was ground to obtain solid particles. The 
particles were then incorporated into a fresh Cs solution which was dripped onto a 
sodium hydroxide solution yielding the double layer microspheres using the coac-
ervation method. These two steps were necessary to decrease the dissolution of 
KNO3 during the washing stage until neutral pH. The fertilizer release was carried 
out in water and soil, whereas in soil the release values were higher in the first 
10 days but still keep the delivery for 60 days (Messa et al. 2016).

Santos et al. (2015) described the preparation of potassium-containing micro-
spheres based on Cs and montmorillonite clay using coacervation method. The 
microspheres were prepared by dripping a solution of Cs/clay into a solution of 
sodium hydroxide. After the microspheres were added to a fertilizer solution so that 
the KNO3 fertilizer could be trapped in the microspheres by sorption process. As 
described the montmorillonite clay provides better sorption properties than the Cs 
microspheres because of the rough and porous surface. Due to these properties, high 
levels of KNO3 fertilizer were sorbed in the material. The potassium content of the 
microspheres presented two specific release periods: the first hold approximately 
3 days and was attributed to the external fertilizer in the microspheres, while the 
second was attributed to the internal fertilizer (Santos et al. 2015).

Coacervation is an easy way to prepare microspheres, however, the solubility of 
the nutrient influences the formulation. Then both methodologies used for Messa 
et al. (2016) and Santos et al. (2015) were efficient to retain the fertilizer in the 
composite matrix, in spite of double coacervation and coacervation-sorption step 
process used, respectively.
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3.3.3  �Mechanical and Melt-Processing

The mechanical process is one of the most interesting methods to produce EEF in a 
large-scale production. It is important to emphasize that, as an economical, efficient 
and environment-friendly technology, the thermomechanical process has a great 
potential to be applied in horticulture and agriculture. In this case, the fertilizer is 
homogeneously dispersed in a matrix phase during the processing. The dispersity, 
homogeneity and phase interaction are important parameters to be considered 
(Xiang et al. 2018). Considering the source of the polymer and also its biodegrad-
ability the polymeric materials must fit into a thermodegradation window that 
enables it to be processed before its degradation. Examples of biodegradable ther-
moplastic that has been used to process EEF are polyhydroxyalkanoates such as 
polyhydroxybutyrate (Souza et  al. 2018), polyhydroxybutyrate-co-valerate 
(Harmaen et  al. 2016), poly(vinyl alcohol) (Julinová et  al. 2018), thermoplastic 
starch (Xiao et  al. 2017; Merino et  al. 2018a, b; 2019a, b), poly(caprolactone) 
(Pereira et al. 2015; Gutiérrez 2018b).

Mechanical (melt-) processing can be performed continuously or by batch, how-
ever, these are differentiated by characteristics inherent to the type of process. 
Rotation speed, mixing type, feed rate, residence time and temperature profile are 
processing variables that have a significant influence on the microstructures and 
rheological properties of the final product (Kokini 1993).

In the work of Xiao et al. (2017), a one-step method was established to prepare 
the slow release fertilizer incorporated in starch-based superabsorbent polymer 
(SBSAP). A modified double rotor blender was used to study chemical and physical 
reactions during thermal processing by monitoring temperature and torque. Three 
corn starches with different amylose/amylopectin ratios were used to understand the 
impact on the superabsorbent polymer structure and release performance. Using the 
SBSAPs prepared by processing, the slow release of urea in water was achieved. A 
lower value of 15% of the fertilizer was released in 1 day, the release rate after 
30 days exceeded 80% and the release lasted more than 45 days. Furthermore, the 
processing model demonstrated in this work provides an economical solution to 
prepare a slow urea release technology, which was promising for agricultural appli-
cations (Xiao et al. 2017).

Xiang et al. (2018) developed a granular slow release fertilizer based on urea-
formaldehyde (UF), ammonium polyphosphate (APP) and amorphous silica gel 
(ASG) using cold-extrusion. A strong interaction via hydrogen bonds between the 
components generates compatibility and improved the mechanical properties, as 
well as the slow release properties of the fertilizer, mainly after the addition of APP 
and ASG in the UF matrix. The extrusion technique improved the performance of 
the material and the nitrogen was efficiently used favoring the plant growth (Xiang 
et al. 2018).

Rychter et al. (2016) obtained films by extrusion of potato starch with urea as a 
plasticizer for plants fertilization. Extrudable films of 1 mm thickness and 100 mm 
width were obtained from pellets prepared with starch/glycerol/urea. They had 
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tested the releasing efficiency of urea from the starch films in water conditions. 
They also made an effort to utilize extruded samples as a fertilizer for agriculture 
purposes. Despite, results indicated the fertilizer release time from obtained films, 
in proposed conditions was not satisfactory, urea-plasticized starch was success-
fully used as a fertilizer. Plant growth assessment, including parameters determina-
tion of fresh and dry matter of the plants and their visual evaluation, was proved the 
stimulating effect of using extruded films on the growth and development of plants 
(Rychter et al. 2016).

The rheometer mixer is also extremely useful melt-processing method for a wide 
range of functional polymers and composites (Qiao et  al. 2012). Some studies 
reported the use of rheometer mixers for chemical modification of polymers, blends, 
and composites which have shown their utility to produce materials with desirable 
performance. In the work of Souza et al. (2018), composites based on polyhydroxy-
butyrate (PHB), starch, glycerol and montmorillonite (PHBSGMMt) had been pro-
posed as a carrier for controlled fertilizer release, such as KNO3 and 
NPK. PHBSGMMt with KNO3 or NPK was processed by melting in a mixer cham-
ber of torque rheometer. Clay, KNO3, and NPK increased the PHB/starch compati-
bility and homogeneity, resulting in a well-interfaced material obtained for 
PHBSGMMTNPK. MMtKNO3 was mainly on PHB phase and MMtNPK on the 
compatible polymeric phase. These behaviors explain the faster release for incom-
patible blends, PHBSGMMtKNO3, in which KNO3 was completely released after 
60 h, than compatible PHBSGMMtNPK that released 60% of the total amount of 
fertilizer during the test time (Souza et al. 2018).

3.3.4  �Core-Shell Material

A core-shell type material can be modulated according to the both phases composi-
tion and hydrophobic-core and hydrophilic-shell would guarantee the nutrients will 
not dissociate rapidly in the medium. A hydrophilic shell enables the material to 
swell, slowly releasing the active agent inside the core by diffusion. The preparation 
of functional materials with core-shell structures aims to modulate the absorption 
and release of water and nutrients avoiding mainly the burst effect. Few reports in 
the literature deal with such a structure to be used in EEF.  Wu and Liu (2008) 
impregnated N, P and K in a core-shell type structure using poly(acrylic acid-co-
acrylamide) and kaolin. The release of the nutrient and water absorption was satis-
factory; however, the copolymer synthesis methodology is cumbersome and is 
accomplished together with the impregnation of fertilizer. In addition, by using 
organic solvents it cannot be evaluated as a sustainable technique and this should be 
taken into consideration. Liang et al. (2007) also prepared N, P and K doubly coated 
with poly (acrylic acid) as an internal coating and Cs as external one. N, P and K 
have been recovered by a film composed of polymers using both the spray 
process  (Liang et  al. 2007; Wu and Liu 2008). Thus, as discussed above, the 
methodology employed is also laborious which increases the value cost of the EEF. 
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Xie et al. (2011) prepared a core-shell structure material in which the urea fertilizer 
is coated by attapulgite-alginate composite and the shell consists of a superabsor-
bent composite based on wheat straw-g-poly(acrylic acid)/attapulgite containing 
urea and boron (Xie et al. 2011). Despite several reports about different formula-
tions of controlled release materials with superabsorbent properties, only few can 
achieve the important sustainable material features, i.e. non-toxicity, biodegradabil-
ity, simply obtaining method, efficiency in the fertilizer delivery, control of the real 
agrochemical amount release in the soil, among others. In addition, due to economic 
reasons only a few formulations have reached the market (Pillai 2010; Zohuriaan-
Mehr et al. 2010).

3.3.5  �Spray-Drying

Spray drying is a technique used in many industrial areas, the most well-known are 
food and pharmaceutical, with few studies on its use in agricultural approaches as 
to EEFs. The first spray dryer equipment was built in 1878 (Hayashi 1989), but the 
first report of its use to encapsulate a material (an aroma at this time) was in 1930 
(Chávarri et al. 2012). Some of the advantages of using the spray drying technique 
are: (i) versatility of the applications for several raw materials and sensitive or tem-
perature resistant materials; (ii) its reproducible production of particles; and (iii) 
process flexibility (Oliveira 2005). The particle properties of the final product will 
depend on the process parameters which involves four main steps: the feed through 
an atomizer nozzle, followed by the atomization of the solution and contact of the 
droplets produced with the pressurized air, the drying process, and the collection of 
the obtained particles (Fig. 3.2). He et al. (1999) evaluated the influence of atomiza-
tion process parameters, such as the type of atomizer nozzle, the inlet and outlet 
temperature, the flow rate of the nozzle peristaltic pump and drying air flow, on the 
properties of the particles (size, morphology, zeta potential, among others). Particle 
size is mainly affected but not the zeta potential. They considered the type of spray 
nozzle and the inlet temperature used as the major influencers. A variety of atom-
izing nozzles, e.g. the centrifugal, pressure or 2-fluid nozzle (2FN) have been 
applied. Recently, the 3-fluid nozzle (3FN) (Fig. 3.2) has been used especially for 
the encapsulation of immiscible liquids such as oils or aromas (Legako and Dunford 
2010; Kašpar et  al. 2013a). Other advantages of the spray drying technique for 
microencapsulation application are its productivity, speed, reproducibility and ease 
of scale-up (Tokárová et al. 2013).

Spray drying technique applied to agricultural purposes has few articles in the 
literature. França et  al. (2018) obtained microspheres and microcapsules of con-
trolled release fertilizer by a swelling mechanism. They used the 2-fluid nozzle to 
obtain microsphere where the nutrient was dispersed on the polymeric matrix of Cs. 
To obtain microcapsules, they used the 3-fluid nozzle and the nutrient was concen-
trated in the core and covered by a polymeric shell of Cs (Fig. 3.3).
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3.3.6  �Microfluidics

In a sense of encapsulation, microfluidics can also offer an opportunity to encapsu-
late active species such as agrochemicals. Microfluidics systems are characterized 
for manipulate and process small amounts of fluids using channels with dimensions 
of a hair human (10–100 μm). It has the advantage of useful capabilities as the: 
using very small quantities of samples and reagents, and carrying out separations 
and detections with high resolution and sensitivity; low cost; low energy consump-
tion; short times for analysis; control of molecule concentrations in space and time; 
and small footprints for the analytical devices (Whitesides 2006). Microfluidics is a 

Fig. 3.2  (a) Scheme of spray drier Buchi B-290 with 3-fluid nozzle (1) compressor; (2) inlet filter; 
(3) heating coil; (4) nozzle; (5) stock solutions; (6) drying chamber; (7) cyclone; (8) dry product; 
(9) outlet filter; (10) aspirator. (b) Scheme of droplets

Fig. 3.3  MEV of (A) microspheres and (B) microcapsules obtained by spray dryer using 2FN and 
3FN, respectively
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science that involves unique physical phenomena that use of effects in the micro-
domain as laminar flow, capillary forces, and diffusion. It is mainly conducted by 
the law-Reynolds number flow rule which dictates that all fluid flow is essentially 
laminar. Continuous-flow based systems have exploited this phenomenon to create 
many novel micro-environments (Teh et al. 2008).

Microfluidics devices are divided in closed and open chips. Closed chips are 
conducted by (i) continuous flow that uses external pressure, capillary effect and 
electro kinetic mechanisms; (ii) droplet based (or digital microfluidics) which uses 
electrowetting-on-dielectric, surface acoustic waves, optoelectrowetting. On the 
other hand, open chips takes advantages of microfluidic probes (MFP) or are used 
for micro-arrays as it is applied to ink-jet printing, pin-printing technology, micro-
contact printing (Ramli et al. 2013). Kim et al. (2007) used the capillary microflu-
idic technique to obtain monodisperse core-shell microgels based on 
poly(N-isopropylacrylamide). This technique allows incorporation of additional 
materials into the core-shell gels and precisely controls the particle size in the range 
of 10–1000 mm. It can be applied in drug delivery, artificial muscles, and cancer 
therapy (Kim et al. 2007). Chen et al. (2012) associated the parameters fluid flow 
rates and device geometry with size and shell thickness of the microcapsules made 
from double emulsion templates in microfluidic devices. They have showed the 
permeability and microstructure of the capsule shell can also be controlled through 
the addition of crosslinkers and silica nanoparticles in the middle phase of the dou-
ble emulsion templates (Chen et al. 2012). Microfluidics used to encapsulate applied 
to agriculture are not reported on the literature until now. Nguyen et  al. (2009) 
showed examples as a sensor for insecticides detection in agriculture.

3.4  �Polymers and Agrochemicals Used in EEF

Besides the methods, the polymeric systems are also an important issue that affect 
the behavior of fertilizer release and the biodegradability of the material. Table 3.2 
shows examples of polymers-agrochemicals association that have been studied for 
controlled-release in agriculture in the past 10 years.

3.5  �Final Consideration

Different methods to prepare an EEF (coating, dispersion or encapsulation) using 
diverse strategies (coacervation, mechanical or melt-processing, spray-dryer, chem-
ical synthesis of core-shell, microfluidics) were widely exposed in the text and each 
one has some advantages and disadvantages. Despite the methods for fertilizer 
nano- and micro-encapsulation has not been yet well explored in the literature it 
opens up new opportunities for both academia and industry since the results achieved 
suggest the best pattern for the efficiency of fertilizer perform.
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Chapter 4
Potential Use of Polymeric Particles 
for the Regulation of Plant Growth

Anderson E. S. Pereira, Bruno T. Sousa, María J. Iglesias, Vera A. Alvarez, 
Claudia A. Casalongué, Halley C. Oliveira, and Leonardo F. Fraceto

Abstract  Plant growth regulators (PGRs) are molecules widely applied in the 
agriculture, leading to increased crop yield and improved quality of agricultural 
products. These compounds act as plant hormones, affecting the plant hormonal 
homeostasis, and thus control plant growth and development. Recently, the develop-
ment of polymer-based modified release systems for PGRs has emerged as a promis-
ing alternative for increasing the efficacy of these compounds. This review will focus 
on polymeric particles that are used as carrier systems for PGRs, allowing their con-
trolled release and protecting them from degradation. Successful examples include 
the phytohormone gibberellic acid(GA3)-loaded nanoparticles, which showed higher 
efficacy than the non-nano active ingredient in promoting seed germination and 
seedling growth, and salicylic acid (SA) and nitric oxide (NO)-releasing nanoparti-
cles as effective plant protection agents against stresses. Polymeric nanomaterials 
per se such as chitosan (Cs) can also alter plant signaling pathways and promote 
plant growth and development. Despite their great potential in improving the plant 
production with less damage to the environment, relatively few studies have focused 
on the use of these nanomaterials for the development of modified release systems 
for PGRs. In this scenario, this review discusses on the major advances and obstacles 
in the area.
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4.1  �Introduction

Currently, agrochemicals are of extreme importance in the agriculture, especially 
for their large production and uses (Prasad et al. 2017b). However, the excessive use 
of these compounds has caused environmental damage, resulting in soil degradation 
and contamination of natural resources (Mishra et al. 2017). These negative factors 
present major challenges for today’s agriculture and also open some questions, such 
as how agricultural practices could increase global production without causing 
damage to the environment (Ciura and Kruk 2018).

In this context, new technologies for the controlled release of agrochemicals 
can revolutionize the agricultural sector (Mishra et al. 2017; Duhan et al. 2017). 
They include the development of microparticles and nanoparticles as active sub-
stance carrier systems in order to improve their biological action and reduce envi-
ronmental impact (Chen and Yada 2011; Ghormade et al. 2011; Khot et al. 2012; 
de Oliveira et al. 2014; Campos et al. 2015; Grillo et al. 2016; Fraceto et al. 2016; 
Athanassiou et al. 2017).

Several advantages are associated with the use of micro and nanoparticles, among 
them, greater protection against premature degradation, slower release of the active 
ingredient, extension of its duration of action, and improved uptake of the active 
ingredient by target species (Kah et al. 2013; Kah and Hofmann 2014; Valletta et al. 
2014; Nguyen et al. 2016; Tripathi et al. 2017; Prasad et al. 2017a). These micro and 
nanoparticle characteristics allow reductions not only in the dosage of the active 
ingredient but also on the application frequency, decreasing also the environmental 
contamination and the risk of harming non-target organisms (Kah et al. 2013; Kah 
and Hofmann 2014).

Among the active ingredients used in the agriculture, we have the plant growth 
regulators (PGRs), which are natural or synthetic substances that are applied exog-
enously to alter plant hormonal homeostasis and/or signaling (Rademacher 2015). 
Phythormones (also called plant hormones) may be used as PGRs, as well as their 
precursors and synthetic analogues. PGRs also include compounds that inhibit the 
biosynthesis, the translocation or the signaling pathway of phytohormones (Basra 
2000; Rademacher 2015). Phytohormones are substances of plant metabolism that 
act at low concentrations to regulate physiological processes of plant growth, devel-
opment and responses to the environment (Ordaz-Ortiz et  al. 2015; Rademacher 
2015). According to their chemical structure and functions in plant physiology, nine 
major groups of phytohormones are found in plants: auxins, cytokinins, gibberel-
lins, ethylene, abscisic acid, brassinosteroids, jasmonic acid, SA and strigolactones 
(Fig. 4.1). Recently, other signaling substances with functions similar to those of 
plant hormones have been described. An important example is NO, a gaseous sig-
naling molecule that acts in many developmental processes and in plant responses 
to biotic and abiotic stresses (Lindermayr and Durner 2018).

PGRs have wide applications in agriculture and horticulture, being applied from 
seed germination and seedling production to grain filling and fruit ripening 
(Table 4.1). Therefore, PGRs provide important benefits that include enhanced crop 
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Fig. 4.1  Major groups of phytohormones. Chemical structure of a representative compound from 
each group and some of their respective physiological functions are indicated

Table 4.1  Major PGR types for agriculture applications

PGR types Examples Applications References

Auxins 2,4-D, indole acetic acid 
(IAA), naphthalene-1-acetic 
acid (NAA)

Induction of rooting of 
cuttings, cell culture, 
herbicide

Cardoso et al. (2011); 
Dibax et al. (2013); 
Schulz and Segobye 
(2016)

Cytokinins Kinetin,6BA Cell culture Dibax et al. (2013)
Ethylene 
releaser

Ethephon Induction of fruit 
ripening and flowering

Hussain et al. (2015); 
Espinosa et al. (2017)

Ethylene 
inhibitor

AVG, 1-MCP Delay of senescence 
and fruit ripening

Petri et al. (2007); 
Steffens et al. (2009); 
Grozeff et al. (2010)

Gibberellin GA3 Induction of flowering, 
seed germination and 
fruit growth

Peixoto et al. (2011);
Cardoso et al. (2012); 
Camara et al. (2018)

Gibberellin 
inhibitor

Trinexapac-ethyl, Calcium 
proexadione, Clormequat 
chloride, Mepiquat chloride

Reduction of shoot 
height

Rodrigues and Fioreze 
(2015)

NO donor Sodium nitroprusside, 
S-nitrosothiols

Tolerance to abiotic 
stress

Seabra and Oliveira 
(2016)

JA n-Propyl dihydrojasmonate Improvement of fruit 
quality

Kondo (2010)

4  Potential Use of Polymeric Particles for the Regulation of Plant Growth



48

yield and quality, facilitated crop management and extended storage of perishable 
products (Basra 2000; Rademacher 2015). However, despite the high number of 
studies regarding PGRs and their systematic agricultural use since the 1930s, PGRs 
currently represent a relatively small portion of the agrochemical market, especially if 
compared with pesticides (Rademacher 2015). One factor that hinders the application 
of PGRs is their degradation when exposed to field conditions of light and temperature, 
which compromises their biological activities (Silva et al. 2013; Dong et al. 2016; 
Yang et  al. 2018). In addition, when applied at supra-optimal concentrations, 
PGRs may exert phytotoxic effects, thereby acting as an herbicide rather than a 
hormone (Skůpa et al. 2014). Another aspect is the poor water solubility of some 
PGRs, which may hamper their applications (Ambrogi et al. 2006; Ge et al. 2011; 
Yang et al. 2018).

This review was focused on the major advances and obstacles regarding the use 
of polymeric micro and nanomaterials for the development of modified release sys-
tems for PGRs. Although there are multiple publications reporting the synthesis and 
physico-chemical characterization of micro and nanocarriers of PGRs particularly 
in the chitosan (Cs) polymeric matrix with a potential use in agriculture, few studies 
have demonstrated their mode of action and biological effects in plants (Gutiérrez 
2017). This important issue constitutes a challenge for the next years. The actions of 
some polymers per see specially Cs in altering plant signaling pathways and pro-
moting growth will also be discussed.

4.2  �Production of Polymeric Nanoparticles

The development of nanoparticles becomes a valuable strategy in the field of active 
ingredient vectorization. Nanoparticles allow a wide variety of molecules to be tar-
geted to different parts by releasing them in a controlled manner over time, protect-
ing them from degradation, increasing their half-life and decreasing its toxicity. 
Figure 4.2 shows the possible structure for polymeric nanoparticles.

Active
principle

Polymeric 
Matrix

NanosphereNanocapsule

Fig. 4.2  Possible structures of a polymeric nanoparticle. The nanocapsules show a core-shell 
structure and nanospheres present a polymeric matrix
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4.2.1  �Biodegradable Polymers Used as Active Principle 
Carriers

During the past decades, significant advances have been made in the development 
of biodegradable polymeric materials as active principle vehicles. Degradable poly-
meric biomaterials are preferred candidates for developing carriers. A wide range of 
natural or synthetic polymers are being investigated for agricultural applications. 
Biodegradable polymers can be derived from different sources. The number of such 
materials that are used in or as adjuncts in delivery has increased dramatically over 
the past decade. The different kinds of biodegradable polymers used as vehicles are 
summarized in Fig. 4.3.

Many biopolymers such as alginate, Cs, cellulose, pectin and cellulose have been 
used to the development of carriers systems for agrochemicals (Campos et al. 2015) 
as well as to the coating of metallic nanoparticles (Navarro et al. 2015; Barrios et al. 
2016; López-Moreno et al. 2018). The most widely used polymer for the development 
of nanocarrier systems has been Cs (Kashyap et  al. 2015). Cs is a polysaccharide 
derived from chitin. It has great characteristics including the biodegradability and 
biocompatibility as well as fungicidal properties, Cs has been also use in the pharma-
ceutical, cosmetics and food fields (Zargar et al. 2015; Malerba and Cerana 2016). In 
the case of biopolymers used as a stimulator for plant development, Cs has been one 
of the most cited in order to promote plant growth resulting in increased production.

In addition, many types of polymers and agents can be used for the coating nano
particles such as lactate, polyvinylpyrrolidone, polyethylene glycol, gelatin, sodium 
dodecylbenzenesulfanate, citrate, dexpanthenol and carbonate (Barrios et al. 2016; 

Biodegradable 
Polymers

Biomass products

Polysaccharides

Proteins

From 
microorganisms

From 
Biotechnology From oil products

Fig. 4.3  Different kinds of biodegradable polymers used as vehicles of active ingredients. The 
main sources of biodegradables polymeric materials come from biomass products (polysaccha-
rides and proteins), from microorganisms or obtained from biotechnology routes and oil 
byproducts
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Navarro et al. 2015). When these systems are coated, their properties such as size, zeta 
potential are altered, as well as the biological effects on plants. Thus, this issue opens up 
a wide field in the design of new nanoparticles or nanocarrier systems in order to increase 
the biological activity of a nanoparticle system or even reduce toxic effects on plants.

Depending on the mode of degradation, polymeric biomaterials can be classified 
as: hydrolytically and enzymatically degradable polymers. It is important to remark 
that most of the naturally occurring polymers undergo enzymatic degradation.

4.2.2  �Common Techniques to Prepare Polymeric Nanoparticles

There are numerous methods for producing polymeric nanoparticles carrying 
hydrophobic or hydrophilic molecules, simple or complex (Rao and Geckeler 
2011). These methods can be classified into two categories: those that involve poly-
mer synthesis or those that involve preformed polymers. Among the methods 
involving polymer synthesis, mention may be made of polymerization/emulsion 
(Thickett et al. 2007) and interfacial polymerization (Crespy et al. 2007). Considering 
the methods that use preformed polymers, simple (Solans et  al. 2005; Fryd and 
Mason 2012) or double (Hanson et al. 2008; Iqbal et al. 2015) emulsion with subse-
quent evaporation of solvent, and nanoprecipitation (Hornig et  al. 2009; Martín-
Saldaña et al. 2016, 2017). The simple emulsion method with subsequent solvent 
evaporation is the most widely technique used to accommodate hydrophobic active 
principles in nanoparticulate polymer matrix systems (Gutiérrez 2018). It consists 
in forming a stable emulsion from two immiscible phases: an aqueous or continuous 
phase provided with an appropriate stabilizing agent and an organic dispersed phase 
containing the drug and the matrix polymer. In most cases, an ultrasound probe is 
responsible for generating an emulsion that guarantees nanometric droplets com-
posed of the dispersed phase (Gutiérrez and Álvarez 2017). Then, the polymer con-
tained in the droplets precipitates in the form of nanoparticles trapping the drug as 
a result of the evaporation of the organic solvent, which must naturally be volatile. 
The main advantage of this method is the high efficiency of encapsulation of hydro-
phobic active ingredients (Gómez-Gaete 2014).

Differently, double emulsion is a strategy to house hydrophilic molecules in 
hydrophobic polymeric nanoparticles. Emulsions are a type of dispersed phase sys-
tems, depending on the type of dispersion the emulsions are classified as those of 
the water in oil (w/o) or oil in water (o/w) type. It is possible to obtain more com-
plex dispersions for more specific purposes, such as multiple emulsions of the 
w/o/w or o/w/o type, which require, first, the formation of a stable primary emulsion 
and then its dispersion in the phase external by dispersing two immiscible liquid 
phases, which have a high attraction force between their own molecules, a large 
interface area is generated producing a thermodynamically unstable system, which 
entails the breakdown of the emulsion in a certain time. To stabilize the dispersed 
systems or emulsions, an agent having interfacial activity must be added, which 
allows decreasing the interfacial tension and the attractive interactions between the 
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droplets that are dispersed. These agents that are called surfactants, are amphipathic 
chemical species, which by various mechanisms prevent the collapse of the drop-
lets, preventing their coalescence or flocculation. Double emulsions are complex 
systems in which the droplets of the dispersed phase contain one or more types of 
smaller scattered droplets (Iqbal et al. 2015).

Double emulsions have the potential to transport both hydrophobic and hydro-
philic active principles. However, this technique is more commonly used to encap-
sulate hydrophilic molecules, which suffer from a low loading efficiency due to the 
rapid partition of the drug in the external aqueous phase when using simple emul-
sions (Iqbal et al. 2015).

4.3  �Polymeric Nanoparticles as Carrier Systems for PGRs

Polymeric nanoparticles have been developed as carrier systems for different types 
of PGRs (Table 4.2).

Liu et al. (2013) developed the first reported material for the controlled delivery 
of GA3, which is the most representative gibberellin. GA3 is not dissolved in water 
and is easily degraded under neutral and alkaline conditions as well as by light and 
temperature, properties that affect its efficiency in formulations for the use in the 
field (Kah and Hoffman 2014). Hence, GA3-Cs conjugate efficiently protects the 
phytohormone from photo and thermal degradation. Its release properties can be 
achieved by controlling pH, temperature and UV irradiation. Pereira et al. (2017a,b) 
described the properties of Cs nanocarrier systems for GA3. These particles showed 
a sustained release of 58% of GA3 in 2 days and enhanced properties compared with 
free GA3 hormone in the promotion of seed germination, root and leaf development 
and also, increased the photosynthetic pigments in Phaseolus vulgaris.

Quiñones et  al. (2010) described the encapsulation of two synthetic brassino-
steroid analogues (DI31 and S-7) in tripolyphosphate (TPP)-Cs microparticles. 
Higher loading capacity and release from microparticles were obtained when the 
steroids were dissolved in ethanol. Both steroids show a sustained and constant 
release rate for the first 10 h. Until now the biological activity of these microparti-
cles has not been assayed in plants (Quiñones et al. 2010).

IAA constitutes the widespread natural auxin in plants, however, there are different 
synthetic auxins such as 2,4-D or NAA, which are used as phytohormones to promote 
auxin-mediated processes but also as herbicides at higher doses in which auxins 
inhibit growth and trigger plant death (Enders and Strader 2015). The development of 
Cs-based particles using glutaraldehyde as a crosslinker for the controlled IAA and 
NAA delivery has been performed by Fan et al. (2012). These particles efficiently 
encapsulated around 60% of auxins and released the bioactive by a super Case-II 
transport diffusion mechanism. The NAA release from NAA-Cs derivative synthe-
tized by protecting amino groups of Cs with phthalic anhydride and then mixed with 
1-naphthylacetyl chloride has been studied (Tao et al. 2012). NAA release depended 
on pH and temperature. At pH 12.0 and 60 °C a sustained release of the hormone for 
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55 days in vitro could be achieved. However, their biological actions in plants have not 
yet been assayed. Alternatively, non-polymeric silica nanoparticles for the control 
delivery of NAA with proved biology action in the modulation of root development in 
wheat plants where described (Ao et al. 2013).

The phytohormone SA triggers local and systemic defense responses against 
pathogen attack. The synthesis of SA-Cs particles with different doses of immobi-
lized SA has been recently described (Martin-Saldaña et al. 2018). SA1%-Cs par-
ticles showed very low cytotoxicity and enhanced root growth in Lactuca sativa 
seedlings. In accordance with the activation of SA signaling in planta, SA-Cs par-
ticles promoted the induction of NPR1 and PR2 protein levels required for plant 
defense responses. However, the action of SA-Cs nanosystem has not yet been 
assayed in the protection of plants against environmental stress.

The NO donor S-nitroso-mercaptosuccinic acid (S-nitroso-MSA) was also 
encapsulated in Cs for the generation of nanoparticles (Oliveira et al. 2016). The 
sustained release of S-nitroso-MSA from Cs nanoparticles enhanced the efficiency 
of NO donor compared with non-encapsulated compound. S-nitroso-MSA-Cs 
nanoparticles developed a better performance in the protection of Zea mays plants 
against salt stress, evidenced by higher levels of chlorophyll and reduced inhibition 
of root and shoot growth. Hence, the nanoparticles of Cs for the controlled delivery 
of GA, SA and S-nitroso-MSAas bioestimulants/growth promoter and stress protec-
tion agents with proved action in plants constitute promising biomaterials for agri-
cultural applications (Pereira et al. 2017a, b; Oliveira et al. 2016; Martin-Saldaña 
et al. 2018).

4.4  �Potential of Polymeric Nanoparticles to be Used as PGRs

Unlike nanocarrier systems whose activity is related to the active ingredient, some 
nanoparticles have direct effects on plants, being able to alter their metabolism. 
Little is known about the phytotoxic or stimulate effects of polymeric nanoparti-
cles systems without an ingredient active on plants, however, some studies have 
shown that these nanomaterials are capable of being uptake by vegetables and trans-
ported, as well uptake by vegetal cells (Valletta et al. 2014; Nguyen et al. 2016; 
Prasad et al. 2017a).

The evaluations of these nanoparticles are of extreme importance mainly for 
agricultural application, in which these systems cannot cause phytotoxic effects. 
Studies conducted by Nakasato et al. (2017) demonstrated the effects of solid lipid 
and Cs nanoparticles on the germination of Zea mays, Brassica rapa and 
Pisumsativum species. An inhibition of germination was observed depending on the 
concentration of the Cs nanoparticles while the lipid nanoparticles did not cause 
phytotoxic effects.

Novelty, Chandra et al. (2015) demonstrated that Cs nanoparticles function as an 
immune modulator. The foliar treatment with these nanoparticles increased the 
activity of the immune system inducing the production of defense enzymes and 
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increasing the upregulation of genes linked to the vegetal immune system in 
Cammeliasinensis. In Triticuma estivum, the treatment with Cs nanoparticles 
favored the leaf gas exchange and the grains showed increase of protein and micro-
nutrient levels (Xue et al. 2018). Cs nanoparticles have shown fungicidal properties, 
mainly when bound to copper as metal ion (Saharan et al. 2016). For example, Zea 
mays seeds treated with copper-containing Cs nanoparticles resulted in physiologi-
cal and biochemical changes including, high germination rates and increase of dry 
mass and activation of amylases and proteases enzymes (Saharan et al. 2016).

Choudhary et al. (2017) demonstrated that seeds treated with copper-containing 
Cs nanoparticles increased antioxidant enzyme activities such as superoxide dis-
mutase, peroxidase and polyphenol oxidase and phenylalanine ammonia-lyase 
showed protection against the fungus Curvularia leaf spot. In addition to these 
effects, a promoter stimulus was observed in the development of the Zea mays 
plants treated with the Cs nanoparticles. This is an important point of view for prod-
ucts that aim at a more sustainable agriculture, since systems that promote plant 
development resulting in seed vigor, plant development and increased production 
can also improve the immunological activity of the plant and resistance against 
pathogens (Anusuya and Banu 2016; Venkatachalam et al. 2017; Choudhary et al. 
2017; Sathiyabama and Manikandan 2018).

Also, as example of hybrid systems, many metal nanoparticle systems have 
potential as a plant growth promoter. Silver nanoparticles may have bactericidal or 
fungicidal action but they have phytotoxic effects. However, in order to maintain 
their biological activity and reduce phytotoxic effects one of the alternatives is the 
coating of these nanomaterials with polymers. These systems have great applica-
tions, many of which are capable of increasing the uptake of plant nutrients, the 
immune system, alleviating adverse effects under stress conditions, as well as 
increasing production in the field (there is a lack in the development of nanocarrier 
systems for PGRs, and these systems may have many applications such as flower-
ing, fruiting and fruit ripening). However, for the use of these systems to be safe, it 
is important to have a broad spectrum of evaluation in different plants, as well as in 
other living organisms. In summary, the use of polymeric nanocarrier systems for 
PGRs such as the coating of metal nanoparticles by polymers has a great potential 
for use in field applications and the stimulation of plant growth. These systems can 
be used for different stages, such as in the treatment of seeds or during plant devel-
opment resulting in greater plant development, increase of production and quality of 
agricultural products.

4.5  �Uptake, Transport and Distribution of Nanoparticles

PGR-loaded system can be extracellularly sensed or incorporated from the extracel-
lular matrix to be metabolized or secreted. Nanoparticles are highly effective as 
carrier systems for phytohormone; they can confer high stability and enhanced and 
prolonged delivery to the target cell (Revell 2006). Thus, currently, controlled 
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release systems are improving stability, efficiency and minimizing the applied doses 
of traditional PGR in plants. Some PGR are unstable and have quick metabolism 
limiting their application in planta. This is the case of two unstable synthetic ana-
logues of brassinosteroids D121 and S7 that have been recently reported to be 
loaded in polyethylene glycol micelles to extend their stability (Pérez Quiñones 
et al. 2018). However, the underlying mechanisms of adhesion and transportation 
onto plant tissues have not yet been explored.

On the other hand, bioengineered polymeric nanoparticles exert positive or nega-
tive effects on growth and development by regulating endogenous PGR homeostasis 
and metabolism in the plant (Vankova et al. 2017). The exposition of rice shoots to 
mesoporous carbon nanoparticles showed negative effects on growth and increased 
the concentrations of the phytohormones brassinosteroids, indole propionic acid, 
and dihydrozeatinriboside (Hao et al. 2018).

In general, physico-chemical properties of PGR-loaded nanoparticles can affect 
its behavior including adherence, penetration and circulation along the plant. Once 
applied on plant, PGRs-loaded polymeric nanoparticles could also have different 
adherence depending on target plant cells. Apparently, size and shape are key 
parameters for penetration into plant tissues (Pérez-de-Luque 2017). Adhesion to 
the plant cell mainly takes place in the epidermic tissues of different organs such as 
leaves, shoots or roots (Khutoryanskiy 2011). Nanoparticles might enter into the 
plant by apoplastic or symplastic routes. Nanocapsules containing herbicides pen-
etrate through cuticles and tissues, allowing the slow and constant release of the 
active substances (Pérez-de-Luque and Rubiales 2009).

Once internalized onto the plant, the PGR-loaded nanoparticles can modulate 
growth, development and morphogenesis depending on the level, distribution and 
sensing. Thus, in addition to get know ledge on the action of PGR-loaded nanopar-
ticles on physiology processes it is important to investigate how they can be 
sensed, taken up by cell and then, transported to other plant tissues or organs 
(Wang et al. 2016). Recently, a hormone-like activity has been assigned to Cs/TPP 
nanoparticles (Asgari-Targhi et al. 2018; Fu et al. 2018). This work highlights the 
positive effect of Cs nanoparticles for growth and in vitro micropropagation of 
Capsicum annuum plants. However, the authors do not describe by which mecha-
nism nanoparticles are absorbed in these in vitro plants. In Arabidopsis, the lysin 
motif (LysM)-containing chitin elicitor receptor kinase 1 (CERK1) has been 
shown to sense chitin and Cs (Petutschnig et al. 2010). CERK1 has an extracel-
lular LysM motif–containing a transmembrane and intracellular kinase domains 
that is critical in chitin perception (Wan et  al. 2008). Recently, a new model 
involving LysM-containing receptor complexes has been proposed (Gubaeva 
et al. 2018). Chitooligomers could also be generated from Cs nanoparticles in the 
apoplastic space by extracellular chitinases (Grover 2012). In this sense, the wall-
associated protein W5G2U8 has found to be a chitooligomer receptor in wheat 
plants (Liu et al. 2018).

The plant cell wall is composed primarily of polysaccharides of which cellulose 
is the major component (Stavolone and Lionetti 2017). Being the pore diameter of 
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the cell wall from 5 to 50  nm it can exclude the entry of any larger polymeric 
nanoparticle into cells. Cellulose microfibrils separation may be affected by a num-
ber of factors including cross-linking polysaccharides, spacing by interpenetrating 
polysaccharides and even by the water content in the cell wall. The water has a 
substantial effect on separations of cellulose microfibrils (Thompson 2007). Thus, 
application of nanoparticles might modify microfibril depositions by modifying 
water availability in the cell wall, consequently modifying its entry onto plant cells. 
Hence, Cs-loaded nanoparticles might physically affect cell wall architecture facili-
tating their incorporation into the cell. The size of Cs nanoparticle has been found 
to affect its viscosity, adding other level of regulation to the incorporation of 
nanoparticles into plant cells (Chattopadhyay and Inamdar 2010).

In the case of leaves, stomata are other possible point for nanoparticle penetra-
tion (Corredor et  al. 2009). It could be investigated whether the passage of the 
particle through it does not imply its functional deregulation. Cytological observa-
tion and complementary approaches measuring stomatal conductance and infrared 
thermographic can be used to investigate stomatal opening/closure in response to 
nanoparticles application (Allègre et  al. 2007). Since interactions between the 
plant cell wall and membrane trafficking have been reported (Kim and Brandizzi 
2014; Ebine and Ueda 2015), endocytic pathways involved in the cellular uptake of 
nanoparticles might represent other level of specific regulation in plant cell. 
Although most of current studies have revealed that PGR-loaded nanoparticles are 
highly promising for agriculture use, there is still much to learn about how nanopar-
ticles are incorporated, translocated and distributed in vascular plants. Studies on 
the mechanism of interactions between plant cells and polymeric nanoparticles 
must be performed.

4.6  �Gap, Obstacles and Challenges

There are many challenges for the use of PGR in nanocarrier systems. First is to 
increase the interest of the scientific community in the development of controlled 
release systems for PGRs or even nanoparticles with potential plant growth pro-
motion effects. Second is the evaluation and the comprehension of these systems, 
to understand how different polymers, methodologies of preparation and the 
characteristics of the nanomaterials could affect the biological effect of the PGR, 
and how these different systems interact with specific targets of the plant. Finally, 
evaluation using different biological models and their responses, whether in rela-
tion to their activity or even possible toxic in order to understand the applicabil-
ity of these systems. The understanding of how these systems act in different 
plant tissues and at the cellular level related to the physico-chemical characteris-
tics of these nanomaterials will help in the development of more efficient and 
intelligent systems for the immobilization/control delivery of the different types 
of PGRs.
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4.7  �Conclusions and Remarks

PGRs have great potential for agricultural application. The use of nanocarrier 
systems associated with PGRs and nanoparticles that have a promoter effect or even 
relieve vegetable stress are of great interest for field application. These systems can 
be applied in different stages of plant development in order to increase field perfor-
mance. However, it is still necessary to develop and exploit the applications of these 
PGRs associated with polymer nanoparticles which can not only potentiate the pro-
duction, but also increase the plant immune system and alleviate adverse environ-
mental conditions. In short, the association of PGRs with polymer systems 
constitutes a promising strategy in order to increase productivity without causing 
major damage to the environment.
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Chapter 5
Applications and Implications 
of Environmental-Responsive Polymers 
toward Agrochemicals

Yue Shen, Huaxin Zhu, Yan Wang, Haixin Cui, and Runcang Sun

Abstract  Environmental-responsive polymers have many applications in biomedi-
cine and nanotechnology, and have always been the hotspot of polymer science 
research. The stimuli from the external environment include both physical, chemical, 
and biological types, such as pH, temperature, ionic strength, light, enzyme or mag-
netic fields etc. For environmental-responsive polymers, different responsive groups 
are introduced into the polymers through various polymerization or other chemical 
means to meet different needs. This method cannot only accurately control the mor-
phology of the assembly when external stimuli changes, but also can adjust the 
types and quantities of the groups according to actual needs. In this chapter, special 
attention has been paid to intelligent agrochemicals with precise controlled release 
modes that can respond to micro-ecological environment changes. Moreover, the 
establishing intelligent and controlled agrochemicals release technologies which 
could increase agrochemicals-loading, improve the dispersibility and stability of 
active ingredients, and promote target ability are reported.

Keywords  Agrochemicals · Environmental response · Functional polymers

5.1  �Introduction

Agrochemicals include fertilizers, herbicides, pesticides, fungicides and other 
chemicals imported in agricultural production (Scott et al. 2018). Among them, pes-
ticides are an important material basis for safeguarding major biological disasters, 
ensuring national food production, and promoting sustained and steady growth of 
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agricultural output (Zhao et al. 2018). According to the statistics of the Food and 
Agriculture Organization of the United Nations (FAO), the loss of agricultural prod-
ucts recovered by pesticides and pests worldwide is about 30% of total production. 
However, pesticides are a special kind of chemical. While defending against major 
biological disasters in agriculture, they also pose a serious threat to human health 
and the environment (Liang et al. 2018). With the improvement of global ecological 
environment and health awareness, the development of pesticide products is devel-
oping towards high efficiency, low toxicity and low residue. In the current situation 
that the creation of new pesticide compounds is becoming more and more difficult, 
improving the performance of pesticides through advanced formulation processing 
methods and giving full play to the biological activity and efficacy of active ingre-
dients have become an important way to improve the control effect of pesticides, 
reduce residual pollution, and save the cost of application (Liu et al. 2018; Guan 
et al. 2018; Huang et al. 2018).

Conventional pesticide formulations such as emulsifiable concentrates, wettable 
powders, etc., do not have the controlled release ability of the active ingredients, so 
that the active ingredient is easily photolyzed, hydrolyzed or microbially metabo-
lized in the environment near the target, and the effect of the ingredient is reduced 
due to the loss. Even if a highly active pesticide ingredient is used, its effective uti-
lization rate is usually only 10%–30%, and the loss rate is as high as 70%–90% 
(Zhao et al. 2018). It is necessary sometimes to repeatedly spray to effectively con-
trol crop pests and diseases, which not only increases the cost of agricultural pro-
duction, but also aggravates the impact of pesticides on agricultural products and 
the environment (Zhang 1998). There are many reasons for the low effective utiliza-
tion rate of pesticides. The loss of target off-target and the backward use of existing 
pesticide formulations are two of the main reasons (Scott et al. 2018). Therefore, 
how to use advanced carrier materials and loading methods to overcome the func-
tional defects of traditional formulations, improve the effectiveness and utilization 
of pesticides, and reduce their dosage and residual pollution in non-target areas and 
environments, has become a scientific problem that needs to be solved urgently in 
modern agriculture.

In recent years, the rapid development of nanotechnology has provided a new sci-
entific methodology for modern agricultural science. It is promoting traditional agri-
culture to continually nurture new major breakthroughs in many cross-cutting fields 
and form the growth point of agricultural emerging strategic industries (Fu et al. 2018; 
Zhao et al. 2017a; Shen et al. 2017). The application of nanotechnology in agriculture 
has formed a very active and emerging interdisciplinary subject. Using the targeted 
transmission and control release function of nano-carrier materials, developing new 
formulations of green nano-pesticides, improving the effective utilization rate of agro-
chemicals such as pesticides and fertilizers, and reducing residues and pollution have 
become one of the research hotspots in the field of nanotechnology agricultural appli-
cation in the world (Morris et al. 2011; Scott and Chen 2012; Ghormade et al. 2011; 
Khot et al. 2012), showing good application prospects in alleviating environmental 
pollution, pest resistance and biodiversity loss caused by pesticide abuse. The figure is 
shown in our previous paper (Fig. 5.1) (Huang et al. 2018). In 2003, the US Department 
of Agriculture launched the “Nanoscale Science and Engineering for Agriculture and 
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Food Systems” research program (Norman et al. 2002), which listed the intelligent 
transmission of agricultural chemicals as one of the six key research directions. 
Subsequently, the European Union, Brazil, India, Japan, Canada and other countries 
have also developed and started to implement relevant research plans (Observatory 
NANO 2010; Robinson and Morrison 2009). Some international organizations and 
institutions have also begun to pay close attention to the impact of nanotechnology on 
future agriculture. Since 2009, the FAO has organized high-level expert forums and 
technical round tables to discuss the application prospects of nanotechnology in food 
and agriculture, and edited and published strategic research reports (Food and 
Agriculture Organization 2010). The US Environmental Protection Agency (EPA) 
and the European Parliament have issued regulations on the production and use of 
nanopesticide (Morris et al. 2011). World-renowned agrochemical enterprises such as 
Bayer, DuPont and Syngenta have also attached great importance to the development 
and promotion of nano-pesticide technology and products (Norman et  al. 2002; 
Observatory NANO 2010).

Currently, the key focus of nanopesticide research is to develop a smart nano-
delivery system with target-oriented and controlled-release functions using nano-
materials and technologies. In this way, the formulation function of the pesticide is 
improved, the utilization efficiency and biological activity of the active ingredients 
are maximized, and the loss and residual pollution are reduced. Compared with the 
conventional pesticide carrier, the nanocarrier has characteristics such as small par-
ticle size and large specific surface area. It loads pesticides by adsorption, coupling, 

Fig. 5.1  Nano-based pesticide formulation increases bioavailability and efficiency
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encapsulation, inlaying, etc., and constructs a nano pesticide-loading system, which 
is easier to exert excellent pesticide-loading functions, is beneficial to improve the 
dispersion and stability of the components, promote target deposition and dose 
transfer, reduce the loss and increase the utilization rate, and reduce pesticide resi-
dues and environmental pollution. At the same time, the nano granules have the 
controlled release function of pesticides. They can protect environmentally sensitive 
pesticides, control release rate, and reduce loss and decomposition (Ghormade et al. 
2011; Khot et al. 2012).

Pesticide controlled release technology provides a feasible way to solve the con-
tradiction between agricultural yield increase and pesticide pollution control. It can 
reasonably adjust the release rate of the active ingredient according to the require-
ments of the control target, thereby improving the utilization rate of the pesticide 
and prolonging the duration of the effect. The core of controlled pesticide release 
technology is the carrier material. At present, common controlled pesticide release 
formulations such as microcapsules, microspheres and inclusion compounds can 
significantly improve the safety of users and non-target organisms, reduce the dos-
age of pesticides, reduce soil leaching and prolong the effective ingredients. It has 
become an ideal pesticide formulation that can effectively reduce pesticide residues, 
resistance and environmental problems. Research on new formulations of nano-
pesticide is currently focused on these aspects, especially pesticide nanocapsules 
and nanospheres, which have good sustained-release properties (Frederiksen et al. 
2003; Caboni et al. 2003; Boehm et al. 2003).

The environmental-responsive carrier material can respond to changes in envi-
ronmental stimuli such as enzymes, redox, pH, light, temperature, electric field, 
magnetic field and ionic strength to achieve targeted controlled release of active 
ingredients, showing obvious advantages in controlled drug release. It has broad 
application prospects and has become a hot spot in the fields of medicine, food and 
environmental engineering (Manatunga et al. 2017; Zhang et al. 2017; Eswaramma 
and Rao 2017; Shao et al. 2017; Zhou et al. 2017). The application of environmental-
responsive carrier materials in the field of pesticides, research and development of 
new environmental-responsive pesticide controlled release agents, has gradually 
become an important development direction of new pesticide formulations. This 
chapter intends to review the types of environmental-responsive carrier materials 
and their application and implication in the field of pesticides, aiming to highlight 
the importance and application potential of environmental-responsive carrier mate-
rials in the field of controlled pesticide release.

5.2  �Environmental Stimuli-Responsive Carriers

Intelligent materials respond to changes in the environment and realize an artificial 
imitation of bio-intelligence. Now it has become an emerging multidisciplinary and 
cross-integrated science, and it is one of the international academic frontiers. 
Polymeric materials also play an important role in many fields. The intersection of 
the two, namely the environmental- responsive polymer, i.e. the intelligent polymer 
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material, has been the frontier and hot spot in the research of polymer science in 
recent years. Such high-molecular polymers can receive small stimuli from the 
external environment, resulting in reversible or irreversible changes in the molecu-
lar structure, which in turn affects its chemical or physical properties. Stimulus signals 
from the external environment include both physical and chemical stimuli (Kwon 
et al. 1991; Gutowska et al. 1994; Pelton 2000; Zou et al. 2004; Tanaka et al. 1980; 
Sijbesma et  al. 1997). The stimuli-responsive polymer may also be part of the 
polymer that responds to external stimuli (Abu-Lail et al. 2006; Xu et al. 2006). 
This change (or stimulus) of the external environment can be pH, temperature, 
ionic strength, light, electricity or magnetic field (Ayano et al. 2012; Palankar et al. 
2009; Thomas et al. 2012; Nash et al. 2012; Dedinaite et al. 2010). Environmental-
responsive polymers can be designed as a single response or as multiple responses 
(Cho et al. 2009; Debord and Lyon 2003; And and Lyon 2004). These materials have 
great industrial application prospects and have been used in the fields of chromatog-
raphy, optoelectronics, drug release and biosensors (Liu et al. 2011; Sidorenko et al. 
2007; Cai et al. 2012; Guo et al. 2012; Shim, and Kwon 2011; Tang et al. 2011).

5.2.1  �Temperature-Responsive Polymer

Temperature-responsive polymers are a class of smart polymers that respond to 
changes in the external temperature. A common feature of this type of polymer is 
the presence of a lower critical solution temperature (LCST) in a particular solvent 
(Xu et al. 2007; Di et al. 2010; Qin et al. 2010). The LCST refers to the critical 
phase transition temperature of the polymer. When the ambient temperature is 
lower than the LCST, the polymer forms an extended coil structure, and the poly-
mer molecular chain is soluble in the solvent. When the ambient temperature rises 
to the LCST, the polymer molecules are transformed into a compact colloidal 
structure from a loose coil structure, the polymer molecular chains are precipitated 
from the solvent, and the phase behavior changes. This phase change is the basis 
for the temperature response of the polymer (Xu et al. 2007; Liu and Fan 2005; 
Durand and Hourdet 1999; Yan et al. 2008). There are many kinds of monomers for 
synthesizing temperature-responsive polymers, but poly(N-isopropylacrylamide) 
(PNIPAM) is the most popular material. Although PNIPAM has been reported 
since the 1950s, its temperature-responsive nature was not discovered by Heshinks 
et al. until 1968, with a LCST of 32 °C (Schild 1992; Heskins and Guillet 1968). 
Polymer materials such as hydrogels that crosslink PNIPAM at the same time also 
have a LCST behavior. PNIPAM is capable of phase transitions due to temperature 
changes. When the temperature of the external environment changes, the molecu-
lar structure of PNIPAM changes with it, resulting in a reversible change in its 
hydrophily/hydrophobicity and volume. The PNIPAM molecular chain contains a 
large number of hydrophobic groups [-CH(CH3)2-] and hydrophilic groups 
[-CONH-]. When the temperature is lower than LCST, the hydrogen bond interac-
tions between the hydrophilic amide groups and the water molecules cause the 
macromolecule to stretch, thereby exhibiting hydrophilicity, and PNIPAM is 

5  Applications and Implications of Environmental-Responsive Polymers…



72

dissolved in water (Long et al. 2009). When the temperature is higher than LCST, the 
hydrophobic group surrounds the hydrophilic group, causing the molecular chain to 
shrink, which makes PNIPAM exhibit hydrophobicity. Meanwhile, microphase sep-
aration occurs, and PNIPAM precipitates out of the water. The temperature-sensitive 
phase transition is shown in the Fig. 5.2.

5.2.2  �pH-Responsive Polymer

A pH-responsive polymer is a type of polymer whose physical and chemical proper-
ties change as the pH of the environment changes. This change is generally based on 
stimulatory responses at the molecular and macromolecular levels. Such polymers 
generally contain a large number of weak electrolyte groups such as carboxylic groups 
or amino groups which allow them to accept or impart protons in response to changes 
in pH in the environment (Bae et al. 2003; Schmaljohann 2006). In addition, the pH-
responsive polymer also responds to changes in ionic strength, and as the ionic 
strength increases, the electrostatic repulsion force also increases, causing the poly-
mer chain to collapse. Bhattacharya et al. (2010) synthesized a composite microgel 
containing N-vinylimidazole (VIM) as a monomer, and explored the hydrodynamic 
diameter of the microgel under different pH conditions by light scattering. When pH 
was 4, the VIM unit combined a large number of protons and completely ionized. 
The charge density on the microgel structure became large, and strong electrostatic 
repulsion caused the microgel to swell. When the solution pH was 7, the degree of 
ionization of the VIM group became smaller. The charge density of the microgel 
structure became smaller, and the polymer chain changed from the extended state to 
the shrinkage collapse state, as shown in the Fig. 5.3.

Fig. 5.2  Mechanism of PNIPAM hydrophilic and hydrophobic transition
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Manchanda and Nimesh (2010) prepared chitosan (Cs) nanoparticles through a 
reversed micelle system using glutaraldehyde as crosslinker for directional release of 
oligonucleotides. In the case of pH = 4, the electrostatic and ionic interaction between 
Cs and oligonucleotide were the strongest, and the release rate of oligonucleotide 
was slower than that at pH = 7. This is because when pH = 7, the deprotonation of Cs 
weakened the interaction between each other, and the release was faster. A similar 
situation occurs in the encapsulated ciprofloxacin hydrochloride Cs nanoparticles 
prepared by tripolyphosphate cross-linking (Hui and Gao 2009). The encapsulation 
and drug release in this system was affected by the environment pH value (Hui and 
Gao 2009; Gutiérrez and Álvarez 2017; Gutiérrez 2018). Compared with acidic con-
ditions, the encapsulation efficiency was significantly improved at pH = 7.4. Though 
at higher pH conditions, the nanoparticles shrink. However, the carboxyl moiety of 
the ciprofloxacin hydrochloride molecule was deprotonated, a stronger interaction 
was formed with the positively charged Cs, and this action played a leading role. 
More ciprofloxacin hydrochloride was released in PBS buffer at pH = 7.4 compared 
to aqueous solution, because the presence of ions in the buffer can weaken the inter-
action between Cs and TPP or ciprofloxacin hydrochloride, thus speeding up the 
drug release rate. Kikuchi et  al. (1997) used a six-arm block polymer 
poly(caprolactone)-b-polydimethylaminoethyl methacrylate to carry indomethacin 
after electrostatic interaction and then embedded in calcium alginate colloidal parti-
cles. This composite system had a significantly faster release rate at pH = 1.2, 6.8, or 
7.4 compared to a pure drug-coated calcium alginate system. This phenomenon 
occured because the solubility of the drug in the particles was enhanced, so that more 
drug was loaded in the particles. The difference in concentration was more favorable 
for the drug to be released from the particles.

5.2.3  �Photoresponsive Polymers

Relying on simple synthesis steps, fast response efficiency and excellent perfor-
mance, photoresponsive polymers have been widely used in traditional chemistry 
and biochemistry research. The intensity and wavelength of the source can be easily 

Fig. 5.3  Radius of microgels at different pH values
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controlled by using a filter or a light transmissive abrasive. Therefore, a range of 
wavelength ranges of light sources have been widely used in various fields from 
ultraviolet light to infrared light. As a basis for the synthesis of photoresponsive 
polymer materials, a large number of chemically synthesized photoresponsive 
monomer groups have been studied, and various photoreactive group monomers of 
various novel structures have emerged in an endless stream. Among them, the clas-
sical photoresponsive group of o-nitrotoluene type (o-NB) alcohol derivative has 
received great attention. In 1966, this photostructural o-NB alcohol derivative was 
first discovered by Woodward et  al. under the irradiation of ultraviolet light, the 
photoisomerization reaction of the o-NB ester structure was cleaved into a nitroso-
benzaldehyde structure and a carboxylic acid structure (Ding et al. 2016). The o-NB 
type monomer was embedded in the polymer chain by a simple chemical synthesis 
method, and under the stimulation of the external light source, the photo-
isomerization reaction of the o-NB monomer in the polymer chain gave the photo-
response properties of the polymer (Mok et al. 2016). Among the light-responsive 
polymer materials, photoresponsive hydrogels prepared around the o-NB type 
structure have been widely used. Such hydrogels are currently used more in cell 
preservation and in cell environment research, and their tunable sizes and novel 
geometries give them unique advantages. At the same time, a biocompatible base 
material such as polyethylene glycol, dextran, agarose or hyaluronic acid is cross-
linked by the o-NB type monomer to prepare a biocompatible photoresponsive 
polymer material. Such materials have been successfully applied in the field of 
tissue engineering and controlled drug release (II’ichev et al. 2004; Pelliccioli and 
Wirz 2002; Gohy and Zhao 2013). The photoresponsive self-assembled film pre-
pared by modifying the o-NB type structure to the side chain of the copolymer has 
also been widely used. This side-chain modified o-NB type structure provide a new 
method for micro-scale photolithographic polymer film patterning. Photocracked 
self-assembled monolayers can be modified on nanoscale surfaces, such as 
nanoparticles in microfluidic channels (Kharkar et al. 2013; Tomatsu et al. 2011). 
The molecular micelles formed by the photo-induced decomposition of the block 
copolymer are then designed using an o-NB type structure to stimulate the release 
of the dye or drug at a specified time and place, such as inside the cell, by external 
light. This research direction has also become a recent hot spot.

The photoresponsive carrier material utilizes the photosensitivity phenomenon 
of the photosensitive polymer, and after absorbing the light energy, can cause phys-
ical changes (such as color, conductivity, and solubility, etc.) or chemical reactions 
(such as photolysis, dimerization, polymerization, and isomerization, etc.) between 
intramolecular and intermolecular interaction by the absorbed energy. The intro-
duction of photosensitive groups in the main chain or side chain of a polymer, and 
the design and preparation of a photoresponsive carrier material are currently 
widely used methods. In terms of load and delivery systems, photoresponsive 
carrier materials have been shown to be easy to use, intelligent and efficient 
(Wang et al. 2016).
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5.2.4  �Enzyme-Responsive Polymer

Enzyme-responsive carrier materials include enzyme-responsive polymers (Wang 
et al. 2010), nanoparticles (Nguyen et al. 2015) and hydrogels (Hu et al. 2012), etc., 
and their research and development are receiving more and more attention (Gutiérrez 
2019). At present, it has shown broad application prospects in the fields of drug 
controlled release (Li et al. 2016), optical sensing and imaging (Zha et al. 2013), 
biocatalysis tissue engineering (Teixeira et al. 2012), and clinical diagnosis (Roberto 
et al. 2012), especially in the field of medicine. The controlled drug release by uti-
lizing enzymes related to the disease, and is a highly effective and highly selective 
drug-targeted controlled release strategy, which has good prospects in the field of 
cancer drug therapy (Andresen et al. 2010). In the process of harming crops, there 
are also a variety of related enzymes, such as cell wall degrading enzymes such as 
cellulase (Watanabe and Tokuda 2010), pectinase (Maisuria, Patel, and Nerurkar 
2010) and protease (Agusti and Cohen 2000). Therefore, drug-targeted controlled 
release strategies can also be adopted to achieve precise and intelligent control of 
harmful organisms.

5.2.5  �Redox-Responsive Polymer

The redox-responsive polymer responds to differences in the in vivo redox potential 
and thus has good biocompatibility. It usually contains disulfide bonds (S-S) or other 
substances with multiple oxidation states (such as iron and sulfur), the most common 
of which is the inclusion of disulfide bonds. It has redox responsiveness by a disulfide 
bond which is broken by the action of reduced glutathione in vivo. At present, 
redox-responsive carrier materials are also a hot topic (Zhao et al. 2017b).

5.2.6  �Pesticide Precision-Controlled Release Technology 
and Products

The controlled pesticide release technology can reasonably adjust the release rate of 
the active ingredient according to the requirements of the target, thereby improving the 
utilization rate of the pesticide and prolonging the duration of the effect. Since the 
release of pesticides in the environment is controlled, the migration of pesticides in the 
environment can be reduced, and pesticide pollution can be controlled from the source. 
In addition, increased pesticide utilization will also help reduce the total amount of 
pesticides applied and agricultural production inputs. Therefore, controlled pesticide 
release technology provides a feasible way to solve the contradiction between 
agricultural yield increase and pesticide pollution control.
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5.2.7  �Temperature-Responsive Pesticide-Controlled Release 
Agent

Sheng et al. (2015) prepared avermectin controlled release agents with temperature 
and pH dual responsiveness by hydrazone bonding. The results show that the con-
trolled release agent had a high loading capacity (97.4%) and good temperature and 
pH double stimuli response performance.

Xu et  al. (2017) prepared a polydopamine (PDA)@PNIPAM nanocomposite 
with core-shell structure by using PDA microspheres as a photothermal agent and 
then coating a thermosensitive PNIPAM shell. It was used to load imidacloprid and 
characterized by transmission electron microscopy (TEM), scanning electron 
microscopy (SEM), infrared (IR) spectroscopy, dynamic light scattering and ther-
mogravimetric analysis (TGA). It was found that the controlled agent release has 
high loading capacity and good temperature response performance.

Green et al. (1992) loaded active components in temperature-sensitive polymer 
microcapsules to prepare temperature-responsive diazinon, trifluralin and alachlor 
controlled release agents. It has also been found that these controlled release agents 
are effective in preventing the degradation of active ingredients until the soil tem-
perature or temperature reaches the critical temperature at which the pests are most 
active. The pesticide were released at a predictable rate. The bioactivity evaluation 
test showed that the diazinon controlled release agent prolonged the duration of pest 
control compared to the conventional formulation. Trifluralin controlled release 
agent reduced the phytotoxicity of crops and eliminated the need for rapid soiling; 
the alachlor controlled release agent prolonged the duration of weed control and 
reduced the leaching of alachlor in the soil.

The United States 3 M Company (Minnesota Mining and Machine Manufacturing 
Company) used a phase separation method to encapsulate pesticides in temperature-
sensitive lipid materials to produce a temperature-responsive controlled pesticide 
release agent. The controlled pesticide carrier released the compound when the 
ambient temperature was higher than the melting point of the lipid material, and 
when the temperature dropped, the lipid material hardened to stop the pesticide 
release (Thies, and Louis 2007).

Chi et al. (2017) prepared a core-shell structure temperature-responsive glypho-
sate controlled release agent with a mixture of attapulgite (ATP)-bicarbonate-
glyphosate as the core and aminosilicone oil-polyvinyl alcohol as the shell. Since 
attapulgite had a porous micro-nano network structure, it could carry a large 
amount of glyphosate molecules, and ammonium bicarbonate acted as a foaming 
agent to generate carbon dioxide and ammonia gas bubbles. Thereby, a large num-
ber of micro-nanopores were formed on the amino silicone oil-polyvinyl alcohol 
shell, thus promoting the release of glyphosate. Moreover, the temperature change 
could effectively adjust the number of pores, and at the same time, the polyvinyl 
alcohol shell was easily soluble in an aqueous solution under high temperature 
conditions, so the release of glyphosate was easy to control. The controlled agent 
release could effectively reduce the loss of glyphosate under simulated rainfall 
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conditions and improved the control effect on weeds. This study provides a 
promising method for controlling pesticide release and reducing the loss of active 
ingredients, and has potential application in improving pesticide utilization and 
reducing environmental pollution.

5.2.8  �pH-Responsive Pesticide-Controlled Release Agent

Rudzmski et  al. (2003) prepared acrylic acid-based copolymerized hydrogels by 
bulk and solution polymerization using benzoyl peroxide as initiator and ethylene 
glycol dimethacrylate as crosslinker. It was used to load cypermethrin to prepare a 
pH-responsive cypermethrin controlled release agent. It was characterized by IR 
spectroscopy and differential scanning calorimetry. The results of controlled release 
kinetics showed that the controlled release agent had good pH response. This study 
provides a new idea for the application of pH-responsive hydrogels in soil, which can 
be used to control the release of pesticides using alkaline conditions in the soil.

Poly(succinimide) (PSI) is easily hydrolyzed to hydrophilic polyaspartate (PSAP) 
under alkaline conditions. While plant phloem vascular bundle pH range from 8.0 to 
8.5, and it is higher than that for surrounding plant tissues. In order to improve the 
transport conductivity and utilization of pesticide, an amphiphilic PSI-based star 
polymer nanocarrier was designed to support naphthylacetic acid (Chen et al. 2015). 
The products were characterized by TEM, dynamic light scattering and IR spectros-
copy. The results show that the nano-controlled agent carrier can release the drug 
rapidly under the alkaline condition of the plant phloem. This study shows that such 
responsive biodegradable polymer nanocarriers can be further used as a controlled 
release delivery system for other pesticides and fertilizers.

Hill et al. (2015) prepared PSI-based pH-responsive nanoparticles by nanopre-
cipitation to load the hydrophobic model molecule nile red. The samples were char-
acterized by nuclear magnetic resonance (NMR), TEM and dynamic light scattering. 
The results show that when the pH value was higher than 6, the hydrophobic suc-
cinimide unit in the PSI nanoparticles was hydrolyzed, releasing the mode mole-
cule, and the release rate increased with the increase of pH value. Furthermore, the 
polymeric material had little toxic effect on plants. The prepared nanoparticles can 
be used for loading pesticides, fertilizers, etc., and can exhibit different release 
properties according to changes in soil acidity and alkalinity.

Lin et  al. (2016) prepared aminated mesoporous silicon by copolycondensation 
method and was used to load chlorpyrifos. They then used polyacrylic acid (PAA) as a 
functional molecule to prepare a pH-responsive PAA/chlorpyrifos/aminated mesopo-
rous silicon sustained-release system by electrostatic adsorption. The system was char-
acterized by X-ray diffraction, nitrogen adsorption-desorption, TEM, SEM, TGA, zeta 
potential and IR spectroscopy. The sustained release kinetics study showed that when 
the pH < 7, the lower the pH value, the faster the release of chlorpyrifos. The release 
under slightly alkaline conditions was faster than that under neutral conditions, 
showing an obvious pH response.
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Xiang et  al. (2018) used nano-network structure of polydopamine-modified 
attapulgite to adsorb chlorpyrifos by hydrogen bonding and static electricity, and 
then cross-linked with calcium alginate to form porous hydrogel spheres and pre-
pare a pH-responsive chlorpyrifos controlled release agent. Its polydopamine-
modified attapulgite-calcium alginate hydrogel carrier material had high biosafety 
to Escherichia coli and showed good biocompatibility. The controlled release agent 
released chlorpyrifos under alkaline conditions and exhibited good pH response. It 
can also effectively protect the degradation of chlorpyrifos under ultraviolet light 
conditions. Its polydopamine-modified attapulgite-calcium alginate hydrogel car-
rier material had high biosafety to E. coli and showed good biocompatibility.

Xiang et  al. (2017) constructed a pH-responsive controlled release pesticide 
(PRCRP) with magnetic collection performance in order to improve pesticide utili-
zation. Glyphosate (Gly) and cypermethrin (Cyp) were separately loaded into the 
pores of the magnetic nanocarrier diatomaceous earth-Fe3O4. The obtained pesticide-
diatomaceous earth-Fe3O4 was then coated with Cs. The Cs could be dissolved 
under acidic conditions to control the release of the pesticide. The magnetic proper-
ties of Fe3O4 imparted the magnetic collection performance of PRCRP. After the 
release of pesticides, PRCRP was separated from water and soil, and had a high 
recovery rate. PRCRP exhibited high adhesion on the surface of weeds and on the 
epidermis of pests, good controlled release properties, high utilization of pesticides, 
good control effects on weeds and pests, and potential collectability in practice. 
Therefore, this technology has broad application prospects, which can reduce pesti-
cide residues and environmental risks (Fig. 5.4).

Fig. 5.4  Schematic diagram for the fabrication and application of PRCRP (Xiang et al. 2017). 
Abbreviation in figure: chitosan (CTS), pure diatomite (PDE) and magnetic PDE (MDE)
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Amino-functionalized mesoporous silica nanoparticles (MSN) and carboxy-
methyl Cs (CMCS) were directly coupled and used as an oxytocin-loaded carrier 
(AZOX) with the loading capacity of 3.6% (Xu et al. 2018a). Simultaneous pesticide 
encapsulation based on CMCS emulsification and MSN surface modification can 
achieve 21% pesticide loading without affecting the pH intelligent response of 
CMCS control. At the dose of the same active ingredient, MSN-CMCS-loaded 
AZOX showed better fungicidal activity against the pathogenicity of tomato late 
blight compared to AZOX alone. In addition, fluorescein isothiocyanate-labeled 
MSN-CMCS was used to track the uptake of nanoparticles into target plants and 
fungi (Fig. 5.5).

5.2.9  �Photoresponsive Pesticide-Controlled Release Agent

Atta et al. (2015) prepared a light-responsive 2,4-D nano-controlled release agent 
based on perylene-3-biphenylmethanol photoactive organic fluorescent nanoparti-
cles. The results showed that the controlled release agent had good fluorescence, 
cell absorption and light stimulating response. Using the fluorescent properties of 
photoactive organic nanoparticles, the release and conduction of 2,4-D in plants can 
be monitored in real time. Bioassay experiments show that the nano-controlled 
release agent had significantly improved conductivity and herbicidal activity in 
plants. Subsequently, Atta et al. prepared a light-responsive 2,4-D controlled release 
agent based on the coumarin copolymer. The results showed that the conductivity, 
herbicidal activity and thermal stability of the controlled release agent were signifi-
cantly improved. It also showed good fluorescence and photoresponse properties 
and reduced the leaching of 2,4-D.

Fig. 5.5  Schematic illustration of emulsion-based synchronous AZOX encapsulation and MSN 
modification with CMCS (Xu et al. 2018a)
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CMCS to the labile 2-nitrobenzyl side group were bonded and self-assembled 
into polymer micelles under aqueous conditions (Ye et al. 2015). Dialdehyde was 
then added dropwise to form a crosslinked structure, and a light-responsive shell 
crosslinked micelle was prepared for loading diuron. A photoresponsive diuron con-
trolled release agent was obtained. It was characterized by TEM, NMR spectros-
copy and dynamic light scattering. The results show that the crosslinked micelles 
had a core-shell structure with an average diameter of 140 nm and were stable under 
the condition of no light and pH = 7 aqueous solution. The entrapment rate of the 
controlled release agent was 91.9%. Under the dark condition, diuron was not 
released, and under sunlight, the release rate of diuron was 96.8% after 8 h. This 
study provides a new idea for the application of photoresponsive polymer micelles 
in the controlled release of pesticides, i.e. the use of solar light-controlled photosyn-
thetic inhibitor herbicides can greatly improve the utilization of pesticides.

Ding et  al. (2016) bonded polyethylene glycol to a photolabile 0-nitrobenzyl 
group and then attached to 2,4-D to prepare a novel amphiphilic polymer-pesticide 
conjugate. It self-polymerized in an aqueous solution to form a photoresponsive 
micelle, thereby achieving controlled release of 2,4-D. The structure of the conju-
gate was confirmed by NMR spectroscopy and IR spectroscopy. TEM showed that 
the micelles were core-shell structures. Dynamic light scattering and TEM mea-
surements showed that the average diameter of the micelles was reduced by 40 nm 
after 365 nm UV irradiation. It was not released by 2,4-D in the absence of light, 
and the cumulative release rate of 2,4-D was 99.6% after 8 h under sunlight.

Xu et al. (2018b) covalently cross-linked spirotetramat-enol with coumarin to 
prepare a photoresponsive spiropropanol-enol controlled release agent. They stud-
ied the photophysical and photochemical properties of the controlled release agent 
and its deprotection of photolysis and insecticidal activity. The controlled release 
agent was found to trigger the release of spiropropionol-enol at 420 nm blue or 
sunlight, and had good photo-stimulation response. The results of bioassay showed 
that the controlled release agent had no obvious insecticidal activity against bean 
aphid under dark conditions, and showed good insecticidal activity under light 
conditions.

The photo-responsive controlled-release herbicide particles (LCHP) with core-
shell structure prepared were by Chen et al. (2018). It was a nanocomposite com-
posed of biochar, ATP, glyphosate (Gly), azobenzene (AZO) and aminosilicone oil 
(ASO). Among them, ATP was uniformly distributed in the pores of the biochar to 
form a porous biochar-ATP compound, which was used as a carrier to efficiently 
carry a large amount of Gly and AZO and obtain porous biochar-ATP-Gly-AZO 
particles. Subsequently, the obtained biochar-ATP-Gly-AZO particles were coated 
with ASO to form LCHP rich in micropores in the ASO coating. Under UV-Vis 
radiation, the trans-cis and cis-trans isomers of the AZO molecule were converted, 
and AZO acted as a photoexcited “stirder” to promote the release of Gly from the 
nanopore of LCHP.  Therefore, LCHP exhibited photo-responsive controlled 
release properties, as evidenced by pot experiments. It is important to note that, 
LCHP had good adhesion properties on the surface of weed leaves, which was ben-
eficial to improve the control effect on weed control. In addition, coexisting ions 
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(CO3
2−, SO4

2−, and Cl−) and pH had little effect on the release of LCHP in water, 
demonstrating the stability of the technique. Therefore, this work provides a 
method to control the release and improving the efficiency of herbicide utilization, 
which has potential application prospects.

5.2.10  �Enzyme-Responsive Pesticide-Controlled Release Agent

The amino group of 3-aminopropyltriethoxysilane (APTES), which was a cross-
linking agent, were bonded with the carboxyl group of kasugamycin to obtain 
APTES-modified compound (Ding et  al. 2014). The nanospheres were then pre-
pared by contacting the siloxy group of APTES with the silica formed by the hydro-
lysis of ethyl orthosilicate. The nanospheres can effectively prevent the photolysis 
of the kasugamycin, and triggered the release of the kasugamycin under the action 
of the amidase produced during the bacterial infection, thereby having good enzyme 
stimulating response performance. The results of biological activity assay showed 
that the prepared nano-controlled release agent had better and longer-lasting anti-
bacterial activity against E. coli than the original pesticide.

By the catalysis of N-hydroxysuccinimide and 1-ethyl-(3-dimethylaminopropyl) 
carbodiimide, Liu et  al. (2015) prepared a kasugamycin-pectin controlled release 
agent by directly bonding the amino group of the kasugamycin to the carboxyl group 
of the pectin. The controlled release agent was characterized by IR spectroscopy, 
ultraviolet spectroscopy and TGA.  The results show that the prepared controlled 
release agent was stable under a wide range of pH, temperature and ultraviolet irra-
diation conditions. The controlled release agent could trigger the release of kasuga-
mycin under the action of pectinase and amidase secreted by Pseudomonas, and thus 
had good enzyme stimulating response performance.

Guo et al. (2015) prepared emamectin benzoate silica microcapsules by emul-
sion polymerization using tetraethyl orthosilicate (TEOS) as the silicon source. 
Then the amino-functionalized silica microcapsules were modified by APTES, and 
finally the amino-functionalized silica microcapsules were cross-linked with the 
synthesized epichlorohydrin-modified carboxymethylcellulose (EMC). A novel 
enzyme-responsive emamectin benzoate microcapsule was prepared. The micro-
capsule had a high loading capacity and can effectively protect the degradation of 
emamectin benzoate under light and heat conditions. It triggered the release of the 
ingredient under the action of cellulase produced during the prickly sucking haz-
ard, showing good enzyme stimulating response. Bioassay showed that the pre-
pared microcapsules had better insecticidal activity against peach aphid at the 
same concentration than emulsifiable concentrate, and the genotoxicity to onion 
was lower than that of the technical material. The study proposed a novel, safe and 
sustainable crop protection strategy. The successful development of enzyme-respon-
sive controlled release agents provides a method of application that can effectively 
control agricultural pests while reducing the risk to the ecological environment and 
human health.
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Kaziem et al. (2017) loaded chlorantraniliprole by hollow mesoporous silica through 
emulsion method. Then the organic polymer cyclodextrin was cross-linked to encapsu-
late the surface mesopores and an enzyme-responsive chlorantraniliprole controlled 
release agent were prepared successfully. The controlled release agent was character-
ized by IR spectroscopy, SEM, TEM and TGA. The results show that it had a high 
loading capacity and can effectively protect the degradation of chlorantraniliprole 
under light and heat conditions. The controlled release agent triggered the action of the 
alpha-amylase in the saliva of the insects and the midgut to release the chlorantranilip-
role, showing good enzyme stimulating response performance. The results of biologi-
cal activity assay showed that the prepared controlled release agent had better 
insecticidal activity against Plutella xylostella than the suspension agent.

5.2.11  �Redox-Responsive Pesticide-Controlled Release Agent

Amphiphilic self-assembled CMCS derivatives in aqueous solution formed a disul-
fide bond by sonication to prepare redox-responsive CMCS nanoparticles, which 
was used to load diuron (Yu et al. 2015). It was characterized by zeta potential and 
TEM.  The results showed that the redox-responsive dexamethasone controlled 
release agent triggered the release of diuron by the action of reduced glutathione in 
plant tissues. It had good herbicidal activity against Echinochloa crusgalli (L.) 
Beauv. and was safe for crops.

Yi et  al. (2015) grafted thiodecane to the outer surface of mesoporous silica 
nanoparticles to prepare functionalized redox-responsive mesoporous silica 
nanoparticles for loading salicylic acid, which were characterized by TEM, Raman 
spectroscopy and TGA. Controlled release kinetics studies showed that the release 
rate of salicylic acid was significantly higher in glutathione-containing environ-
ments than in glutathione-free environments. In vivo experiments showed that sali-
cylic acid released from controlled release agents induced the sustained expression 
of plant resistance genes to 7 days after treatment under the action of glutathione in 
plant cells, while the control salicylic acid only caused the early peak of expression, 
and gradually decreased on the third day after treatment.

Guo (2016) cross-linked silica microspheres with pectin by disulfide bond to pre-
pare a redox-responsive kasugamycin controlled release agent. The controlled release 
agent showed a high loading capacity (20%). It can effectively improve the stability of 
the kasugamycin to light and heat, and can trigger the release of the kasugamycin 
under the action of glutathione produced during the infection of soft rot of cabbage, 
showing good redox response performance. The controlled agent release had better 
and longer lasting bactericidal activity at the same concentration than the wettable 
powder. The onion chromosome aberration test showed that the controlled agent 
release had lower genotoxicity to onion than the technical material.

Sun et al. (2018) synthesized monodisperse mesoporous silica nanoparticles with 
a particle size of 20 nm and a pore diameter of 2.87 nm. The nanoparticles were then 
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modified to coat the abscisic acid (ABA) in the pores of silica. A redox-responsive 
ABA-controlled release agent was prepared by encapsulating the surface mesopores 
by thiodecane. In vitro release kinetic tests have shown that the controlled agent 
release can effectively load and encapsulate ABA in the absence of glutathione trig-
gering. In vivo experiments showed that under the triggering action of glutathione, 
the ABA released from the controlled release agent can significantly reduce the 
opening of the leaf pores, thereby inhibiting the water loss of the plants. In addition, 
the ABA released significantly prolonged the expression time of the marker gene 
AtGALK2 compared with the control, and finally improved the resistance of 
Arabidopsis seedlings under drought stress.

5.3  �Prospects

The stimuli-responsive carrier material preparation process and assembly technol-
ogy are increasingly mature, and have good intelligent responsiveness and biocom-
patibility. They are very suitable for drug-loading and intelligent controlled-release 
fields. Because of its broad application prospects and potential application value in 
many fields such as medicine, food and environmental engineering, it has become a 
new hot spot of research. The application of stimuli-responsive carrier materials in 
the pharmaceutical field for drug delivery systems has been extensively studied, but 
its application in pesticide delivery systems is still limited.

In recent years, the research on new pesticide-controlled release agents based on 
stimulating responsive materials has become more and more popular, the develop-
ment of such pesticide-controlled release agents has become an important develop-
ment direction of new pesticide formulations. However, there is still a need for 
systematic research continuously on stimuli-responsive pesticide controlled release 
agents, especially in studies that can effectively respond to internal biostimulation 
systems. It is necessary to truly link the pesticide controlled release agent with a 
series of internal biostimulation changes generated during the harmful biological 
hazard process in order to design a precise and intelligent pesticide delivery system 
to intelligently respond to changes in the stimulus. Pesticides should only be released 
after pest activation to ensure optimal control and reduce the negative impact of pes-
ticides on agricultural products and the environment. In addition, the current research 
on stimuli-responsive pesticide-controlled release agents is still in the basic stage, 
and there is still a certain distance from commercialization. It is still subject to many 
factors, such as the cost of carrier materials, pesticide stability, biological activity, 
and loading properties. Therefore, in order to realize the commercialization and 
large-scale application of stimuli-responsive pesticide controlled release agents, it is 
necessary to further clarify the relationship of the physical and chemical properties 
of controlled release agents, environmental factors and biological effects. Only by 
solving the above problems can we better play the role of stimulating carrier materials 
in the field of controlled release of pesticides.

5  Applications and Implications of Environmental-Responsive Polymers…
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Chapter 6
Starch Nanoparticles and Nanocrystals 
as Bioactive Molecule Carriers

Cristian C. Villa, Leidy T. Sanchez, and N. David Rodriguez-Marin

Abstract  Starch nanoparticles and nanocrystals are small materials with high surface-
to-volume ratio, which allows them to pass through biological barriers and encapsu-
late different types of bioactive molecules. Due to their biocompability, wide array of 
natural sources and its ease modification through physical, chemical and enzymatic 
methods, starch nanomaterials have generated a great interest in the food, agricultural, 
cosmetic and pharmaceutical industries. In recent year, research into nanoencapsula-
tion of bioactive molecules in starch nanomaterials and their application in different 
agri-food fields has grown substantially. The objective of this chapter was to review 
and analyze the different advances in this research area.

Keyword  Nanoencapsulation

6.1  �Introduction

Starch is one of the most abundant polymers in nature, as it is used by many plants 
as a reserve of energy (Gutiérrez et al. 2017). This polymer is found in many roots 
of plants, seeds, tubers and cereals (Hoyos-Leyva et al. 2018; Kaur et al. 2018). The 
native starch granules are composed of two macromolecules based on glucose 
monomers: the linear amylose composed by glucose units and α-1-4 glycoside 
bonds while in the branched amylopectin are present α-1-6 glycoside bonds (Suárez 
and Gutiérrez 2017). Normally, amylose content is between 20–30%, while the 
amylopectin amount represents the remaining 70–80% (Kim et al. 2015; Wang et al. 
2015; Wang et  al. 2011). The reactivity of starch is one of the most interesting 
aspects, since it can be modified through several physical, chemical and enzymatic 
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methods, which allows a wide range of applications in the food, agricultural, phar-
maceutical, cosmetic and other industries (Ashogbon and Akintayo 2013). In recent 
years, the development of starch-based nanosystems has been applied from polymer 
reinforcements to encapsulation for controlled release of bioactive substances, 
which has led to the acquisition of many research articles and patents in this area 
(Hui et al. 2018).

6.2  �Starch Based Nanosystems

In general, starch nanosystems can be classified according to their synthesis method 
as: starch nanocrystals (SNCs) and nanoparticles (SNPs). SNCs are commonly 
obtained through acid or enzymatic hydrolysis of the starch granules, removing lay-
ers (mostly amylose) from the starch granules until a nanosized particles is achieved. 
Since most amorphous regions have been hydrolysed from starch structure, the 
SNCs have a more organized and crystalline structure (> 40%) than common starch 
granules (~25%) (LeCorre et al. 2012b). Commonly, SNC are obtained by using 
either HCl or H2SO4 as hydrolyzing agents for long periods of time (usually beyond 
5 days) and followed by a neutralization whit NaOH (Dai et  al. 2018; LeCorre 
et al. 2011).

Despite acid hydrolysis is a simple way to obtain SNC, the high amount of 
hydrolyzing agent and the long periods of time necessary for a complete process 
have led to the development of new SNC synthesis methods. Several authors have 
reported that acid hydrolysis time can be considerably reduced when an enzymatic 
pretreatment is carried out. Hao et al. (2018) reported a two-step synthesis for the 
waxy potato SNC, using a 6-h glucoamylase pretreatment followed by conventional 
H2SO4 acid hydrolysis. The SNC subjected to enzymatic pretreatment reached its 
smallest particles size after 5 days of hydrolysis, while a similar particle size in 
SNCs was only achieved after 7 days without pretreatment. LeCorre et al. (2012b) 
observed a similar behavior in the synthesis of waxy maize SNC using the previous 
treatment of α-amylase combined with H2SO4 acid hydrolysis. More recently, Dai 
et al. (2018) reported that ball milling can be used as a pretreatment for SNC syn-
thesis, which reduced hydrolysis in 3 days, thus obtaining a relative crystallinity and 
a size of particles similar to the conventional method by acid hydrolysis.

In contrast, SNPs are almost completely amorphous (crystallinity <10%), and 
are manufactured by controlled nanoprecipitation of gelatinized starch, using physi-
cal methods such as ultra-high-pressure treatments (Farrag et al. 2018; Le Corre 
et  al. 2010). In general, SNP synthesis involves either hot or cold (addition of 
NaOH) gelatinization followed by a slow addition of an anti-solvent, mostly ethanol 
or acetone (Acevedo-Guevara et al. 2018; Kim et al. 2015; Ma et al. 2008; Qin et al. 
2016). SNPs often have a larger particle size than SNCs, while their morphology 
can vary from spherical particles to more amorphous structures. However, the par-
ticle size, morphology and crystallinity of the SNCs can be controlled by simple 
modifications in the synthesis process such as temperature, reaction time, addition 
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of anti-solvent and rates of mechanical agitation. It has also been reported that the 
botanical source does not play an important role in the physical properties (particle 
size, morphology and rheological properties) of SNC and SNP (LeCorre et al. 2011; 
LeCorre et al. 2012a).

6.3  �Nanoencapsulation of Bioactive Molecules in SNPs 
and SNCs

As mentioned before, starch nanosystems have recently been used as nanocarriers 
of different bioactive molecules, especially those that can be used in food systems, 
such as vitamins and antioxidants (Qi and Tester 2019; Zhu 2017). Table 6.1 shows 
some of the most recent works involving native or modified nanosystems based on 
starch as nanocarriers of bioactive molecules. The most commonly used method for 
the synthesis of starch-based nanocarriers is the addition in a polar organic solvent 
(see Table 6.1), because the bioactive molecules can be dissolved in the organic 
solvent and then previously gelatinized starch can be added in a controlled manner. 
Due to the low water solubility of the bioactive molecules used, they can be easily 
entrapped in the hydrophobic interior of the SNPs. In addition, the load capacity can 
be increased by reducing the polarity of the starch through chemical reactions of 
cross-linking or esterification with other molecules (Acevedo-Guevara et al. 2018). 
In this sense, de Oliveira et al. (2017) reported that native and acetylated cassava 
SNPs can be loaded with two antioxidants that are commonly used in processed 
foods: gallic acid and butylated hidroxytoluene (BHT). These authors concluded 

Table 6.1  Some recent examples of SNPs and SNCs used as bioactive molecule carriers

Synthesis method Modification
Encapsulated bioactive 
molecule References

Anti-solvent 
addition

STTP 
cross-linking

Diclofenac sodium El-Naggar et al. (2015)

CaCO3 templates Doxorubicin HCl Yang et al. (2017)
Ultrasound Vitamin D3 Hasanvand et al. (2018)
Ultrasound Vitamin D Hasanvand et al. (2015)
Ultrasound Catechin Ahmad et al. (2019)
Acetylation Gallic Acid

BHT
de Oliveira et al. (2017)

None Curcumin Chin et al. (2014)
Acetylation Curcumin Acevedo-Guevara et al. 

(2018)
Maleate Curcumin Pang et al. (2014)
None Quercetin Farrag et al. (2018)

Acid hydrolysis None 5-fluoroacyl Ab’lah Norul et al. (2018)
Ultrasound Ascorbic Acid

Oxalic Acid
Shabana et al. (2019)
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that the acetylated starch allowed to load a greater amount of both antioxidant 
compounds compared to the native starch. This was given by the hydrophobic 
properties of the antioxidant molecule that allow a greater interaction between the 
molecule and the acetate chains incorporated in the starch molecules.

Numerous authors have reported on the production of curcumin (Curcuma longa)-
loaded SNPs using native and modified SNPs derived from different botanical 
sources. Curcumin is a polyphenol present in the rhizomes of turmeric which is 
known for its anti-cancer, anti-oxidant, anti-inflammatory, anti-microbial and anti-
viral activities (Mai et  al. 2017; Menon and Sudheer 2007; Mirzaei et  al. 2017; 
Nelson et al. 2017; Oliveira et al. 2015; Stanić 2017). However, use of curcumin is 
limited by its low water solubility, fast degradation and low bioavailability (Anand 
et al. 2007; Maghsoudi et al. 2017). One of the first research papers reporting on the 
loading of curcumin in SNP was carried out by Chin et  al. (2014) using sago 
(Metroxylon sagu) SNP with a loading capacity of about 78% and particle sizes 
between 50 and 80 nm. Pang et al. (2014) also stablished that maleate ester modified 
SNP has a higher curcumin loading capacity (~85%) due to the increasing hydrogen 
bond interactions between the curcumin and ester molecules incorporated within 
the structure of the nanoparticles, nevertheless, chemical modification leads to 
larger particle sizes, around 120  nm. A similar behavior was also observed by 
Acevedo-Guevara et al. (2018) for native and acetylated green banana SNPs with 
curcumin loaded.

The encapsulation of vitamin D as a bioactive molecule within starch nanosys-
tems, has caused great interest due to its important role in several metabolic pro-
cesses. It is worth noting that vitamin D is susceptible to light and oxygen, for this 
reason its encapsulation is required (Ballard et al. 2007; Mahmoodani et al. 2017; 
Walia et al. 2017). High-amylose corn SNPs have been used as vitamin D carriers, 
showing values of encapsulation capacity of up to 78% and particle sizes of around 
31 nm (Hasanvand et al. 2015). The results reported by Hasanvand et al. (2015) fit 
well with the trend observed by de Oliveira et al. (2017), i.e. the encapsulation of the 
bioactive compound within the SNPs was given by hydrogen bonding. This was fol-
lowed by several techniques including differential scanning calorimetry and Fourier 
transform infrared spectroscopy. Hasanvand et al. (2018) also studied the effect of 
amylose content on the synthesis of starch nanocarries from high-amylose corn 
starch and low-amylose potato starch containing vitamin D (D-SNP). The results 
showed that the loading capacity was higher in low-amylose SNPs than in its coun-
terpart higher-amylose SNPs. However, structural studies showed that this behavior 
was not directly related to the amylose content, but to the particle size, since the 
SNPs with low amylose content has a larger particle size and, therefore, can more 
vitamin D molecules be stored inside the SNPs.

One of the most interesting aspects of D-SNP based nanoencapsulation is its 
potential application in food fortification. Hasanvand et  al. (2015) reported that 
these D-SNPs can be used to fortify milk without affecting its sensory properties.

Starch-based nanosystems have also proven to be an important vehicle for the 
encapsulation of antioxidant molecules, thus increasing their water solubility and 
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chemical stability. Farrag et al. (2018) used three different starches (potato, pea and 
corn) with variations in their content of amylopectin to be used in the nanoencapsu-
lation of quercetin (polyphenolic compound – flavonoid with antioxidant capacity). 
It was found that corn SNPs containing quercetin had the lowest percentage loading 
the bioactive substance, while potato SNPs showed a slightly higher encapsulation 
capacity than analogue SNPs derived from pea starch. Potato SNPs containing 
higher amylopectin content were capable of encapsulating a greater number of 
quercetin molecules compared to pea and corn SNPs. It was also reported that the 
encapsulation of quercetin using SNPs allowed to preserve the antioxidant activity of 
the bioactive compound, however, its antioxidant activity was related to the loading 
capacity of SNPs, i.e. a positive relationship between the carrying capacity of the 
antioxidant compound and the radical scavenging activity was observed.

Another interesting aspect of SNPs is that they can also achieve the controlled 
release of active substances under specific conditions, as well as their loading 
capacity can be modified (de Oliveira et al. 2017). Acevedo-Guevara et al. (2018) 
reported that native and acetylated banana SNPs can reduce the degradation of 
curcumin under acidic stomach conditions, thus increasing the release of the bioac-
tive compound under intestinal conditions. Similarly, Ahmad et al. (2019) evalu-
ated the release of encapsulated catechins within horse chestnut, water chestnut 
and lotus stem SNPs under simulated gastric conditions. They observed that starch-
based nanoencapsulation is an effective tool in the conservation of the bioactive 
properties of catechin, such as the inhibition of lipase, cholesterol esterase and 
glucosidase under gastric conditions, thus decreasing its degradation due to low pH 
values of the stomach.

Finally, some examples of SNCs as nanocarriers of bioactive molecules can be 
found in the literature. Ab’lah Norul et al. (2018) reported that corn SNCs obtained 
by acid treatment can be used as a vehicle for 5-fluoracil, which is a synthetic mol-
ecule of great interest in the treatment of several cancers related to the gastric system 
(Jordan 2016). Once the encapsulation of 5-fluoracil has been given within the corn 
SNCs, the active compound has been shown to be especially resistant to the acid 
environment, thus increasing its stability under gastric conditions and allowing tar-
geted drug release under intestinal conditions. More recently, Shabana et al. (2019) 
used potato SNCs obtained through ultrasound-assisted acid hydrolysis to encapsu-
late ascorbic and oxalic acid, noting that ultrasound treatment not only allows the 
development of smaller particles, but also can increase the antioxidant loading 
capacity. It is worth noting that although the encapsulation of agrochemicals from 
starch nanosystems has not yet been reported, it is an interesting area of research 
that should be investigated.
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Chapter 7
Biopolymer-Based Hydrogels 
for Agriculture Applications: Swelling 
Behavior and Slow Release 
of Agrochemicals

Bárbara Tomadoni, Claudia Casalongué, and Vera A. Alvarez

Abstract  Hydrogels are cross-linked polymers that can absorb and hold large 
amounts of water and aqueous solutions due to the presence of hydrophilic func-
tional groups in their 3D network. These materials also serve as vehicles of different 
active compounds because they can regulate their release rate. Because of such 
properties, hydrogels are currently used in many areas including agriculture, mainly 
as water retention agents for soil conditioning, and as carriers of agrochemicals for 
their slow or sustained-release. However, most of the hydrogels currently available 
on the market are based on polyacrylamide and acrylate derivatives, which means 
that they are not completely biodegradable, i.e. are considered as potential soil con-
taminants and present certain degree of toxicity. In this context, the development of 
biodegradable hydrogels for their use in agriculture is gaining interest worldwide. 
Biopolymers such as chitosan, cellulose, alginate and their derivatives are being 
explored due to their biocompatibility, biodegradability and low cost. Briefly, in this 
chapter, recent studies on biopolymer-based hydrogels for their use in agriculture 
are discussed in terms of their synthesis, swelling behavior, as well as their uses for 
slow and controlled release of agrochemicals.
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7.1  �Introduction

Many regions worldwide are currently facing serious problems regarding lack of 
water and desertification (Vundavalli et al. 2015). A greater variability of rainfall, an 
increased frequency of droughts and floods, and soil temperature variations are some 
of the consequences of climate change. As a result of these, there are important crop 
losses every year, which constitute a threat to the world food security. Thus, in a 
world with ever-growing population it is essential to restore these degrading lands 
and to consciously use the natural resources available (Thombare et al. 2018). In this 
context, one of the main challenges for scientists of diverse fields is to achieve sus-
tainable management of productive systems and their natural resources, and mostly 
to improve the water use efficiency in agriculture. A possible solution to this problem 
is to use materials with excellent water absorption and water retention properties.

Hydrogels are loosely cross-linked hydrophilic polymers with three-dimensional 
network, that have the capacity to absorb and retain large amounts of water or aque-
ous solutions (hundreds of times their weight) within their structure without dis-
solving (Thombare et al. 2018). Hydrogels have the ability to gradually release up 
to 95% of this stored water when the surroundings are dried out; and then rehydrate 
when exposed to water again (Kalhapure et al. 2016). Hydrogel research has grown 
vigorously over the last decades, because of their important and numerous applica-
tions in a variety of fields, such as medicine, pharmacy and agriculture. The applica-
tions of hydrogels in biomedicine are mainly in the fields of biosensors, controlled 
or sustained delivery of drugs, and tissue regeneration (Conte et al. 2019; Hamedi 
et al. 2018; Peppas and Van Blarcom 2016; Yegappan et al. 2018). With regards to 
the agriculture field, hydrogel applications are mainly divided into two groups 
(Fig. 7.1): (1) control of soil moisture and water supply of plants due to their water 
absorption capacity (soil conditioners); and (2) encapsulation and slow-release of 
agrochemicals (ACs) (both fertilizers and pesticides) (Elbarbary et al. 2017; Olad 
et al. 2018a; Teodorescu et al. 2009).

The conventional use of agrochemicals shows many drawbacks such as low effi-
ciency and contamination of the soil and groundwater. The vast majority of the 
applied pesticides and fertilizers do not reach the target plant or crop, and end up 
being washed by irrigation water and rain, seriously polluting the environment. This 
low efficiency also implies a substantial economic loss (Teodorescu et al. 2009). 
The slow or sustained release of AC in the environment can solve this problem. To 
control the delivery of pesticides and fertilizers, they must be encapsulated into a 
polymer structure. Through this procedure, the active ingredient (a.i.) is allowed to 
diffuse towards its surroundings (Gutiérrez and Álvarez 2017; Gutiérrez 2018a). 
Thus, the AC is not released altogether, but in smaller amounts over a longer time 
period, increasing its efficiency. Among the different materials used for slow or 
sustained release of ACs, hydrogels have been widely studied over the last decades 
due to both their ability to slowly release a.i. from their matrix, and their water 
retention capacity in soils (Ramos Campos et al. 2014).
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The use of hydrogels in agriculture has many advantages; however, most of the 
hydrogels currently available on the market are synthetized from polyacrylamide 
(PAAm) and acrylate derivatives. These hydrogels are not completely biodegrad-
able and are considered as potential soil contaminants because they present a cer-
tain toxicity degree. Even though PAAm itself is relatively non-toxic, the 
commercially available PAAm contains residual amounts of acrylamide, which is a 
well-known neurotoxin and carcinogen. Therefore, the use of PAAm-based hydro-
gels in agriculture has raised many concerns because it may contaminate the soil 
and food products (Joshi and Abed 2017). In this scenario, the search for hydrogels 
based on biopolymers is gaining popularity since they are environmentally friendly, 
with good biodegradability and low production cost (Cannazza et al. 2014; Tanan 
et al. 2018).

In this chapter, briefly, relevant studies on biopolymer-based hydrogels for their 
use in agriculture are discussed in terms of their synthesis, swelling behavior, and 
their use as AC delivery systems.
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Fig. 7.1  Applications of hydrogels in agriculture. Adapted from Milani et al. (2017)
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7.2  �Synthesis of Biopolymer-Based Hydrogels

Hydrogels are polymer networks that have hydrophilic properties. They are usually 
prepared from hydrophilic monomers but also hydrophobic monomers can be used 
in their synthesis in order to regulate specific properties required for a given applica-
tion (Ahmed 2015).

Hydrogels can usually be produced from either natural or synthetic polymers. 
Most of synthetic polymers are hydrophobic and chemically stronger when they are 
compared to natural ones. They present good mechanical properties that result in 
low degradation rates, but high durability. Both properties could be balanced by 
optimizing the hydrogel design (Tabata 2009). Synthetic polymers can also be 
included in the preparation of hydrogels based on natural polymers in order to pro-
vide certain desire functional groups or to functionalize them with radical polymer-
izable groups (Shantha and Harding 2002).

Hydrogels can tune several properties and therefore, are commonly called 
“intelligent” or “smart” polymers. Their preparation technologies have been mainly 
developed for biomedical and pharmaceutical applications, but with certain modifi-
cations they could also be applied for active principle release in agriculture, includ-
ing pesticides, herbicides, and nutrients (Kenawy et al. 1992; Rudzinski et al. 2002). 
In the case of agricultural applications, the formulation methods are commonly 
easier than those for drug delivery systems, which makes the developed products 
commercially viable.

Hydrogels are simply a hydrophilic polymeric network cross-linked in some 
way that can produce an elastic structure. In this sense, any technique able to pro-
duce a cross-linked polymer can produce hydrogels. Linear water-soluble polymers 
(natural or synthetic) can be cross-linked to produce hydrogels in several man-
ners, which can be divided into two large groups: chemical cross-linking and 
physical cross-linking (Hennink and van Nostrum 2002). Due to their cross-linked 
structure, hydrogels can maintain stable networks even when they are in swollen 
state (Pourjavadi et al. 2004).

Gelation denotes the linking of macromolecules together, which firstly leads to 
branched (but still soluble) polymers, which are increasingly large, and depends on 
the conformation and structure of the initial material (Pethrick 2004). The mixture 
of these soluble branched polymers is named “sol”. Extension of the linking process 
outcomes in branched polymer with higher size but lower solubility, called “gel” or 
“network”, which is flooded with finite branched polymers. The transition from a 
system with finite branched polymer to infinite molecules is called “gelation” (or 
“sol-gel transition”), and the point at which the gel first appears is known as the 
“gel point”. Gelation can take place either by physical or chemical cross-linking 
(Gulrez, Al-Assaf, and O Phillips 2011). The classification of gelation mechanisms 
is summarized in Table 7.1.

The most common chemical and physical cross-linking methods are summarized 
in the following paragraphs, and some examples of biopolymer-based hydrogels are 
highlighted:
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	1.	 Chemical cross-linking:

	1.1.	 Complementary groups (cross-linking with aldehydes, addition reactions 
and condensation reactions): Hydrophilic polymers have some hydrophilic 
groups that can be used to produce hydrogels. Those possessing –OH groups 
can be cross-linked with glutaraldehyde, e.g. poly(vinyl alcohol) (PVA) 
(Mansur et al. 2008). Besides, polymers having amine-groups (-NH2) can be 
cross-linked using cross-linker under mild conditions in which Schiff’s 
bases are formed. Hydrogels from chitosan (Cs) and PVA blends can also be 
obtained with this method (Mansur et al. 2004; Wang et al. 2004; Gutiérrez 
2017). Polyamides and polyesters hydrogels can be prepared by condensa-
tion reactions (Ray et al. 2010), e.g. gelatin hydrogels have been success-
fully prepared by this method (Kuijpers et al. 2000).

	1.2.	 By high energy radiation: Unsaturated substance can be polymerized by 
electron beams and gamma rays (Terao et  al. 2003). This technique has 
been used for different polymers, such as superabsorbent hydrogels based 
on polyvinylpyrrolidone (PVP)/carboxylmethyl cellulose (CMC) blends 
(Elbarbary et  al. 2017) and poly(2-acrylamido-2-methylpropane-sulfonic 
acid)/Cs blends (Gad 2008), using gamma irradiation.

	1.3.	 Free radicals: Free radical polymerization can also be used to produce 
chemically cross-linked hydrogels (Bencherif et  al. 2009). This technique 
has been used to synthesize hydrogels from synthetic, natural and mixed 
hydrophilic polymers. Wang and Wang (2010), e.g. developed a superabsor-
bent hydrogel based on sodium alginate-g-poly(sodium acrylate) (NaAlg-g-
PNaA) network and linear PVP by free-radical solution polymerization.

	1.4.	 Enzymes: Enzyme-mediated cross-linking has been used to prepare hydrogels 
with different degrees of complexity (Moreira Teixeira et al. 2012), such as 
alginates with phenols moieties in the side chain (Sakai and Kawakami 2007).

Gelation 
mechanisms Chemical 

cross-
linking

Complementary groups (cross-linking with aldehydes, 
addition reactions and 
condensation reactions)

High energy radiation

Free-radicals

Enzymes

Physical 
cross-
linking

Ionic interactions, H-bonds, Van der Waals

Amphiphilic grafting

Crystallization (freeze-thawing, stereocomplex 
formation)

Protein  interaction

Formation of 
covalent bonds

Influences hydrogels 
properties

� Water adsorption
capacity

� Swelling kinetic
� Mechanical and 

rheological 
properties

� Degradation rate
� Porosity
� Toxicity Not using cross-

linking agents

Table 7.1  Classification of gelation mechanisms available for synthesis of hydrogels
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	2.	 Physical cross-linking:

	2.1.	 By ionic interactions: Hydrogels can be formed as a result of ionic interac-
tion between polyelectrolyte and oppositely charged multivalent ions. 
Alginate-based hydrogels can be ionically cross-linked by various cations 
(Gwon et al. 2015), such as Ca2+. Polycations can also be cross-linked with 
anions. Cs-based hydrogels can be obtained, e.g. by cross-linking with 
glycerol-phosphate disodium salt (Chenite et al. 2000).

	2.2.	 Amphiphilic grafting: Block amphiphilic graft polymers can produce 
hydrogels in aqueous media by self- assembly (Förster and Antonietti 
1998). Hydrogels from hydrophobized polysaccharides, such as dextran, 
Cs, carboxymethyl curdlan and pullulan, have been successfully prepared 
by this technique (Hennink and van Nostrum 2002). Cs-polylactide graft 
copolymer has also been obtained by this method (Wu et al. 2005).

	2.3.	 By crystallization: The synthesis of hydrogels by crystallization can be 
carried out through different methods. For example, freeze-thawing (F-T) 
procedure can be used repetitively to produce crystals that cause hydrogel 
formation. Dai et  al. (2018) proposed novel carboxymethyl cellulose 
(CMC)/PVA eco-friendly hydrogels reinforced with bentonite synthesized 
by simple repeated F-T cycles.

The chosen cross-linking method has a great influence on several critical param-
eters of the hydrogel, mainly on its final properties and, therefore, on its potential 
applications (Ahmed 2015; Bordi et al. 2002), whichever available polymerization 
technique to prepare gels can be used (i.e. bulk, suspension or solution polymeriza-
tions). The selected method depends on the initial material, but also on the desired 
polymer (Rudzinski et al. 2002).

Although hydrogels can be based on natural or synthetic polymers (or both of 
them), due to growing environmental concerns, the use of free oil-based polymers 
has been stimulated. Alternatively, natural polymers are essentially used to replace or 
to be combined with synthetic polymers (Heinze et al. 2006; Mekonnen et al. 2013; 
Rinaudo 2006). Biodegradable polymers have progressively been more used, e.g. as 
plastic substitutes for different applications in agriculture (Gross and Kalra 2002; 
Nayak 1999; Wang et al. 2003). Degradable polymeric materials are ideal candidates 
to develop active principle carrier devices for their controlled or sustained release. 
These polymers display interesting characteristics such as abundance, renewability, 
low-cost and biodegradability. The classification of biodegradable polymers is indi-
cated in Table 7.2.

The biodegradation process of these materials involves the cleavage of hydrolyti-
cally or enzymatically sensitive bonds in the polymer, leading to polymer erosion 
(Katti et  al. 2002; Gutiérrez 2018b). Polymeric biomaterials can be classified as 
function of the mode of degradation into two categories: enzymatically and hydro-
lytically degradable materials. It is essential to note that most of the natural poly-
mers suffer enzymatic degradation, mainly degrade by the enzymatic action of 
microorganisms, e.g. fungi, algae and bacteria. Enzymatically degradable polymers 
include protein-based biomaterials that suffer naturally-controlled degradation 
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processes, such as collagen, Cs, alginic acid, among others. On the other hand, 
hydrolytically degradable polymers are polymers that have hydrolytically labile 
chemical bonds in their structure. Several of the functional groups susceptible to 
hydrolysis include esters, ortho esters, amides, carbonates, urethanes and anhy-
drides (Li 1999). Some of the most used hydrolytically degradable polymers are 
the poly(α-esters), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), 
polyglycolide (PG) and polycaprolactone (PCL) (Gutiérrez and Alvarez 2017a, b; 
Gutiérrez 2018c).

7.3  �Swelling Behavior of Biopolymer-Based Hydrogels

The lack of water and desertification are really serious problems in several regions 
of the world for different reasons, but the worst one is that they compromise the 
development of agriculture. An excellent tool to solve these problems could be the 
use of materials with high water absorption and retention capacities based on super-
absorbent polymers (SAPs). The use of SAPs for agricultural applications has 
shown promising results: helping to reduce the irrigation water consumption and 
also, the death level of plants, improving the water retention in the soil and increas-
ing the rate of plant growth (Puoci et al. 2008).

The swelling capacity of hydrogels after being immersed in water or an aque-
ous solution is the result of a diffusion process, which involves the solvent mole-
cules into the 3D network due to the high hydrophilicity of the material. This 
phenomenon causes the expansion of the polymeric chains, which increases the 
average distance between cross-linking points. For most of the hydrogel’s techni-
cal applications, its swelling could be considered as a disadvantage; however, the 
polymer swelling is extremely useful for agriculture applications as a device for 
controlled or sustained release of ACs as well as soil conditioners (Guilherme 
et al. 2015).

Biodegradable 
Polymers Biomass products Polysaccharides                                                                                  

Starches (potato, cassava, maize, wheat…), Ligno-cellulosic products, and others 

Proteins
Animal origin (gelatin, whey, cassein, collagen), Vegetal origin (Soya, Gluten, Zein)

From 
microorganisms

From 
biotechnology

From oil products

Advantages:

abundance,
renewability
low-cost
biodegradability

Obtained from extraction
Polyhydroxy-Alkanoates (PHA), Polyhydroxybutirate (PHB) and derivatives

Conventional synthesis from bioderived monomers
Polylactides: Polylactic acid (PLA) 

Conventional synthesis from synthetic monomers
Polycaprolactone (PCL), Polyesteramides, Aliphatic co-polyesters, Aromatic co-polyesters

Table 7.2  Classification of biodegradable polymers
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Usually, most of the SAPs used in agriculture are produced from synthetic poly-
mers which are not biodegradable and pose a threat to both food safety and the 
environment. With the growing demand for environmentally friendly materials, bio-
polymer based-hydrogels (mainly, cellulose, Cs and alginate derivatives) are being 
studied for agriculture applications (Chang et  al. 2010; França et  al. 2018; Pang 
et al. 2011).

The water capacity of hydrogels is generally measured through the equilibrium 
swelling ratio (SR) or swelling degree (SD), which is easily calculated with Eq. 7.1.

	

SR SD
M M

M
swollen dry

dry

= =
−

	

(7.1)

where M represents hydrogel mass.
The swelling ratio is defined as the ratio of the mass of a fully swollen hydrogel 

(in equilibrium with an aqueous medium) (Mswollen) to the mass of a dehydrated 
hydrogel (Mdry) (Holback et al. 2011). Table 7.3 summarizes the latest results on 
water absorption of some biopolymer-based hydrogels.

The swelling behavior of the hydrogels is not only measured by their swelling 
ratio, but also by their swelling kinetics, which shows the capacity of the hydrogel 
to absorb water or aqueous solutions over time. Water retention capacity and water 
release over time are the key properties that swollen hydrogels must possess for 
application in agriculture for sustained irrigation purposes (Sharma et al. 2014). It 
is thus of high importance to study the behavior of the hydrogel through deswelling, 
and also, how the hydrogel performs after several swelling-deswelling cycles, and 
its effect directly on the soil or soil-less substrates (Abdel-Raouf et al. 2018; Olad 
et al. 2018a; Sharma et al. 2014) (Table 7.4).

Table 7.3  Swelling degree (SD) of different biopolymer-based hydrogels

Biopolymer Synthesis method SD and conditions Reference

Alginate Emulsion cross-linking method 1.65–3.85 g/g in 
distilled water

(Sharma et al. 
2014)

Cellulose/
CMC

Cross-linking with epichlorohydrin 200–1000 g/g at 25 °C 
in distilled water

(Chang et al. 
2010)

Cs/cellulose Grafting of PAA onto Cs/cellulose 150–400 g/g in distilled 
water

(Essawy et al. 
2016)

Cs Cross-linking by Sodium 
tripolyphosphate (TPP)

>1000% in distilled 
water at room 
temperature

(França et al. 
2018)

CMC Radiation-induced grafting of 
Acrylamide onto CMC (cross-linked 
with N,N′-methylenebisacrylamide).

50–200 g/g in distilled 
water

(Hemvichian 
et al. 2014)

Guar gum Grafting copolymerization (cross-linked 
with different Acrylate monomers)

125–220 g/g at 25 °C in 
distilled water

(Abdel-Raouf 
et al. 2018)

Starch Cross-linking reaction between starch 
and PVA molecules by maleic acid

500–1200% (pH 7, 
25 °C)

(Pang et al. 
2011)
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7.3.1  �Effect of Hydrogel Composition on Swelling

Many factors influence the swelling behavior of the hydrogels, such as degree of 
cross-linking, porosity and chemical structure, and the ionic or neutral nature of the 
side groups attached to their backbone chains. Bajpai and Giri (2003) studied hydro-
gels based on CMC prepared by grafting PAAm chains cross-linked onto the CMC 
backbone by free radical polymerization. They evaluated the water absorption 
dynamics of the CMC hydrogels, and the impact of different variables on their 
swelling properties. For example, the authors analyzed the effects of the hydrogel 
composition on swelling. The results showed that when the amount of CMC 
increases in the hydrogel formulation, the SR also increases up to a certain point, 
and then decreases. This observation was explained by the fact that CMC is a poly-
saccharide with different hydrophilic functional groups. This means that by increas-
ing the amount of CMC, the affinity for water increases, resulting in a greater 
swelling ratio. However, at much higher concentration of CMC the network chains 
density increases so much that both the diffusion of solvent molecules and relax-
ation of macromolecular chains are reduced. This explains the decrease in the swell-
ing ratio of the hydrogel. Abdel-Raouf et al. (2018) studied Guar Gum hydrogels 
cross-linked with different acrylate monomers. These authors also found that the 
hydrogels swelling ratio decreased as the concentration of guar gum increases, and 
they explained that increasing the guar gum content affects the water absorption 
ability of the hydrogel due to the higher probability of physically crossed links.

The cross-linker content also significantly affects the swelling behavior of the 
hydrogels. Rohindra et  al. (2004) studied the swelling properties of different Cs 
hydrogels (cross-linked with different amounts of glutaraldehyde). In this study, the 
authors evaluated the swelling kinetics of the hydrogels under different conditions 
(pH, temperature). With regards to the effect of the cross-linking agent, it could be 
seen that the more glutaraldehyde was added, the lower swelling ratio. The degree 

Swelling 
behavior

Swelling degree or swelling ratio

Swelling kinetics

Deswelling or retention capacity

Re-swelling capacity or swelling-deswelling 
cycles

Water holding capacity in soil/soil-less 
substrates

Influenced by

Cross-linking degree 
Porosity 
Chemical structure
Ionic or neutral nature 
of side groups
Environmental 
conditions (e.g. pH, 
temperature, analyte 
concentration)

Table 7.4  Evaluation of hydrogels swelling behavior for agriculture applications
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of crosslinking influences the available area for diffusion through the hydrogel net-
work and, therefore, affects the hydrogels water absorption capacity (Holback et al. 
2011). Abdel Raouf et  al. (2018) also noted that the maximum swelling ratio 
decreased when the content of the crosslinking agent was increased in the synthesis 
of guar gum hydrogels. The high degree of crosslinking slows the mobility of poly-
meric chains and, thus, decreases the swelling capacity of hydrogels.

7.3.2  �Hydrogels Swelling and External Stimulus

Hydrogels are also environmentally sensitive materials, which means they have the 
capability to imitate feedback mechanisms often observed in nature. The most com-
mon hydrogel systems swell in response to changes in pH, temperature and analyte 
concentration (Holback et al. 2011) (Fig. 7.2).

Hydrogel systems are usually pH-sensitive; thus, the pH of the immersion solu-
tion has a direct impact on the SD of the 3D network. This depends on the immer-
sion medium pH and the dissociation constants of polymer side groups (pKa or 
pKb) (Holback et al. 2011). pH-responsive hydrogels contain acidic (e.g. carboxylic 
and sulfonic acids) or basic (e.g. ammonium salts) side groups that can accept or 
release protons in response to environmental pH changes. Therefore, pH variations 
in the immersion solution lead to conformational changes of the hydrophilic poly-
mer chain, and when ionizable groups are linked to the polymer structure, the pH of 
the solution directly impacts on the hydrogel swelling behavior (Bawa et al. 2009).

The behavior of the hydrogel with pH depends on the nature of the polymer 
chain. When the anionic polymers are, e.g. immersed in acidic media (with 
pH < pKa), the “protonation” of anionic groups of the hydrogel network increases, 
thus decreasing the concentration of anionic groups. This reduces the electrostatic 
repulsion between the same or different polymer chains, and the hydrogel is thus 
contracted (decreases its SD). On the contrary, in basic media, the concentration of 
anionic groups increases relatively, and electrostatic repulsion causes the chain 
expansion, increasing the swelling ratio. The opposite occurs in the case of cationic 
polymer chains like Cs. Drozdov (2015) studied the swelling properties of Cs oligo-
mers dissolved in acetic acid and cross-linked with glutaraldehyde by radiation. 
Contrary to the swelling behavior of anionic polymers, under acidic media, Cs 
hydrogels show a higher swelling ratio. This phenomenon was well explained by 
electrostatic repulsion.

With regards to the effect of temperature, generally the swelling ratio of hydro-
gels increases at higher temperatures due to the thermal expansion of the network 
and the destabilization of network connections. These cause the expansion of the 
hydrogel matrix after water diffuses into the porous structure (Guilherme et  al. 
2015). Usually, most polymers increase solubility with increasing temperature. 
However, in the case of polymers with a lower critical solution temperature (LCST), 
the solubility decreases as temperature increases and therefore, hydrogels based on 
this type of polymer show a decrease in their swelling ratio as the temperature 
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increases above the LCST.  This type of swelling behavior is known as inverse 
dependence on temperature and occurs due to predominant hydrophobic interac-
tions, and was observed by Abdel-Raouf et  al. (2018) when studying hydrogels 
based on cross-linking of guar gum with different acrylate monomers. These authors 
monitored the swelling efficiency of the hydrogels prepared at different tempera-
tures ranging from 15 to 60 °C. They observed that the highest swelling ratio was 
achieved at the lowest tested temperature (15 °C).

The ionic strength of the swelling medium has a significant effect on the swelling 
behavior of the hydrogel. The effect of the ion concentration on the swelling ability 
of the hydrogels is closely related to osmotic pressure. The osmotic pressure is the 
difference between the ion concentrations in the external immersion medium and in 
the hydrogel interior. Therefore, increasing the ionic concentration in the swelling 
medium reduces the osmotic swelling pressure, which produces the contraction of 
the hydrogel (Bajpai and Giri 2003). The effect of ionic strength in the SD of the 
hydrogels can be evaluated by the salt sensitivity factor (f), calculated with Eq. 7.2:

	
f

SD

SD
saline

water

= −1
	

(7.2)

where SDsaline and SDwater are the equilibrium SDs for saline solutions and pure 
water, respectively. The closer to 0 is the f value of the hydrogel in a certain saline 
solution, the lower is the ionic effect of said solution to its swelling ratio. The closer 
f is to 1, the stronger is the saline effect (Guilherme et al. 2015).
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Fig. 7.2  Swelling behavior of hydrogels influenced by environmental conditions. Adapted from 
Ehrenhofer et al. (2018)
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Different authors have studied the effect of ionic strength on the swelling ratio of 
different hydrogels based on biopolymers. Chang et  al. (2010), e.g. developed 
cellulose/CMC hydrogels, and evaluated their swelling kinetics when immersed in 
different aqueous solutions of NaCl (concentration range between 0.0 and 
0.1  mol/L). The authors observed that the swelling ratio of hydrogels decreased 
with an increase in the ionic strength of the solution. They also performed the same 
experiment with CaCl2 solutions, and in this case the swelling ratio decreased even 
more quickly, because of the higher cationic charge of CaCl2 compared with NaCl. 
Abdel-Raouf et  al. (2018) also evaluated the effect of salinity of the swelling 
medium in the water absorption capacity of guar gum hydrogels. These authors 
reached the same conclusions, and stated that there was a swelling loss by increas-
ing ionic strength due to a reduction in electrostatic repulsion.

7.3.3  �Water Holding Capacity (WHC) in Soil

One of the main agriculture applications of hydrogels is to enhance the WHC of soil 
thanks to its outstanding swelling properties. Because hydrogel swelling behavior is 
influenced by the medium conditions in which it is immersed (mainly pH, tempera-
ture and ionic strength, as detailed above), it is very important to test its effects 
directly on the targeted substrate. For this purpose, different amounts of hydrogels 
have been mixed with the soil and placed in a plastic glass or tube, or soil-pot. A 
soil-pot without hydrogels is prepared as control. The pots are then exposed to dif-
ferent irrigation situations, and water content or moisture is measured in order to 
evaluate the WHC. Water content can be measured gravimetrically (Bai et al. 2015; 
Olad et al. 2018a) or with a digital moisture meter by inserting the instrument’s sen-
sor into the soil to a specific depth (Sharma et al. 2014).

Bai et  al. (2015) prepared different carbendazim-loaded hydrogels based on 
starch (CLHs) by solution polymerization. These authors tested the WHC of the soil 
in tubes with CLHs (0, 2.6, 7.8, and 13.0 mg per 10 g of soil). The study indicated 
that starch-based hydrogels loaded with carbendazim were a good water absorbent 
for soil, and the WHC increased with greater amounts of hydrogels in the soil. They 
observed that 1.3 g of CLH/kg soil markedly improved WHC from 44.0% in the 
control sample to 52.2% in the soil mixed with CLHs. Sharma et al. (2014) also 
synthetized alginate-based hydrogels as nano-reservoirs of water for agriculture 
applications. They prepared the calcium alginate nanoparticles by the emulsion 
cross-linking method. These authors carried out a series of soil-pot experiments to 
test the WHC of the soil with and without the nanoparticles, but they also tested 
their effect on plant growth. The tests were performed with sandy soil collected 
from the cold desert areas of Leh-Laddakh (India). The authors measured the mois-
ture content of the different samples at different times, and concluded that in the 
control sample (soil without nanoparticles) the water content decreased rapidly 
(about 100% of moisture loss after 7 days). On the other hand, in the soil sample 
mixed with alginate nanoparticles, the moisture content lasted longer (after 11 days, 
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about 20% moisture was retained), thus providing a more favorable condition for 
plant growth. The results of plant growth experiments were also promising. The 
plants watered with mixed soil with alginate-based hydrogels exhibited better 
growth than control (soil without hydrogel). The control plants stopped growing 
after the first 14 days and showed signs of dehydration. Each sample of plant in the 
soil mixed with nanoparticles continued to grow for two weeks and were much 
healthier than control.

7.4  �Slow Release of ACs through Biopolymer-Based 
Hydrogels

To resolve the water deficiency problems, significant progress has been made in 
improving the properties of hydrogels for their uses under different environments 
and crops. Hydrogel based formulations are being explored for fertilizers and pesti-
cides to enhance the efficiency of these compounds and consequently, reduce the 
adverse effects on the environment compared with the standard and traditional 
application of ACs. In particular, hydrogels for controlled delivery of bioactive prin-
ciples have expanded the range of targets and kinetics which can be used. The low 
application rate (2.5–5.0  kg/ha) of hydrogel is effective for almost all crops. 
Hydrogels have thus been accepted as a boon to increase agricultural productivity in 
water-stressed environments (Kalhapure et al. 2016). Within drug delivery systems, 
the smart stimulus-sensitive hydrogels such as soil temperature, salinity and pH, 
produce compounds with a prolonged residual activity between applications 
(Rudzinski et al. 2002; Soppimath et al. 2002).

In addition, hydrogel formulations based on biocompatible composite for the 
delivery of ACs are being currently investigated since they have high swelling ratio 
and they can also be degraded in the presence of soil and plant microbiome (Pereira 
et al. 2017). The biopolymer itself and its degradation products should not cause 
environmental pollution and should be stable during storage (Rudzinski et al. 2002). 
Biodegradable hydrogels contain labile bonds in the backbones of polymer itself or 
between cross-linker bonds. These bonds can be degraded enzymatically or chemi-
cally for a given period of time, resulting in CO2, water and ammonia. The release 
rate of active compound from the polymer matrix is influenced by the chemical 
characteristics of the a.i. (structure, nature, distance of the active agent from the 
polymer backbone) and also biological or environmental agents such as UV, mois-
ture and microorganisms (Ekebafe et al. 2011).

Smart hydrogels in addition to their ability to absorb and retain water can also be 
altered by external stimuli facilitating the release mechanism of the agrochemical. 
In this sense, an important aspect to consider is the analysis of the residual moisture 
and AC level in the hydrogel over time after the application. There are different 
approaches to combine the bioactive with the polymeric matrices mainly by physi-
cal encapsulation or heterogeneous dispersion and by chemical combination to act 
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as a carrier (Ekebafe et al. 2011). Therefore, the type of hydrogel, the method of 
preparation, degree and dynamics of swelling, among other factors, affect the 
release of the active compound from the biopolymeric matrix (Mahdavinia et al. 
2009). This statement is illustrated through the following representative examples 
of biomaterials that were developed thanks to the combined properties of some 
biopolymers and bioactive principles, including fertilizers and herbicides.

In this section, we attempt to review some general considerations about current 
devices to release fertilizers and some herbicides in particular from biopolymer-
based hydrogels. We also consider the composition of different types of formulations 
for controlled release of fertilizers and herbicides mainly with alginate, cellulose and 
chitin derivatives (Table 7.5) which have shown efficient properties to be used as 
biopolymeric matrices in modern agriculture lands (Rudzinski et al. 2002).

7.4.1  �Slow Release of Fertilizers

Fertilizers are natural or synthetic chemical compounds (inorganic or organic) that 
have the capacity to supply some of the essential nutrients required for plant growth 
and development (Chagas et al. 2018). Fertilizers have been applied extensively in 
agriculture to improve crop yields, which can have serious consequences for the 
environment. Several studies have shown that most of the fertilizers applied in the 
field are lost to the environment, which generates environmental pollution. Nutrients 
with nitrates and phosphates can be lost by leaching, which leads to eutrophication 
of surface and ground waters. If fertilizers are not applied correctly, then an imbal-
ance of the ecosystem occurs, and the acute toxicity and carcinogenic sources 
increase (Chagas et al. 2018). The use of fertilizers is thus an activity that must be 
taken seriously into consideration for the economic, environmental and social sus-
tainability of the agricultural sector.

In this context, there is an imperative necessity to develop devices for slow or 
controlled release of nutrients (also called, “smart fertilizers”) in agriculture systems 
(Calabi-Floody et al. 2018). These systems can deliver nutrients in a more controlled 
or slow manner for longer duration to a specified target and at a desired rate. These 
smart devices minimize the impact of these harmful chemicals on the environment 
by reducing losses due to leaching, volatilization and degradation of fertilizer, 
thereby maintaining biological efficacy of the a.i. (Ramos Campos et al. 2015).

Polymer-based hydrogels are widely studied for the development of slow-
delivery systems. They can provide a controlled release of fertilizers and also 
increase the WHC of the soil (Ramos Campos et  al. 2015). The development of 
hydrogels based on biopolymers as nutrient carriers is gaining popularity because of 
their eco-friendly nature, cost effectiveness, easy availability, and biodegradability. 
It should also be noteworthy that for agriculture applications, biocompatible matri-
ces are preferred in order to avoid environmental contamination, after their degrada-
tion, biopolymer-based hydrogels also serve as compost in the field (Kumar et al. 
2014; Gutiérrez 2018d; Gutiérrez et al. 2019; Herniou--Julien et al. 2019).
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In the following paragraphs, the use of biopolymer (mainly, alginate, cellulose 
and Cs derivatives) will be summarized for slow-release of nutrients.

Among the principal nutrients required for plant growth, nitrogen, phosphorus 
and potassium (generally referred to as NPK fertilizers) are needed. NPK are applied 
at higher concentrations (mmol/kg dry mass) than the other elements. Nitrogen is a 
crucial element in production of proteins, and it is necessary for the vigorous growth 

Table 7.5  Biopolymer-based hydrogels for slow release of ACs

Biopolymer Synthesis method AC References

Alginate Graft copolymerization of 
acrylic acid and acrylamide 
on NaAlg in the presence of 
clinoptilolite

(F) NPK (urea, 
potassium dihydrogen 
phosphate and 
ammonium dihydrogen 
phosphate)

(Rashidzadeh and 
Olad 2014; 
Rashidzadeh et al. 
2014)

Alginate Ionically cross-linked with 
CaCl2

(H) Chloridazon and 
metribuzin

(Flores Céspedes 
et al. 2013)

Alginate Ionically cross-linking with 
CaCl2

(F) Urea (González et al. 
2015)

Alginate/Cs Ionotrophic gelification 
process

(H) Paraquat (dos Silva et al., 
2011)

Carboxymethyl-Cs Ionically cross-linked with 
calcium cations

(H) Atrazine and 
imidacloprid

(Li et al. 2012)

Cellulose acetate Cross-linked by EDTA (F) NPK (KCl and 
NH4H2PO4)

(Senna and Botaro 
2017; Senna et al. 
2015)

Cellulose 
derivatives

Emulsification-solvent 
evaporation technique

(H) 2,4-D (Belmokhtar et al. 
2018)

Cellulose 
derivatives

Phase inversion technique (F) Urea (González et al. 
2015)

Cs Cross-linked by sodium 
tripolyphosphate (TPP)

(F) KNO3 (França et al. 2018)

Cs Ionic gelification technique 
using TPP

(H) Paraquat (Grillo et al. 2014a, 
b)

Cs Ionic gelification technique 
using TPP

(H) Imazapic and 
Imazapyr

(Maruyama et al. 
2016)

Cs-starch Ionotropic cross-linking of 
Cs using TPP

(F) KNO3 (Perez and 
Francois 2016)

CMC Radiation induced grafting 
of acrylamide onto CMC

(F) KNO3 (Hemvichian et al. 
2014)

CMC/PVP In situ
Polymerization method

(F) NPK (urea, 
ammonium dihydrogen 
phosphate, and 
potassium dihydrogen
Phosphate)

(Olad et al. 2018a)

Ethylcellulose Oil-in-water emulsion 
solvent evaporation 
technique

(H) Norflurazon (Sopeña et al. 
2011)

(F): Fertilizer; (H): Herbicide
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of plant. Phosphorous participates in different plant mechanisms, e.g. cell division, 
formation of cell structures in the plant, photosynthesis, stimulation of healthy root 
growth and seed germination. Finally, potassium plays an important role in the for-
mation of fruits, resistance against diseases and cold weather, photosynthesis and 
maintaining water level in plants (Carson and Ozores-Hampton 2013). Many stud-
ies have been conducted in recent years, in which biopolymer-based hydrogels have 
been tested as carriers of NPK fertilizers for their slow or controlled release (Chagas 
et al. 2018; Essawy et al. 2016; Olad et al. 2018b; Rashidzadeh et al. 2014; Senna 
and Botaro 2017; Senna et al. 2015).

Urea is one of the most widely used fertilizer due to its high nitrogen content 
(46%), low cost and easy application (Azeem et al. 2014). Urea when applied to 
soil, a series of chemical transformations occur, both physical and biological to 
produce the nutrients available to the plant. However, the excess of these nutrients 
is lost because of leaching, since plants only need a small amount during their early 
growth. In addition, some urea reactions produce nitrogen in a form that is lost 
through gaseous emissions that are hazardous for the environment. Therefore, the 
development of materials for controlled or slow release of urea has been an issue of 
growing interest for decades. These materials would not only reduce nitrogen loss, 
but also alter the nitrogen release kinetic, which in turn will provide nutrients to the 
plant at a rate more compatible with their metabolic needs. Biocompatible polymer 
matrices are preferred in order to avoid environmental contamination (Azeem et al. 
2014). Many have studied the controlled release of urea through biopolymer-based 
hydrogels (González et al. 2015; Olad et al. 2018a; Rashidzadeh and Olad 2014; 
Rashidzadeh et  al. 2014). Bortolin et  al. (2013), e.g. studied the synthesis of a 
hydrogel nanocomposite based on biopolymers. In this study, a polysaccharide of 
biodegradable MC and its compound containing PAAm, as well as with mineral 
clay calcic montmorillonite (Mt) as modifier was evaluated. The authors character-
ized the hydrogels in terms of their swelling behavior and performance as devices 
for slow release of fertilizers, in this case, by evaluating the desorption of the nutri-
ent urea. The controlled desorption of urea was tested in different pHs (4, 7, and 9) 
on the hydrogel nanocomposites and was compared with the commercial urea, i.e. 
without being contained in the hydrogel structure. Bortolin et al. (2013) concluded 
that the presence of the mineral clay causes the hydrogel to slowly desorb the nutri-
ent, but due to strong clay−urea interactions, the total amount of urea carried in the 
material was reduced. Therefore, in hydrogels with higher clay concentrations, the 
urea desorption rate is slower. This was observed in all the pHs tested, where the 
hydrogel without Mt. practically desorbed the whole urea content in 24–48 h. These 
values increased for nanostructured hydrogels at ~72 h.

With regards to K sources in crop production, the most common fertilizers are 
potassium nitrate (KNO3), potassium chloride (KCl), mono potassium phosphate 
(KH2PO4) and potassium sulphate (K2SO4). The selection of the K fertilizer is 
strongly influenced by the nature of the accompanying anion (Chapagain et  al. 
2003). KNO3 is the K fertilizer most used in the production of greenhouse vegeta-
bles, and many have studied its slow-release through biopolymer-based hydrogels 
(Hemvichian et al. 2014; Perez and Francois 2016). França et al. (2018) investigated 
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Cs as a biopolymeric matrix for the controlled release of fertilizers using a spray 
dryer. They tested KNO3 as a nutrient, and studied the effect of TPP (as a cross-
linker) and the incorporation of Mt. clay. The nutrient was trapped in the core and 
covered with an additional Cs layer (shell), which swells and then releases the nutri-
ent. These authors evaluated the release of KNO3 both in water and in soil. The 
release mechanism indicated a swelling-controlled nutrient delivery for all tested 
materials. Particularly, the microcapsules of Cs/KNO3 and Cs/Mt-KNO3 showed the 
highest swelling ratio (approximately 500%) and the lowest release of fertilizer in 
the water (2 h) and in the soil (40 days).

7.4.2  �Slow Release of Herbicides

Weed management is also a fundamental step in the production of vegetable crops 
under commercial production systems. A sustainable crop weed alternative in veg-
etable production could thus be the use of hydrogels for herbicide application.

Herbicides are chemicals that inhibit plant growth and are used to control weeds. 
Most of them are highly toxic for human health and environment. Selective herbi-
cides control specific weed species, while leaving the desired crop relatively 
unharmed. In contrast, non-selective herbicides kill all plant material with which 
they come into contact. In addition to its efficiency to killing plants, one of the most 
important traits of an herbicide is its persistence and residual action since these two 
traits could contribute to reduce the doses and the costs of the application. Herbicide 
formulations (a.i. plus additives) are mainly prepared to achieve a high biological 
effectiveness and to reduce negative environmental effects on organisms that are not 
the target for herbicide applications (Sopeña et al. 2009a).

The potential loss or degradation of soil-applied herbicide can occur by the 
action of different environmental factors such as light (photolysis), moisture and 
microbial degradation, as well as volatilization and leaching in the field. As a con-
sequence, the concentration of active herbicidal in the target site can be disturbed by 
directly impacting the effectiveness in the control of weeds. The advantages of 
hydrogel-based herbicide applications include stabilization of a.i., its easy handling 
and application in the soil at the time (Kalhapure et al. 2016). Otherwise, the herbi-
cidal persistence efficacy can depend on a variety of properties of the polymeric 
support but also, on the weed species assayed (Vasilakoglou and Eleftherohorinos 
2003).

Dichlorophenoxy acetic acid or 2,4-D is one of the most widely applied herbi-
cides in the world. More than 1500 herbicide products contain 2,4-D. This organic 
and synthetic compound is primarily used as a selective herbicide which kills many 
terrestrial and aquatic broadleaf weeds, but not grasses. Similarly to other herbi-
cides, like paraquat (Aouada et  al. 2010), the release of 2,4-D from a non-
biodegradable polymer-based hydrogel was developed (Mahdavinia et  al. 2009). 
Controlled release of 2,4-D has also been investigated from biopolymeric matrixes 
of corn starch, starch-g-poly(butyl acrylate) and alginate gels. In the case of the 
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modified starch matrix, a low swelling capacity and slow release of herbicides was 
observed (Zhu and Zhuo 2000).

The non-toxic and biodegradable matrices of cellulose derivatives ethylcellu-
lose/hydroxy propyl methyl cellulose (HPMC), cellulose acetate butyrate butyryle 
(CAB)/HPMC and pure CAB were used in microparticles to allow an initial burst of 
2,4-D followed by a controlled bioactive release. This approach allowed to reach a 
high herbicide efficacy in early stages and also to be maintained for a long period of 
time (Belmokhtar et al. 2018). The delivery of 2,4-D provided a burst that varied 
from 7 to 50%, followed by a slow and controlled effect from all the formulations 
tested, ensuring an initial effectiveness of the herbicide and then,its functional pres-
ervation for a long period of time. These synthesized composites can acquire a great 
opportunity for their uses in the field; however, their properties as hydrogels have 
not yet been explored. The adjustment of the swelling behavior by these polymers 
alone or together with other polymers can be a good tactic to further improve the 
efficiency of the 2,4-D herbicide.

Alachlor (2-chloro-2′,6′-diethyl-N-methoxymethylacetanilide) is a chloroacet-
anilide herbicide used for annual grasses and control of broadleaf weeds in corn, 
soybeans and sorghum. Ethylcellulose is a hydrophobic polymer that is frequently 
used to prepare formulations of different herbicides by means of microencapsula-
tion techniques (Dailey 2004; Pérez-Martínez et  al. 2001). The encapsulation of 
alachlor in ethylcellulose microparticles managed to extend its concentration in the 
soil reducing the high rates of herbicide application rates and, consequently, decreas-
ing the environmental damage. The highest levels of alachlor efficacy and persis-
tence were observed in the soil with low microbial activity and organic matter 
content (Sopeña et al. 2009b). In the same work, two ethylcellulose 30–50 mPa s 
(Ethocel 40) and 10 mPa s (Ethocel Std 10) were assayed revealing that the polymer 
with a higher molecular weight produced a lower alachlor release rate, which sug-
gests that the polymer size is also an important aspect to be considered for the con-
trolled delivery of this herbicidal compound. The behavior of alachlor transported 
from these cellulose microspheres in soil was reported firstly by Sopeña et  al. 
(2007). These authors demonstrated that mobility of alachlor from microspheres to 
water or soil was retarded compared to commercial formulations.

Norflurazon is a fluorinated pyridazinone herbicide that is used in soils cultivated 
with cotton, soybean, tree fruit and nut crops, citrus and cranberries, and its efficacy 
and persistence by controlled delivery through biopolymer-based hydrogels has 
been demonstrated (Sopeña-Vázquez et al. 2008). Ethylcellulose microencapsulated 
formulations of norflurazon and alachlor protected both of them against their dissi-
pation in soil, and remained biologically active longer than the commercial formu-
lations. Regarding particle size distribution, the authors reported higher release 
rates of norflurazon with a greater surface area of microspheres. However, particle 
porosity instead of size, could affect the alachlor release rate from the microspheres. 
All these findings allowed to conclude that, in addition to the weed species, the type 
and nature of components significantly affect the controlled release and biological 
efficacy of each formulation.
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Photolysis on soil and leaves is an important mechanism for herbicide dissipa-
tion, resulting in a loss of its efficacy in controlling weeds. Thus, the photodegrada-
tion rate of the herbicide norflurazon from the ethyl cellulose microspheres was 
compared with a commercial formulation (Sopeña et al. 2011). The microspheres 
had slower delivery rate than the commercial formulation, and the gradual release 
allowed a protection of norflurazon against photolysis. The photodegradation rate 
was even lower when the microspheres contained colloidal soil components such as 
goethite and humic acids, than spheres alone.

Carboxymethyl Cs/bentonite (CM-chit/H-bent) composite gel was studied as a 
carrier of two pesticides: atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-
triazine) and imidacloprid (N-[1-[(6-chloro-3-pyridyl)methyl]-4,5- dihydroimidazol-
2-yl]nitramide). Both are herbicides widely used in croplands and are often pollutants 
in the aquatic environment. The diffusion of these two compounds was restrained by 
the encapsulation in the polymer gel, and sorption with bentonite was further delayed 
the progress of the release thereof (Li et al. 2012). To obtain a slow release of atra-
zine, an agar/starch-based hydrogel (1% agar, 5% starch, 0.98 M acrylamide, and 
12.97 mM N,N-methylenebisacrylamide) was also developed (Singh et  al. 2015). 
Atrazine released from the hydrogels occurred after 144 hours through non-Fickian 
diffusion mechanism, which makes them suitable for agriculture. In the case of atra-
zine, its release profile and physic-chemical stability were modified when poly 
(ε-caprolactone) nanocapsules were coated with Cs (Grillo et al. 2014b).

The imazapic (IMC) and imazapyr (IMR) herbicides are representative members 
of the imidazolinone group. They are often used to control weeds in plantations of 
corn, soybean, and peanut but they have a high persistence in soil. In order to reduce 
the doses applied in soil, these herbicides were encapsulated in Cs/tripolyphosphate 
nanoparticles (400 nm) with efficiencies higher than 60% and with a polydispersity 
index of 0.3 and the zeta potentials of −30 and + 26 mV for CS/ALG and CS/TPP, 
respectively (Maruyama et al. 2016). After 300 min, the release obtained for IMC 
and IMR was 59% and 9%, respectively. The combined encapsulation of the com-
pounds resulted in a decrease of ~35% compared to IMR encapsulated separately. 
Meanwhile, the combined encapsulation did not affect the release of IMC. It would 
also be interesting to analyze the water absorption of these polymer matrices.

Paraquat or N,N′-dimethyl-4,4′-bipyridinium dichloride is a non-selective herbi-
cide, which kills the plant by contact. Due to its redox activity it is also toxic to human 
and animals. To develop an environmentally safe alternative for its use, paraquat was 
loaded onto Cs/TPP nanoparticles (Renato Grillo et  al. 2014). This encapsulation 
showed changes in paraquat diffusion and release as well as its absorption by the soil 
compared with commercial formulations without affecting herbicidal efficiency. The 
loading and release of paraquat, and how they are strictly correlated with the swelling 
capacity of the PAAm and MC-based hydrogels were clearly described and schema-
tized by Aouada et al. (2011). Slow delivery without losing paraquat the effectiveness 
has been also achieved from Cs nanoparticles (dos Silva et al. 2011).

Alginates-based formulations have also been investigated for controlled-release 
of a variety of herbicides, such as monolinuron, desmetryn, chloridazon, atrazine, 
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simazine, and chloroxuron as a.i. (Calabi-Floody et al. 2018). For example, alginate 
hydrogels (with addition of bentonite and anthracite as sorbents) evidenced a slower 
release of the two herbicides: chloridazon and metribuzin, compared to their respec-
tive commercial formulations. This fact might allow less leaching of them in a cal-
careous soil. Therefore, its use is suggested in the most sustainable control of weeds 
(Flores Céspedes et al. 2013).

7.5  �Future Perspectives and Conclusions

Biodegradable polymers have been used, mainly because of their abundance, renew-
ability, relatively low-cost, and biodegradability to replace or reduce the use of syn-
thetic polymers in the production of hydrogels for various technological applications 
and, in particular, in agriculture as nutrient carries or soil conditioners. There are 
several ways available to prepare said hydrogels, based on the crosslinking of poly-
mer chains that can be classified into two main groups: chemical and physical cross-
linked hydrogels. Main processing techniques have been developed for the 
crosslinking of polymer chains. Physically crosslinked are relevant in the formula-
tion of labile bioactive principle vehicles, while chemically crosslinked ones have 
higher mechanical properties and stability.

Biopolymer-based hydrogels for the release of fertilizer/herbicidal must meet a 
series of conditions and properties that include technical and chemical aspects of 
the formulation, as well as its environmental and operational scope. Therefore, the 
challenge of developing disruptive technologies for the formulation of slow deliv-
ery of ACs requires fundamental knowledge of the structural components, as well 
as characterization of physicochemical properties that are established between the 
ingredients of the mixture, including the type of biopolymer, additives, sorbents, 
bioactives, among others. Nanotechnology can provide a great potential to enrich 
the developments of controlled release of ACs from hydrogels based on 
biopolymes.

There are still several challenges regarding these kinds of hydrogels, such as 
producing low-cost hydrogels with excellent absorption characteristics and also an 
excellent mechanical behavior; design of new eco-friendly techniques mainly for 
chemically cross-linked hydrogels; and obtaining bio-based nano-hydrogels that 
show a higher water absorption capability and, at the same time, low sensitivity to 
saline conditions present in the field. The potential of biopolymeric-based hydrogel 
formulation to successfully deliver the next generation of ACs at the desired rate 
and location in the target site is still in its infancy.
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Chapter 8
Hydrogels: An Effective Tool to Improve 
Nitrogen Use Efficiency in Crops

Mariana A. Melaj and Rocío B. Gimenez

Abstract  Hydrogels are hydrophilic polymeric materials with three-dimensional 
(3D) network structures physic and/or chemically crosslinked. They can absorb large 
amounts of water or aqueous solutions for a short period of time. When the hydrogel 
is loaded with a drug and meets an aqueous medium, the water penetrates the system 
and dissolves the drug. To improve the nitrogen use efficiency by plants, controlled-
release fertilizers are developed with hydrogels as matrices. In particular, biodegrad-
able polymers such as starch, xanthan, chitosan, cellulose derivatives, pectin and 
their mixtures have been essayed to avoid residues in soils. In addition, the superab-
sorbent capacity of the hydrogels improves the retention of fertilizers in the soil, 
reduces water losses through evaporation and decreases the frequency of irrigation. 
In this chapter, the behavior of different hydrogels to improve the availability of 
nitrogen by the plants during their crop cycle will be reviewed.

Keywords  Agriculture · Fertilizers · Polymers

8.1  �Introduction

The increase in world population has led to the industrialization of agriculture. Food 
production is a challenge related to crop yield, which can be improved through fer-
tilization. However, conventional fertilizers have an environmental impact due to 
the loss of nutrients, which can cause toxicity to the crop at concentrations not toler-
able in the plant roots.

Nitrogen is one of the main nutrients that are applied in high doses to crops. 
However, its absorption depends on the plant species of the crop, the tillage, the prop-
erties of the soil, the environmental conditions and the nitrogen source. When the 
fertilizer is applied, part of it is taken by the plants and the rest is lost. For this reason, 
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the nutrient use efficiency is a key point in sustainable agriculture. The nutrient use 
efficiency is defined as the amount of nutrients taken by the plant from soil over a 
period of time, related to the available nutrient present in the soil (including applied 
fertilizer). The nitrogen use efficiency (NUE) usually reaches 50% (Sempeho et al. 
2014). Depending on the method of application and the type of fertilizer, the losses 
can reach 90% of the applied fertilizer (Bajpai and Giri 2002). The main processes 
involved in the loss of nitrogen in the crops are listed and described below:

	1.	 Nitrogen lixiviation

Mineral nitrogen in most soils can be oxidized to NO3
− by the action of microor-

ganisms. Oxidized nitrogenous compounds can be leached from the root zone of the 
plants and reach the surface and deep waters. Large accumulations of nitrogen 
caused by fertilizers can lead to:

•	 Metahemoglobinemia in babies because of the reduction of NO3
− to NO2

− and 
the oxidation of hemoglobin.

•	 Gastric cancers related to the presence of NO2
− or nitrosamines: the excess NO3

− 
ions are transformed into NO2

− in the stomach, thus reacting with the amines and 
leading to the production of nitrosamines, which are carcinogenic compounds.

•	 Eutrophication of the water surface.

According to the World Health Organization (WHO 2003), the maximum 
allowed limit of NO3

− in drinking water is 50 mg/L.

	2.	 Ammonium volatilization and nitrous oxide emission

Urea or ammonium salts when applied as fertilizers in calcareous soils can be 
potentially volatized. In particular, NH4

+ can be accumulated in ecosystems, thus 
causing damage to vegetation. In addition, NO3

− can be oxidized into N2O and NO 
(greenhouse gases), and them transformed into nitric acid generating acid rain and 
lakes (Asgedom et al. 2014; Savci 2012; Shaviv 2000; Smith and Siciliano 2015).

The aforementioned adverse effects of the use of fertilizers have led to the need 
to reduce the application rate of fertilizers and improve their application efficiency, 
with the aim of improving nitrogen fixation from crops, reducing costs by their 
application and avoiding environmental problems and health caused by them, with-
out placing food production at risk (Davidson and Gu 2012).

Controlled-release fertilizers (CRF) have had a great boom because they comple-
ment the desired requirements for the new generation of fertilizer: fertilizer use 
efficiency increases and reduces nitrogen losses through better synchronization 
between nitrogen availability and nutritional demand of the plant.

Figure 8.1 shows the difference between CRF and conventional fertilizers related 
to the nutrient demand of the plant. A nitrogen fertilizer such as urea when applied at 
planting, the absorption of fertilizer is low and the nutrient is vulnerable to being lost 
due to volatilization, denitrification or leaching. In this sense, CRFs have a better 
synchronization with crop demand, minimizing fertilizer losses (Chalk et al. 2015).

The CRFs also have the following advantages:

–– The supply of applied nutrients is protected.
–– The controlled and sustained release of the fertilizer is achieved.
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–– The concentration of nutrients between the optimal limits during a given period 
of time is maintained.

As a result of this:

–– The availability of fertilizers lasts longer.
–– It is not necessary to apply the fertilizer several times during a crop cycle.
–– The cost of tillage is reduced.
–– Environmental pollution is reduced (Geng et al. 2015; Anitha and Bindu 2016; 

Azeem et al. 2016; Geicu-Cristea et al. 2016; Trinh and KuShaari 2016).

CRFs can be tablets or granules coated with polymers, or matrices containing the 
dispersed nutrient, thereby delaying the release of fertilizer. The matrices and the 
coatings can be prepared from hydrophobic materials (polyolefins, rubber, etc.) or 
hydrogels (gel-forming polymers). Hydrogels loaded with fertilizers reduce their 
dissolution due to their water retention (swelling) (Trenkel 2010). In addition, 
hydrogels increase the water retention capacity of soils, reducing irrigation, increas-
ing nutrient absorption and improving soil permeability, and this is reflected in an 
increase in crop yields (Elbarbary and Ghobashy 2017). In this regard, Hendrawan 
et al. (2016) developed fertilizer-loaded polymer composite hydrogels to achieve 
water and nutrient supply simultaneously.

8.2  �Hydrogels

Hydrogels were first reported by Wichterle and Lím (1960). Hydrogels are hydro-
philic polymers originated by the crosslinking of polymer chains, which generate 
macromolecular networks. These structures can absorb and retain a large amount 
of water or aqueous solutions within their structure (Chang and Zhang 2011). 
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Fig. 8.1  Supply of 
conventional vs controlled 
release fertilizers and its 
synchrony with the 
demand for nutrients from 
crops. Adapted from Chalk 
et al. (2015)
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The presence of hydrophilic functional groups such as – OH, − CONH, − CONH2 
and  – SO3H linked to the polymer backbone are responsible for this property 
(Mahinroosta et al. 2018; Nagam et al. 2016). There are different types of classifi-
cations of hydrogels based on their charge (anionic, cationic, nonionic, amphoteric 
or zwitterionic charges), method of cross-linking (chemical and physical hydrogels) 
and shape (matrix, film or microsphere) (Ahmed 2015; Mahinroosta et al. 2018). 
In particular, physically cross-linked hydrogels are obtained when the 3D network 
of the polymer is held together by van der Waals (dipole-dipole or hydrogen bonds) 
or coulombic (electrostatic) type interactions, as well as by overlapping polymer 
chains. In contrast, the polymer chains are covalently linked in chemically cross-
linked hydrogels (Silva et al. 2009).

On the other hand, the type and quantity of the fertilizer, as well as the type of 
excipients, the preparation technique, the environmental conditions during the release 
of the fertilizer, and the geometry and dimensions of the hydrogel can affect one or 
more of the phenomena shown in Fig. 8.2 (Siepmann and Siepmann 2008):

8.3  �Devices

Controlled release systems can be reservoir and matrix or monolithic type (Fig. 8.3). 
In the reservoir system, the fertilizer to be released is surrounded by a polymer 
layer, and this may be in a solid state or in a diluted or concentrated solution. In 
general, the time of dissolution of the coated fertilizer can be delayed, increasing the 
thickness of the coating (Du et al. 2006).

On the contrary, the fertilizer is distributed homogeneously in the polymer 
network when the system is constituted by a matrix and can be dissolved (in 
smaller amounts than its solubility allows) or dispersed (part of the fertilizer is in 
the form solid).

Fig. 8.2  Phenomena given during the release of fertilizers from hydrophilic matrices
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8.4  �Fertilizer Release Mechanisms

In general, diffusion, swelling and erosion are the most important mechanisms that 
control the release rate of fertilizer from hydrophilic matrices to the soil, and these 
mechanisms can act in different steps or simultaneously (Siepmann and Siepmann 
2012). These main fertilizer release mechanisms are described below:

8.4.1  �Diffusion

Diffusion is a process of spontaneous mass transfer of a substance from a concen-
trated solution to a diluted solution, thus creating a gradient or profile concentra-
tion. Once the steady state is reached, the concentration gradient disappears, and 
equilibrium is achieved. The diffusion mechanism depends on the free volume of 
the polymer chains, and this in turn depends on the structure (matrix – Fig. 8.3a 
or reservoir – Fig. 8.3b) and composition of the hydrogel polymer matrix. A homo-
geneous hydrogel increases its free volume when subjected to temperatures around 

time 0 time t

time 0 time ta)

b)

polymer

polymer

fertilizer

fertilizer

Fig. 8.3  (a) Matrix fertilizer delivery device and (b) Reservoir fertilizer delivery device. Adapted 
from https://www.sigmaaldrich.com/technical-documents/articles/materials-science/biomaterials/
tutorial.html
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or above the glass transition temperature (Tg). The free volume of the hydrogel can 
also be increased by copolymerization or by using of polymer blends. The plasticiz-
ing effect is another way that allows the increase of the free volume of the hydrogel, 
by means of using compounds with small structures such as water, which allows to 
lubricate the polymer chains, thus having greater mobility and free volume in the 
polymer network.

As indicated before, the type of structure of the hydrogel affects the release 
mechanism of the fertilizer. In the case of the reservoir type system, through the 
outer layer, the fertilizer must diffuse, dissolve or divide between the carrier and the 
membrane, diffuse through the membrane, be distributed between the membrane 
and the external elution medium and, finally, be transported from the surface of the 
membrane system. The reservoir when saturated, the concentration gradient of the 
fertilizer is constant in the membrane, as well as the flow rate of the compound, 
therefore a zero-order release kinetic is achieved (Siegel and Rathbone 2012). Zero 
order release kinetics is an advantage, but these systems are not easy to elaborate. 
The dissolution of the fertilizer in the polymeric matrix plays a decisive role in 
matrix or monolithic systems. In a first stage, diffusion occurs at the level of the 
surface when the fertilizer dissolves in the matrix. Then, the partition of the fertil-
izer between the matrix and the release medium and transport is given from the 
surface. In case the fertilizer is dispersed, first this compound must dissolve in the 
matrix before being released. Typically, matrix systems show a burst release from 
the surface and then release rate decreases with time.

Burst release is the release of a certain amount of fertilizer immediately after the 
system comes into contact with the receiving medium, after this stage the release 
profile is stable. Depending on the application of the release system, this phenom-
enon can be considered as a disadvantage, since it can provide toxicity at certain 
concentrations of the fertilizer, loss of active agent, decrease in the release time, 
which would entail the need for higher doses, and in other cases this could be an 
advantage such as certain treatments for wounds, encapsulated flavors, pulsed 
releases, etc. The impossibility of predicting the amount of fertilizer that will be 
released is the disadvantage of this process.

The burst release in monolithic matrices can be attributed to (1) certain conditions 
of synthesis and elaboration, which results in a quantity of fertilizer trapped in the 
surface of the device, causing a heterogeneous distribution of the substance, (2) het-
erogeneous polymeric matrices associated with different pore sizes and (3) fertilizer 
properties (molecular weight, solubility) (Huang and Brazel 2001).

8.4.2  �Swelling

Materials with a hydrophilic behavior when they come into contact with water tend 
to be swollen. First, the polymer network is surrounded by water and expands, thus 
increasing its thickness and the volume of the polymer device. Once this process has 
occurred, chemical and physical bonds are formed. Subsequently, the water enters 
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the polymer relatively quickly and the polymer chains are disentangled. This expan-
sion of volume causes greater spaces between the polymer chains, which can be 
used to control the release of the fertilizer, regardless of the type of system used: 
matrix or reservoir (Fig. 8.3). Finally, the matrix disappears when the polymer is 
completely swollen. This type of system is called a soluble inflatable matrix 
(Colombo 1993). However, in some cases, the swelling of the material is limited, 
and the matrix is not totally disintegrated. This occurs when: (1) the water and poly-
mer are not fully compatible, (2) the polymer chains are very long and (3) when a 
crosslinking agent is added. Finally, the swelling kinetics will be responsible for the 
controlled release of the fertilizer. Therefore, the swelling can be modulated by the 
hydrophilic or hydrophobic nature of the polymer, the type of fertilizer to be 
released, the temperature and pH of the medium and the concentration of the cross-
linking agent (degree of crosslinking) (Siegel and Rathbone 2012).

The matrices showing swelling can have two different behaviors:

Classic hydrophilic matrices (unlimited swelling), diffusion is the main mechanism 
that controls the release. When the matrix is immersed in the release medium a 
small fraction of the fertilizer can be dissolved followed by hydration and the 
progressive gelling of the macromolecules. A highly viscous layer, increasing 
the thickness of the polymer over time is formed. This layer controls the entry of 
water into the center of the polymer device and constitutes a barrier to rapid 
release. The release process and rate are dependent on the physicochemical char-
acteristics of the fertilizer, the device and its hydration.

Matrices with limited swelling (100% of the initial weight) are those materials in 
which the zero-order diffusion kinetics governs the release of the fertilizer, except 
for systems with a high concentration of fertilizer. The determining step is the rate 
of penetration of the release medium into the matrix, which is given by the activa-
tion of solvent on the polymer matrix.

8.4.3  �Erosion

This mechanism the release of fertilizer is mainly governed by the degradation of 
the matrix. There are two types of erodible systems: surface erosion and erosion 
within the matrix. The nature of the erosion mechanism depends on the hydrophilic-
ity and morphology of the polymer. Hydrophobic polymers tend to exclude water 
from the interior of the system and are eroded from the outside to the matrix. On the 
other hand, the hydrophilic polymers tend to be homogeneously eroded, although 
the amorphous regions are more susceptible to water than the crystalline regions, 
therefore the degree of crystallinity of the polymer affects this release mechanism 
of the fertilizer.

From the dissolution and diffusion of the fertilizer and the erosion of the gel layer 
different fronts of movements have been identified: the erosion front, the diffusion front, 
the transition or swelling front and the penetration front (Maderuelo et al. 2011). 
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These frontal movements could be adjusted by selecting different types of polymers, 
resulting in different release kinetics such as Higuchi, which predicts a dependence 
of the fertilizer mass released with the square root of time, and zero-order and first-
order kinetics (Li et al. 2014; Marinich et al. 2012; Siepmann and Siepmann 2012).

8.5  �Hydrogels as Constituents of CRF

The use of hydrogels as polymeric matrices of CRF, aims to improve the behavior of 
the coatings and reduce the environmental impact caused by the waste generated by 
them once the nutrient is completely released. Initially the urea granules were coated 
with sulfur, but this coating in contact with the microorganisms found in the soil can 
suffer cracks or fissures, thus releasing the fertilizer faster than required. In this con-
text, polymer coatings using synthetic materials such as polyethylene, polystyrene 
and polyesters have been developed. However, most of them are non-biodegradable 
polymers, so once the fertilizer is released, the non-compostable material remains in 
the soil. In view of the above, the study of environmentally friendly coating materi-
als have been carried out. Most of them are derived from natural materials such as 
chitosan (Cs), sodium alginate, starch – cellulose and its derivatives, lignin, xan-
than, pectin, agricultural residues, Arabic, carrageenan, gellan and guar gum, as 
well as scleroglucana, etc.

An additional advantage of CRF hydrogels is that they improve soil water 
retention capacity and nutrient retention. In addition, its use improves the activity 
of soil microorganisms and reduces the frequency of irrigation. Several works on 
the behavior of different CRFs composed of hydrogels as polymer matrices are 
listed in Table 8.1.

Table 8.1  Controlled release fertilizers made from hydrogels using different polymer matrices

Fertilizer Polymeric matrix
Release 
media Device Reference

KNO3 Chitosan (Cs) Water Microespheres Perez and Francois 
(2016)Potato starch

KNO3 Cs Water Monolayer and 
multilayer

Melaj and Daraio 
(2013)

Xanthan Tablet
KNO3 Cs Water Multilayer Melaj and Daraio 

(2014)Xanthan Tablet
Hydropropylmethylcellulose

KNO3 Cs/MMT Water Microespheres França et al. (2018)
Cs crosslinked (TPP)/MMT Soil Microcapsules

Urea Tamarind gum,
Guar gum

Soil Trilayer Mukerabigwi et al. 
(2015)

Xanthan, diatomite Coating
Poly(methacrylic acid)

(continued)
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Table 8.1  (continued)

Fertilizer Polymeric matrix
Release 
media Device Reference

Urea Ethyl cellulose Soil Dual layer Qiao et al. (2016)
Starch based superabsoebent 
polymer

Urea Bio- epoxy Water Coating Li et al. (2018)
(bagasse and bisphenol-A 
diglycidyl ether)

Urea Starch based hydrogel Water Powder Xiao et al. (2017)
Urea Polyvinil alcohol Water Coating Azeem et al. (2016)

Modified starch
Urea Starch Water Pellets Giroto et al. (2019)

Melamine Soil
Urea Bio-based polyurethane Water Coating Liu et al. (2019)

(waste palm oil)
Urea Peat

Humin
Citric 
acid (aq)

Microespheres Araújo et al. (2017)

Humic acids Soil
Urea Sulfonated-carboxymethyl-

cellulose
Water Dehydrated 

hydrogel
Olad et al. (2018)

NH4H2PO4 Acrylic acid Soil
KH2PO4 Polyvinylpyrrolidone

Silica nanoparticles
Urea Alginate-g-poly(acrylic 

acid-co-acrylamide)
Water Capsules Rashidzadeh & 

Olad (2014)
NH4H2PO4 Montmorillonite Soil
KH2PO4

Urea Polyvinil alcohol Water Powder Li et al. (2016)
K2HPO4 Wheat straw cellulose-g-

poly(acrylic acid)
pH 
solutions
Salt 
solutions

Urea Pectin Water Cylindrical Guilherme et al. 
(2010)Phosphate Acrylamide Hydrogel

Potassium Sodium acrylate
KCl Cellulose acetate and EDTAD Soil Powder Senna et al. (2015)
NH4H2PO4

(NH4)2SO4 PVA/crosslinked-Cs/
poly(AA-co-AM)

Water Trilayer Noppakundilograt 
et al. (2014)

P2O5; KCl Coating

AA: Acrylic acid; AM: Acrylamide; EDTAD: Ethylenediaminetetraacetic dianhydride; MMT: 
Montmorillonite
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The objective of CRF is to control the release of nutrients to increase the time of 
their availability to be used by crops. One of the tools to improve this behavior is to 
obtain cross-linked systems. Noppakundilograt et al. (2014) synthesized a trilayer-
coated NPK fertilizer hydrogel constituted by PVA, crosslinked-Cs and an outer 
layer of poly(acrylic acid-co-acrylamide) formed in situ. The authors found that the 
level of water penetration was increased by the crosslinking of the Cs layer. 
Regarding the behavior of nitrogen release, the trilayer-coated NPK fertilizer hydro-
gel followed the Korsmeyer-Peppas & Ritger-Peppas models with pseudo-Fickian 
characteristics. Perez and François (2016) studied the influence of the crosslinking 
time in the release of KNO3 and the degree of swelling of the microspheres prepared 
from Cs and starch and using sodium tripolyphosphate (TPP) as the crosslinking 
agent. Their results showed that the degree of swelling decreases by ~12% when the 
crosslinking time is longer. In another investigation carried out by Mukerabigwi 
et al. (2015) using different hydrocolloids (tamarind gum, guar gum and xanthan 
gum) in the presence of epichlorohydrin as a crosslinking agent and containing 
diatomite as a nanofiller were used in the coating of urea granules. These polysac-
charides constituted the inner layer and the outer layer was clay, which improved 
the water absorption. The results showed a more beneficial water retention capacity 
and a higher nitrogen slow-release efficiency using xanthan gum than that prepared 
with the other polysaccharides. In addition, the release efficiency was improved by 
the authors using an outermost layer of poly (methacrylic acid). When this layer was 
added, nitrogen release was 43% after the first day and 79.5% after 28 days, instead 
of 68% and 92%, respectively, without the use of this coating. Senna et al. (2015) 
esterified cellulose acetate and using ethylene diamine tetrahydric dianhydride 
crosslinked the polymer matrix. Xiao et  al. (2017) found that the content of the 
crosslinking agent in starch-based hydrogels could control water absorption capac-
ity and gel strength.

Another efficient strategy to produce a CRF is to incorporate additives such as 
nanoparticles or clays that regulate the porosity and modify the swelling and release 
of the fertilizer. Olad et al. (2018) studied the effect of the addition of silica nanopar-
ticles to a hydrogel formed by the polymerization of sulfonated-carboxymethyl cel-
lulose with acrylic acid in the presence of polyvinylpyrrolidone. In this study, urea, 
potassium dihydrogen phosphate and ammonium dihydrogen phosphate were used 
as fertilizers. The authors analyzed the release kinetics of Korsmeyer & Peppas 
form in water and soil as release media and found that release was controlled by 
Fickian diffusion. The incorporation of silica into the matrix increased the water 
absorption capacity and delayed the release of the fertilizer, because the hydroxyl 
groups of the silica formed additional physical crosslinking points with the hydro-
gel. França et al. (2018) compared microcapsule and microsphere structures based 
on Cs crosslinked or not with TPP and adding montmorillonite. The microcapsules 
had higher percentages of swelling (~500%) and the release of nutrients was slower 
(less than 70% in the first measurements) using the Cs without crosslinking. Both 
phenomena are associated with a core-shell structure: the outer layer of Cs present 
in the microcapsule trapped in the nutrient. The swelling was also observed for both 
systems in water and soil release media. Rashidzadeh and Olad (2014) found that 
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the water absorbency was higher when montmorillonite was present in the CRF, 
increasing porosity, and the release of the nutrient was extended in time.

On the other hand, barriers such as multilayer systems or coatings with different 
thickness sizes have also helped the permanence of the fertilizer in the soil. Melaj 
and Daraio (2013) investigated the behavior of KNO3 release in three-layer systems 
made from Cs, xanthan and their mixtures. The results obtained showed a non-
Fickian diffusion kinetics and the release process was controlled by the swelling, 
which was reflected in the linear relationship between the fraction of the nutrient 
release and the percentage of swelling. The Cs-xanthan matrix showed 300% swell-
ing before starting the fertilizer release, which occurred after 14 min. In another work 
Melaj and Daraio (2014) observed that the addition of hydroxypropylmethylcellu-
lose (HPMC) to xanthan matrices lead to a reduction in the release rate of fertilizer 
compared to the matrix without HPMC. According to the authors, HPMC formed a 
strong layer of gelatinous barrier on the surface, which generated a decrease in the 
penetration of solvent molecules. The HPMC and Cs-HPMC tablets had the same 
release behavior. On the other hand, the presence of HPMC allowed to obtain release 
systems with almost zero order release kinetics (Melaj and Daraio 2014). Azeem 
et al. (2016) obtained a longer release time by increasing the thickness of the CRF 
coating. The researchers emphasized in this type of systems the importance of 
achieving a homogeneous coating and the integrity of the film to obtain a promising 
CRF (Azeem et al. 2016; Liu et al. 2019).

Some researchers have studied the use of waste to obtain environmentally friendly 
polymers as an alternative to polymers obtained from non-renewable sources. Li et al. 
(2018) synthesized a bio-based epoxy using bagasse from sugar cane and bisphenol-A 
diglycidyl ether. Li et al. (2016) used wheat straw to obtain a semi-interpenetrating 
polymer network hydrogel. Liu et al. (2019) prepared a bio-based elastic polyure-
thane-coated urea fertilizer using waste palm oil. Araújo et al. (2017) also obtained 
humic acid and humin from peat to study the interaction with Cs to achieve the urea 
release. Other polymers such as pectin were also investigated as CRF matrices 
(Guilherme et al. 2010).

Giroto et  al. (2016) developed a simple system to obtain a CRF based on the 
extrusion of starch, melamine and urea. The addition of melamine helped to control 
the release of the fertilizer and increased the total N content depending on the micro-
organisms present in the soil. The starch was responsible for delaying the solubiliza-
tion of the urea and, therefore, its hydrolysis.

8.6  �Conclusions

Good agricultural practices is one of the objectives of sustainable agriculture. Among 
the good agricultural practices can be highlighted the efficiency in the use of nitro-
gen-based fertilizers. This is the nutrient mainly applied at high concentrations to 
increase the yield of crops. Decreasing nitrogen losses can reduce environmental 
pollution. The application of controlled release fertilizers is one of the practices that 
contribute to the reduction of losses of this nutrient.
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Hydrogels as polymeric matrices of CRF are being studied and compared with 
different materials in order to determine their true potential in the agroindustry. 
These systems, as well as the superabsorbent hydrogels, have the capacity to be 
swollen, and to retain the moisture and nutrients of the soil in the environment of the 
root zone, thus reducing the frequency of irrigation and increasing the activity of 
benefit microorganisms for the crops.

There are some aspects to consider in preparing a CRF based on the facts high-
lighted throughout this chapter:

–– The crosslinking of the polymer can control the water absorption capacity and, 
as a consequence, the degree of swelling and the release of the fertilizer can be 
modulated.

–– The presence of additives such as clays or silica, improve the water absorption 
capacity, delaying the release of fertilizers. Cationic clays can exchange anions, 
being suitable for transporting, e.g. nitrates. On the other hand, nutrients can be 
intercalated between clay layers.

–– Multilayer systems delay the fertilizer delivery and improve the water retention 
capacity.

–– Some hydrogels depending on the type of polymer used for their development 
need to be initially swollen before starting the fertilizer release.

In general, hydrogels are an advantageous option to improve the nitrogen use effi-
ciency by crops and contribute to the sustainability of “green” agricultural practices.
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Chapter 9
Classification and Uses of Emulsions 
in Food and Agro Applications

Antony Allwyn Sundarraj and Thottiam Vasudevan Ranganathan

Abstract  Emulsions are partially produced in the structures of many natural and 
artificial (processed) foods. In general, “emulsion” is defined as a structure formed 
through the dispersion of one or two immiscible liquids within the other in the form 
of small drops. Emulsion-based delivery systems can offer many possible benefits 
for incorporating essential oils such as omega-3 (ω-3) into foods and beverages. 
There are also many terms available to describe the different types of emulsions and 
it is very important to define and clarify these terms as “oil/water”, “micro”, “macro” 
and “nano” and “suspo” emulsions. This review can provide a general description 
of the general terms of the types of emulsion, the role of various emulsifying agents 
and the possible application of emulsions in various sectors of the food and agricul-
tural industry.

Keywords  Active substance carries · Colloids · Controlled release · Prolonged 
and sustained release · Sustainable polymers

9.1  �Introduction

The processing, conservation, safety and quality of food are the most important 
concerns in all sectors of the food industry today (Rasooli 2007; Amaral and 
Bhargava 2015). The process of preparing the emulsion is the determination of two 
different phases, such as oil droplets are formed in an aqueous phase and water 
droplets are formed in an oil phase. The emulsions are not determined by the ratio 
between the two phases that can be clearly observed, e.g. 80% oil and 20% water 
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(Bergenstahl and Claesson 1997). An emulsion protects the emulsion droplets dis-
tributed uniformly throughout the storage days and consumption periods (Chanamai 
and McClements 2002). This has led the food manufacturing sectors and many sci-
entists’ to investigate the capability of flocculation, coalescence, edible polymers 
(proteins and polysaccharides) to stabilize emulsion droplets against the creation 
process, and evaluate their potential applications.

Agrochemical companies are increasing the development of chemical emulsions at 
the nanoscale and replacing the pure active ingredients with the active compounds 
encapsulated in their nanometric equivalent with the effort of providing a series of 
benefits for applications of nanoscience to insecticides (Gogos et al. 2012; Kumar 
et al. 2014), and other agro-chemicals such as fertilizers (Agrawal and Rathore 2014) 
and plant growth devices (Mura et al. 2015). The stability of a food emulsion is the 
most important thing to consider in relation to its industrial applications, and depends 
on the rheology of the continuous phase and the interactions between the particles of 
the dispersed phase (Melik and Fogler 1998; Brewer et al. 2016). The simple differ-
ence between a nanoemulsion and a conventional emulsion is that a nanoemulsion 
does not alter the appearance of the food product when added to it (Dreher 2004).

Emulsion is the basis of a wide variety of natural and artificial materials used in 
the processing of food products, pharmacological and industrial sectors cosmetics 
(Schramm 1992; Lin and Mei 2000; Achouri et al. 2012). Currently, the new ingre-
dients are regularly combined in various food processing systems to improve their 
rheological, physico-chemical and dietary food properties. However, these ingredi-
ents can sometimes be degraded slowly and lose their activities, due to oxidation 
processes, reactions with various components present in processed foods or food 
systems, which may limit their change in taste and color of products food (Schrooyen 
et al. 2001), so its stabilization is necessary.

9.2  �Emulsion

An emulsion is a combination of two or more liquids (such as oil and water) that are 
not easily combined (GuhanNath et al. 2014).

9.2.1  �Oil/Water (O/W) Emulsions

O/W emulsions are now receiving a significant attention, because of the needs to 
eliminate or reduces the volatile organic solvent for safer handling (Hazra et  al. 
2017) purposes. An O/W emulsion is a system in which the active ingredient must 
have very a low water solubility and to avoid the crystallization problems (Tadros 
1995). O/W emulsion is a type of emulsion and is the most common used in the 
food processing industrial sectors, such as mayonnaises, sauces and dairy products. 
Even though, the processed food products such as sausages and liver pates can also 
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be considered as O/W emulsions (Knightly 1989; Gutiérrez and Álvarez 2017; 
Gutiérrez 2018a). The functional activity of the O/W emulsions depends to a large 
extent on the nature of the oil droplets (Derkach 2009; Le Reverend et al. 2010; Bai 
and McClements 2016). Previously, many studies have also been reported that the 
stability of O/W emulsions depends on their concentration and types of ingredients 
used in the emulsion, as well as the processing and storage conditions (McClements 
1999). O/W emulsions can be classified into two different forms, such as diluted 
form and concentrated form. The emulsions are a single class of O/W emulsion 
because they can be highly consumed in diluted forms, such as fruit juice beverages 
and milk-based products and in their emulsification of concentrated form such as 
butter and creams (Lorenzo et al. 2018). The emulsion might thus have a significant 
degree of stability in both diluted and concentrated forms (Tan 1990).

9.2.1.1  �Uses of O/W Emulsions in Food and Agro Applications

Gum arabic is one of the most commonly used biopolymers in food and beverage 
applications (Garti and Reichman 1993). Starches are now generally used in milk-
based food products, because of their good emulsion properties, and also as promis-
ing substitutes for gum arabic (Trubiano 1995; Achouri et al. 2012; Zheng 2018). 
Other alternative gums include tragacanth (Imeson 1992) and λ-carrageenan (Huang 
et al. 2001) have also been reported as effective stabilizing and thickening agents. 
Proteins, containing soy and whey, are better emulsifications that can modify both 
the emulsion droplet charges (Singh and Ye 2000) and the interfacial membrane 
thickness in O/W emulsions (Achouri et al. 2012) and forms the stabilizing films 
against oxidation process (Djordjevic et al. 2008; McClements 2004). In addition, 
factors that could contribute to the emulsion stabilization or destabilization process, 
such as the type of hydrocolloid used, the possible combinations of hydrocolloid 
with protein, and the oil absorption to be dispersed have not been reported (Achouri 
et al. 2012). There is a growing interest in the formulation of value-added products 
containing various health constituents, such as minerals, vitamins, and omega-3 
(ω-3), etc., for the functional food products in the market. Such emulsion concentra-
tion can be useful as feedstock emulsions and for other emulsions in suspension, as 
well as for organizing stability in O/W emulsion distributions. Hence, the consider-
ation and also the monitoring the several factors that influence the stabilization and 
the shelf-life of prepared emulsion matrices is an acute for its continued success in 
the food markets.

9.2.2  �W/O Emulsion

The W/O emulsion is the well-known area of industrial food processing sectors in the 
field of ‘yellow fat’ food products, such as spreads and margarines (Knightly 1989; 
Muschiolik and Dickinson 2017). The lipophilic emulsification which has been 
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mainly used to prepare the primary W/O emulsions of food grade water-oil-water 
(W/O/W) formulations is a poly-glycerol poly-ricinoleate (Takahashi et al. 1986). 
In connection with the development of various functional food products that can be 
improved with the addition of probiotics, there is a growing interest in improving the 
viability of the bacterial cells through an encapsulation of W/O/W emulsions 
(Jimenez-Colmenero 2013). The W/O/W emulsions in polyunsaturated fatty acids 
through a determined selection of edible oil phases, such as linseed oil (Poyato et al. 
2013), chia oil (Cofrades et al. 2014) or perilla oil (Flaiz et al. 2016) can also allow 
the development of improved functional foods in terms of stability and nutritional 
aspects. In a recent study by Altuntas et  al. (2017) demonstrated that an optimal 
amount of poly-glycerol poly-ricinoleate is necessary so that the stability of the W/O 
droplets can be significantly reduced by merging the poly-glycerol polyricinoleate 
emulsifier with an equal amount of the lecithin (natural emulsifier).

9.2.3  �Micro-Emulsions

According to Danielsson & Lindman, “a micro-emulsion is a system of water, oil 
and an amphiphile which is a single optically isotropic and thermodynamically 
stable liquid solution” (Serdaroglu et al. 2015).

Micro-emulsions can have different characteristic properties, such as large interfa-
cial area, oil-soluble compounds and ultra-low interfacial tension (Friberg and 
Bothorel 1987; Paul and Moulik 2001). Micro-emulsions can be prepared by control-
ling the addition of lower alkanol’s to the cloudy emulsions to produce the transparent 
solutions comprising W/O or O/W dispersions in colloidal systems (Shah 1998). 
Micro-emulsions are thermodynamically stable and have a spontaneous shape in dif-
ferent diameters ranging from 5 to 100 nm (Zhang 2011). In general, a scientist con-
siders that the nano-emulsions are very similar to micro-emulsions, since both includes 
typically oil, water and surface-active components (surfactant) (Serdaroglu et  al. 
2015). The nano-emulsions are nevertheless formed by a mechanical force, while the 
micro-emulsion phases are formed by self-assembly (Fanun 2009; Zhang 2011). 
Therefore, the main differences between the micro- and micro emulsions are derived 
from thermodynamic characteristics of emulsions instead than compositions (Flanagan 
and Singh 2006; Whitesides and Grzybowski 2002; Zhang 2011).

The micro-emulsions as a functional state of lipids have been used in the prepa-
ration of processing of food products (El-Nokaly et al. 1991). The main differences 
between food processing and other micro-emulsions are found in the composition 
of oil components in food-grade surfactants (Paul and Moulik 2001). Candau and 
Anquetil (1998) reviewed information on O/W and W/O micro-emulsions that are 
formed using food grade ingredients to potentially incorporate various food ingre-
dients such as preservatives, flavor and vitamins into the micro in emulsions. Paul 
and Moulik (2001) also reviewed the various micro-emulsions as drug delivery 
systems for the use of different types of drugs, such as peptide drugs, steroids and 
anti-inflammatory drugs.
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9.2.4  �Macro-Emulsions

Macro-emulsions are typical droplet diameters of various conventional emulsions, 
called as “macro emulsions”, and vary between 100  nm and 100  μm. Macro-
emulsions are the most common type of emulsification used in many different forms 
such as beverages, mayonnaise, desserts, sauces and milk (Serdaroglu et al. 2015). 
Macro-emulsions tend to be physically unstable, especially when they can undergo 
environmental stresses such as gravitational separation, coagulation and aggrega-
tion (Aoki et al. 2005; Dickinson 2009; Zhang 2011).

9.2.5  �Suspo-Emulsions

Suspo-emulsions can be considered as mixtures of various suspension concentrates 
and emulsifications (Gasic and Tanovic 2013). The product is very difficult to formu-
late, because it is necessary to develop homogeneous emulsion components simulta-
neously while they are stable in the final formulation of the product (Tadros 2005). 
In addition, it is also necessary to overcome the problem of hetero-flocculation 
between oil droplets and solid particles (Vernner and Bauer 2007). The extensive 
storage stability testing of this type of formulation is very necessary (Knowles 2008). 
Despite the complexity of this formulation, the use and the importance of suspo-
emulsions has been extraordinary and will continue to increase.

9.2.6  �Nanotechnology

In today’s competitive market, a new frontier technology is essential to maintain its 
leadership in the industrial food processing sector (Raj et al. 2013). Nanotechnology 
or nanoscience has become one of the most innovative scientific fields in the coming 
decades. Nanotechnology can involve in the use of diverse materials in an extremely 
small scale, usually 0.1–200 nano-meters (Sozer and Kokin 2008), due to the different 
characteristic properties of many processed foods on nano-meter sized components, 
such as nano-emulsions and foams (Chaudhry et al. 2008). In this sense, nanotech-
nology is increasingly used in the various areas of food processing, production and 
packaging systems (Sanguansri and Augustin 2006; Wesley et al. 2014).

9.2.6.1  �Nanotechnology – Science and Technology

Nano-technology has the potential to influences the various aspects of food and agri-
cultural systems. The numerous applications of nano-technology in food and agricul-
ture are innovative compared to their use in pharmaceutical and medicinal products 
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(GuhanNath et al. 2014). However, scientists and industrial stakeholders have already 
identified the potential uses of nanotechnology in virtually all segments of the food 
industry (Fig. 9.1) from agriculture as fertilizer, pesticides and plant pathogen devices 
to food processing as encapsulation. Other applications have also been used in the 
food field to improve the quality and safety of food, as well as for the food packaging 
secto (Brody 2007; Bracone et al. 2016; Gutiérrez 2018b).

9.2.6.2  �Nanotechnology in Agricultural Production

During primary production, nanoformulated agrochemicals are used to increase 
the efficacy of agrochemicals linked to conventional formulations. Only a few 
insecticides containing nanoformulates and nanometric-sized agrochemicals have 
been identified as commercially available. In addition, nanoparticles are used to 
clean the soil and water (Bouwmeester 2009). The nanostructured materials can 
exhibit unique properties that will open many windows of opportunity for the cre-
ation of innovative and high-performance materials, which will have an acute 
impact on the food processing, packaging and storage. Many reports have consid-
ered that the agricultural industry is a potential sector for nanoscience and nano-
technology applications. In the future, nanostructured catalysts will be available, 
which will expand the potential of nanoemulsions as pest controllers, using lower 
amounts of agrochemicals (IRGC 2008).

Fig. 9.1  Nanotechnology has various applications in all the areas of food science/technology, 
from agriculture to food processing to quality/safety to packaging to nutrition and nutraceuticals/
pharmaceutical supplements (Raj et al. 2013)
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9.2.6.3  �Nanotechnology in Food Processing

The numerous nanotechnologies are applied in the sectors of food processing and 
packaging such as the use of nano-sieves (Bouwmeester 2009). Current applications 
of nanotechnology in agri-food production chain is focused on the development of 
various nano-sized food components, additives and innovative food packaging 
(Chaudhry et al. 2008).

9.2.6.4  �Nano-Emulsions

Nanoemulsion is one of the technologies in development, especially in the food and 
pharmaceutical industry, as a new system for the release of healthy substances 
(Chen and Wagner 2004; Wooster et al. 2008; Mao et al. 2009). The possible benefit 
of nano-emulsions includes good separation stability, coalescence and flocculation. 
The bioavailability of functional compounds can also be improved by the use of 
nanoemulsions (Shafiq et al. 2007; Wang et al. 2008; Shakeel et al. 2008, Dingman 
2008). Nanoemulsions can be used to encapsulate oils and increase their water-
dispersibility (McClements 2011). According to McClements and Decker (2000), 
different types of nano-emulsions with more complex properties, such as nanostruc-
tured multilayer emulsions, can offer multiple encapsulation capabilities in a single 
administration system. This interfacial engineering technology is used to achieve 
the homogenous mixture of food grade ingredients (such as phospholipids, polysac-
charides and proteins) with different natural chemicals, thus expanding the use of 
emulsions in food (Weiss et al. 2006), e.g. Nestlé and Unilever have developed ice 
creams based on nano-sized emulsions with a lower fat content (Renton 2006; 
McClements 2004). Nano-emulsions are formulated using two different methods 
(Solans et al. 2005):

I. High energy approaches
High energy approaches can be used to break oil drops.
II. Low energy approaches
Low energy approaches are based on the spontaneous formation of several drops of 

oil within the mixed systems of oil, water and surfactant.

Nanoemulsions have great potential to overcome the various challenges associ-
ated with the development of processed food products and beverages enriched with 
ω-3 (Waraho et al. 2011; Li et al. 2013). It can be considered that nanoemulsions 
have good kinetic stability and high optical clarity, which is important for the main 
applications in many processed foods and beverages (Mason et  al. 2006). 
Nanoemulsion-based delivery systems must still be carefully deliberated to ensure 
high bioavailability and good physical and chemical stability (Walker and Rebecca 
2015). Surfactants are very critical, since emulsions must quickly cover the many 
new surfaces that are forming (Dickinson 2003).
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In general, in food processing or food emulsions can be classified into two classes 
of surfactants (surface-active) as follows:

	1.	 Small-molecule surfactants, such as sucrose esters and mono-glycerides, and
	2.	 Macro-molecular emulsifications such as modified starches or proteins (Amaral 

and Bhargava 2015).

9.2.6.5  �Properties of Nanoemulsions

Nanoemulsions have a low viscosity and high kinetic stability. Nanoemulsions are 
a core of attention for many industrial applications and some of them can be sum-
marized below (Tadros 2004; Gutierrez 2008):

•	 No sedimentation during storage period: very small drop sizes can cause a large 
reduction in the gravitational forces.

•	 No amalgamation: this is due to the droplets of small size and also to the main 
thicknesses of the surfactant film that prevent coalescence/amalgamation, and 
the interruption between the O/W droplets (Sadurni 2005).

•	 Nanoemulsions can be applied for the delivery of fragrances and the develop-
ment of formulated alcohol-free products (Baran and Maibach 1997).

9.2.6.6  �Uses of Nano-Emulsions in Food and Agricultural Applications

The production of nanoemulsion to encapsulate various functional compounds is 
one of the fields in the development of nanoscience/technology applied to the sec-
tors of the food industry (Silva et al. 2012). It also offers one of the most promising 
systems to improve solubility, bioavailability and functionality of hydrophobic 
compounds (Walker and Rebecca 2015; Nethaji and Parambil 2017). Some compa-
nies working on nanoemulsions for food applications can be listed below:

•	 Nutra-Lease, is a technology start-up company established by a scientific group, 
and is working to improve the bioavailability of various functional compounds. 
Mainly in beverages containing encapsulated functional compounds such as 
lycopene, ω-3, β-carotene and phytosterols (NutraLease 2011).

•	 Unilever has made an ice cream healthier without compromising flavor in the 
application of nanoemulsions. This ice cream has a low-fat content varying 
between 16–1% (Martins et al. 2007; Unilever 2011).

•	 Nestle has a patent on W/O emulsions, whose objective is to achieve a simpler 
and faster thawing by the addition of micelle-forming substances and poly sor-
bates. It is claimed that they contribute to a uniform thawing of frozen food 
products in the microwave process (Möller et  al. 2009). This type of W/O 
emulsions is the drug delivery system most commonly used to incorporate ω-3 
oils in processed food products and beverages such as bulk oils and powders 
(spray-drying emulsions) (Jacobsen 2010).
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Microencapsulation has proven to be a popular way to create ω-3 powder that 
can be incorporated into a variety of food products, such as baked goods, spreads 
and fruit drinks (Drusch 2012). Nanoemulsions offer a convenient means to fortify 
many water-based food and beverage products with ω-3 oils. Fortified nano-
emulsions could be introduced into food systems such as beverages, sauces and 
desserts (Velikov and Pelan 2008; Yang et al. 2012). Current liquid or semisolid 
food products that have been enriched with ω-3 fatty acids using emulsion-based 
delivery systems include table spreads, yogurts and milk (Chee et al. 2005; Sharma 
2005; O’ Dwyer et al. 2013; Lane et al. 2014). Nanoemulsions in the form of pro-
teins (e.g. egg and vegetable protein) or carbohydrates (e.g. starch, pectin and guar 
gum) help to improve the texture and lead to the uniformity of the ice cream (Hogan 
et al. 2001). Brominated vegetable oil, ester gum and sucrose-acetate iso-butyrate 
are used as the weighting agent (Gilbert 1985). Biomolecules such as milk proteins 
and carbohydrates (e.g. dextrin) can prove to be potential carrier of nutrients with 
the help of encapsulation (Fernandez et al. 2009).

Hydrolyzed milk proteins, such as 𝛼-lactalbumin, have evolved to be a potential 
carrier of drugs, nutrients and supplements (Yoksan et al. 2010). Functional com-
pounds that are generally encapsulated by self-assembled nanoemulsions are lutein, 
𝛽-carotene, lycopene, vitamins A, D, E3 and Q10 and iso-flavones (Brody 2007). 
For example, the effectiveness of carvacrol nanoemulsions against E. coli on broc-
coli (Severino et al. 2014), radish seed, Salmonella enterica (Landry et al. 2015) and 
alfalfa seeds has been demonstrated in the literature. Recently Donsi et al. (2015) 
have also reported that the antibacterial and physical properties of modified chito-
san-based coatings containing nanoemulsion of mandarin essential oil on green 
beans. In another study carried out by Kim et al. (2013) reported the application of 
lemon grass oil nanoemulsions on plums. These authors found an antimicrobial 
effect from the nanoemulsion and the physical and chemical properties of the plums 
were improved.

Nanoemulsions containing active nutraceutical agents may be used for the pro-
duction of functional and medicinal foods (Solans et al. 2005). Nanoemulsions are 
acceptable because coalescence is not observed unlike macroemulsions (Gadhave 
2014). Limited studies are carried out on food model and there are several chal-
lenges in application of this system in complex food matrices such as meat products 
(Amaral and Bhargava 2015).

9.3  �Conclusions

Emulsions have a long history of use and are widely used in many foods and agro-
chemical inputs. The production of nanoemulsions to encapsulate and release active 
food and agrochemical substances is an area of knowledge in full development. 
However, more research at a pilot or industrial scale is required in terms of new 
equipment and nanoemulsion techniques for agri-food applications. The stability of 
the O/W emulsions are strongly influenced by the size of the drop, the charge and 
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the concentration. In the modern period, multiple emulsions can be produced at dif-
ferent scales such as micro, macro, suspo or nano. The development of new food 
products every day is more related to the development of this type of polymer sys-
tems. The application of nanoemulsions in food processing technology still poses 
challenges that must be addressed both in terms of the production process and costs, 
but more continuous investment is required to finance research and development 
(R&D), in order to better understand the advantages and disadvantages that are 
offered from nanoemulsions systems. This chapter could thus be useful to help 
improve the understanding of colloidal instabilities in emulsions and how they 
could be improved with the objectives of their application in the agri-food 
industry.
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Chapter 10
Nanoemulsions: Industrial Production 
and Food-Grade Applications

Sonal Agarwal, Swathika Vivekanandan, Trisha David, Mahima Mitra, 
Jeyanthi Palanivelu, and Ramalingam Chidambaram

Abstract  The heterogeneous dispersion of two immiscible liquids forming a meta-
stable system, with sizes ranging from 20 to 1000  nm generate nanoemulsions. 
Nanoemulsions are capable of efficiently delivering bioactive and flavoring mole-
cules by crossing biological obstruction. These polymer systems in the food indus-
try are designed to maintain the functionality of the active ingredients such as 
digestibility and antioxidant, anti-inflammatory and antimicrobial properties. A 
nanoemulsion maintains profitable concerns over conventional systems due to its 
high optical clarity, surface area, surface reactivity, good physical stability and bet-
ter bioavailability of the substances that are encapsulated. Nanoemulsions can be 
produced by low and high energy methods, but there is a substantial interest towards 
low energy methods, since the latter are suitable to produce beverages such as soft 
drinks or fortified water, since the final product contains relatively less amount of 
surfactant. These systems can also serve as an effective platform for the incorpora-
tion of nutrients, nutraceuticals and vitamins. The objective of this chapter was to 
analyze the different methods of production of nanoemulsions, in particular the low 
energy methods and the applications of food grade nanoemulsions.

Keywords  Bioactive molecule · Bioavailability · Low energy method · 
Nutraceuticals

10.1  �Introduction

The introduction of nanotechnology into food industry was marked in late 1800’s 
during the discovery of pasteurization process by Louis Pasteur. The first revolu-
tionary step made in food industry was to improve the stability of the packed and 
un-packed food by its bactericidal action, to prevent food spoilage and maintain 
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food quality (Chellaram et al. 2014). Recent survey suggests researcher’s interest 
towards the advancements in nanotechnology due to its potential applications in 
various domains/industries. The various ways in which nanotechnology is applica-
ble in the food industry includes agriculture, food processing and packaging 
(Gutiérrez and Alvarez 2018; Gutiérrez 2018a; Toro-Márquez et al. 2018; Merino 
et al. 2018; Gutiérrez et al. 2019; Merino et al. 2019). The derivatives of nanotech-
nology which found its application in food industry are nanocapsules, nanotubes, 
nanoparticles, nanosensors, nanofilms, nanoclays and nanoemulsions (Gutiérrez 
et al. 2017). Of these, there is a substantial interest in the application of nanoemul-
sions in food processing, since it is a potential tool for formulating new food prod-
ucts (Odriozola-Serrano et al. 2014; Gutiérrez and Álvarez 2017). They ensure the 
stability of food products during manufacturing, processing, packaging and ship-
ping; deliver functional ingredients with beneficial activities to specific sites of 
action; improve food security without disturbing the environment and; are new and 
effective material for pathogen detection (Abdullaeva 2017). Nanoemulsions are 
kinetically stable and thermodynamically unstable colloidal dispersions (Komaiko 
and McClements 2014; Guttoff et al. 2015; Karthik et al. 2017; Walia et al. 2017). 
They are optically clear and can increase the chemical stability, improve bioavail-
ability as well as increase the absorption of bioactive agents that are encapsulated 
(Odriozola-Serrano et al. 2014; Komaiko and McClements 2014). Nanoemulsions 
can be broadly categorized into oil-in-water (O/W) nanoemulsions or water-in-oil 
(W/O) nanoemulsions (Fig. 10.1 and Fig. 10.2), of which O/W nanoemulsions are 

Fig. 10.1  Structure and composition of water-in-oil (W/O) and oil-in-water (O/W) nanoemulsions
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commonly used in food industry (Walia et al. 2017). Nanoemulsions are produced 
by both low and high energy methods (Fig. 10.3) (Gutiérrez 2018b). However, food-
grade nanoemulsions are fabricated through low energy techniques (Homs et  al. 
2018). Nanoemulsions will be selected for applications in food industry based on 
their performance, safety, commercial viability, robustness, and food-matrix com-
patibility (McClements 2015; Abdullaeva 2017). The objective of this chapter was 
thus to analyze the various production methods, in particular low energy methods 
and applications of food-grade nanoemulsions.

10.2  �Properties and Characteristics of Nanoemulsions

10.2.1  �Properties of Nanoemulsions

Nanoemulsion droplet sizes ranges from 50 to 1000 nm, but droplets of 20–200 nm 
forms stable liquid-in-liquid dispersions and 10–100 nm sized droplets are known 
to have applications in food industry (Lorenzo et al. 2018). They are heterogeneous 
dispersion mixture of two immiscible liquids, i.e. W/O or O/W (McClements 
2012; Komaiko and McClements 2016). Nanoemulsions appear transparent as their 
sizes are significantly smaller than the wavelength of visible light, thus acting as the 

Fig. 10.2  Fabrication of nanoemulsions
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Fig. 10.3  Classification of nanoemulsion production techniques
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ideal component to be opted in the food industry (Gupta et al. 2016). The size plays 
an important role, since it affects properties such as biological activity, encapsulation 
and release characteristics and optical clarity (Joye et al. 2014).

The small size property of nanoemulsions has many advantages such as extreme 
resistance to deformation, resulting partly in kinetic stability, the high surface-to-
volume ratio of nanoemulsions improves its encapsulated component bioavailabil-
ity and reactivity, increased surface area eases transportation through the plasma 
membrane (Helgeson 2016) and increases the enzyme activity at the oil-water inter-
face. Small particles have the ability to cross the mucous layer and get absorbed by 
the epithelium cells. This leads to faster lipid digestion (Salvia-Trujillo et al. 2013; 
Walker et al. 2015).

The properties of nanoemulsions include optically transparent appearance, high 
surface area per unit volume, tunable rheology and robust stability. Nanoemulsions 
have lower sensitivity towards dilution, changes in pH and temperature when com-
pared to other emulsions (Gupta et al. 2016). They can be designed to have different 
optical, rheological and stability properties by controlling their compositions and 
structures.

Optical properties: Optical properties refer to the visual appearance of the nano-
emulsion. It is important that the optical properties of nanoemulsions are controlled 
because food industry incorporates lipophilic bioactive compounds (vitamins and 
nutraceuticals) into optically transparent delivery systems (Ricaurte et al. 2016). If 
nanoemulsions are optically opaque, then this attribute is less important. Optical 
properties can be altered by droplet size, droplet concentration and refractive index 
contrast. The optical property of nanoemulsions is inversely proportional to its 
radius size. Example, droplets with radius less than 40 nm appear transparent and 
translucent whereas when the droplet radius is approximately between 40 and 
60 nm, they appear turbid or opaque (McClements 2013).

Rheological properties: From the rheological perspective, nanoemulsions exhibit 
stronger elasticity compared to other emulsions, thus providing better healing 
behavior (Gupta et al. 2016). Nanoemulsions intended to deliver lipophilic bioac-
tive compounds in fortified water or soft drinks should not increase the viscosity 
ideally. However, for some functional food products such as yogurts, sauces and so 
on it is desirable to have a highly viscous or gel-like material (McClements 2013).

Physical stability: Nanoemulsion stability depends on its composition and struc-
ture, and is influenced by various environmental conditions it experiences within a 
product including mechanical agitation, thermal processing, transportation, freez-
ing, dehydration and storage conditions (Gupta et al. 2016; Dizaj et al. 2016). Most 
nanoemulsions are physically stable and ensure the dominance of Brownian motion 
over gravitational force, thus forming a homogenized suspension (Helgeson 2016). 
The destabilization mechanisms which can break the metastable system are mainly 
creaming, flocculation, Ostwald ripening and coalescence (McClements 2012). 
In creaming, droplets rise up, leading to phase separation. If the droplets are denser, 
they tend to move downwards leading to sedimentation. In flocculation, the droplets 
approach each other due to attractive interactions, and move as a single entity. 
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Ostwald ripening, more prevalent in nanoemulsions, occurs due to the difference in 
chemical potential of solute within droplets of different size. Coalescence involves 
droplets merging together and forming a larger drop. It is often difficult to differen-
tiate between flocculation and coalescence in an emulsion (Gupta et al. 2016).

Chemical stability: Light-catalyzed reactions may occur more rapidly in trans-
parent nanoemulsions. Surface-catalyzed reactions, such as lipid oxidation or lipase 
digestion tend to occur more rapidly. Nanoemulsions are isotropic, so they retain a 
relatively high kinetic stability for a longer duration and, therefore, ideal nanoemul-
sion systems must retard any potential chemical degradation reactions (McClements 
2013). Due to the ability of the solidified lipid phase to inhibit molecular diffusion 
processes, solid liquid nanoemulsions may be able to protect encapsulated lipo-
philic components from chemical degradation by lipid crystallization of lipophilic 
component (Joye et al. 2014).

The polarity property defines the interaction of the nanoemulsion or nanoparti-
cles in the biological system. Another property of nanoemulsions is digestibility, 
which depends on the core shell structure composition (McClements 2013). As the 
degree of unsaturation decreases, the digestion becomes easy (McClements 2013).

10.2.2  �Characteristics of Nanoemulsions

Nanoemulsions can be characterized based on their size, pH, components compati-
bility, content uniformity, density, conductivity and surface tension (Dizaj et  al.  
2016). Nanoemulsions are nanoscale delivery systems which are formulated to 
ensure their safety, economic viability and effectiveness. For application of nano-
emulsion based delivery system in food industry, number of characteristics is to be 
considered specifically (McClements 2015).

10.2.3  �Various Characteristic Features of a Nanoemulsion 
to be Used in Food

The robustness of a nanoemulsion is important to maintain its chemical and 
physical stability even when exposed to external factors such as environmental 
stress. It must also preserve its desirable functional attributes.

Nanoemulsions must be commercially available to manufacture the food grade 
ingredients with these delivery systems and also the processing methods that are 
economically viable. High loading capacity is desired to be capable for encapsulat-
ing a significant quantity of the bioactive ingredient within the system.

Active compound retention and improved bioavailability: They should be able to 
encapsulate the active form of the compound until its delivery to site of action. It 
should be able to increase the chemical stability of the encapsulated compounds 
during its processing, digestion in gastrointestinal tract or storage.
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Food matrix compatibility: The encapsulated bioactive agent should be capable 
of being homogenized into the final food product with no damage to its distinctive 
characteristics. It should mask the off-flavor, off-odor and after taste of the encapsu-
lated bioactive compound. The encapsulated bioactive agent should also be compat-
ible with food matrix or beverage in which it has been fortified and it should not 
affect the sensory characteristic and overall acceptance of the food (Bhushani and 
Anandharamakrishnan 2017; McClements 2015).

Safety
Safety of nanoemulsions is an important characteristic required for its use in the food 
industry. If nanoemulsions are completely digested inside the gastrointestinal tract 
(GIT) as a result giving products of digestion that are same as those which are formed 
by larger particles and are formed at a similar site, then they are expected to be more 
toxic. However, if nanoemulsions are not digested completely, or if they are forming 
products of digestion that are very dissimilar, or are being digested in different 
regions of the GIT as compared to the bigger particles, then there might be few con-
cerns relating to toxicity. Therefore, potential toxicity testing of the food-grade nano-
emulsions stands great importance (McClements 2013).

10.3  �Delivery Systems

The physical stability of food-grade nanoemulsions as it passes through the path that 
includes the mouth, stomach and small intestine depends upon the emulsifier used 
(Shu et al. 2018). The four mechanisms through which emulsifiers stabilize nanoemul-
sions are electrostatic, steric, electrosteric and electrostatic-steric mechanisms. 
Emulsifiers adsorb onto the surface of the droplets acting as a barrier for the protection 
of nano-sized droplets from coalescence and aggregation during emulsification pro-
cess and storage (Shariffa et al. 2016). An ideal emulsifier must exhibit the following 
properties: surface activity, adsorption kinetics, interfacial tension reduction, stabiliza-
tion and surface coverage to produce nanoemulsions with smaller droplet size during 
homogenization. Structure of emulsifiers influences the emulsifying and stabiliz-
ing mechanisms (Ozturk and McClements 2016). Based on the type of emulsifiers 
used, food-grade nanoemulsion delivery systems can be divided into three groups: 
lipid-based nanosystems, surfactant-based nanosystems and biopolymer-based 
nanosystems (Table 10.1) (Bhushani and Anandharamakrishnan 2017).

10.3.1  �Lipid-Based Nanosystems

Lipid-based nanoemulsions incorporated with bioactive compounds improves the 
solubility property of active compounds, improves bioavailability, chemical and 
gastrointestinal stability (Yang and McClements 2013;  Bhushani and 
Anandharamakrishnan 2017). Lipid-based emulsifier such as lecithin is commonly 
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used in the production of nanoemulsions. Surface active lecithin is extracted from 
milk, soybeans, rapeseeds, sunflower kernels and egg yolk. Despite possessing the 
surface-active property, phospholipids are not really good emulsifiers and are 
prone to coalescence. They are often used in combination with other protein-
based emulsifiers.

10.3.2  �Surfactant-Based Nanosystems

Non-ionic food-grade surfactants are relatively stable against coalescence and floc-
culation when compared to protein-based and lipid-based emulsifiers (Silva et al. 
2015; Chang and McClements 2016; Ozturk and McClements 2016). Negatively 
charged ionic surfactants are also used in food grade delivery system. Hydrophilic 
lipophilic balance (HLB) value contributes significantly during the selection of sur-
factant in nanoemulsion fabrication (Sugumar et al. 2013; Dizaj et al. 2016). HLB 
number indicates affinity of surfactant for oil phase or aqueous phase. Small 
molecule surfactant used in low energy method differs by their HLB number and 
molecular geometry. Molecular geometry of surfactant influences whether the 
assembly of droplets will be into either O/W or W/O nanoemulsions. HLB >10 
induces formation of O/W nanoemulsion with small droplet size (Ozturk and 
McClements 2016). Propylene glycol, ethanol and glycerol are co-solvents surfac-
tants which change the properties of aqueous phase and the changes particle size in 
nanoemulsions (Ozturk and McClements 2016).

10.3.3  �Biopolymer-Based Nanosystems

When nanoemulsions are consumed, the biopolymer emulsifiers prevent the floc-
culation of oil droplets under acidic conditions in stomach (Zou et  al. 2015). 
Amphiphilic proteins and polysaccharides are biopolymers with high molecular 
weight which act as good emulsifiers (Ozturk and McClements 2016). When two or 
more biopolymer emulsifiers are combined, the resistance of nanoemulsions toward 
droplet growth increases (Shu et al. 2018).

10.3.4  �Natural Emulsifiers

Natural emulsifiers are currently used due to the demand for “clean-label” products 
in food market. They exhibit good emulsifying properties, owing to their structure 
of non-polar proteins being attached to their hydrophilic carbohydrate chains. Some 
natural surface-active polysaccharides are used as emulsifiers. The most prominent 
natural emulsifiers available in the market that exhibit surface activity are Casein 
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and Whey proteins, which are derived from bovine milk (de Oca-Ávalos et al. 2017). 
Gelatins also exhibit surface activity, but cannot be used as an emulsifier as they do 
not contribute significantly to stabilizing emulsions. Saponin based emulsifiers such 
as Quillaja Saponin is commonly used to form emulsions with smaller droplets that 
must be stable at wide range of environmental stresses (Yang and McClements 
2013; Chen et al. 2016; Ozturk and McClements 2016).

10.4  �In-Product and In-Body Behavior

Nanoemulsion digestion occurs mainly in the small intestine. Pancreatic lipases 
in small intestine hydrolyze triglyceride or triacylglycerol (TAG) molecules. 
Exogenous and endogenous surface-active molecules in bioactive compounds after 
getting hydrolyzed by lipases are solubilized by intestinal fluids (Rao et al. 2013). 
The formulation and processing of nanoemulsion in food matrix are done based on 
functional design principles in order to deliver encapsulated compounds to the tar-
geted sites maintaining their functionality in product (in-product) and after con-
sumption (in-body). In-product behavior depends on the dispersion efficiency and 
compatibility of nanoemulsion with food matrix of encapsulated compounds. 
Stability of the absorbed encapsulated compounds within complex environment of 
food matrices is decided by its reactivity with the food matrix as that environment 
can be in aqueous or lipid phase. Food treatments processing, intense shearing, 
preservation and storage at high or low temperature affects the property and reactiv-
ity of the bioactive compounds. Temperature changes can result in fragmentation of 
the compounds making them inactive.

In-body behavior is affected by environment changes such as temperature (high 
temperature during cooking, body temperature), addition of moisture (chewing), pH 
(oral, gastrointestinal tract), mechanical shear (chewing, grinding and mastication) 
and enzymes (gastrointestinal tract), which the encapsulated compounds undergoes 
with the food matrix (Sessa and Donsi 2015). The bioavailability of encapsulated 
products is affected by breaking or dissolving process of food matrix in order to 
promote their absorption by GIT into blood streams, epithelial cell absorption trans-
porting them target sites.

To control and regulate in-body and in-product behaviors suitable delivery sys-
tem must be used. Solidified lipid phase delivery system can be used to promote 
efficient dispersion; protecting the encapsulated compound during processing, 
preservation, preparation and also controlling their release during mastication and 
gastrointestinal digestion; enhancing taste, bio accessibility and bioavailability. 
Adequate selection of stabilization layer will maintain electrostatic repulsion and 
steric hindrance between nanoemulsion droplets. Surface composition and charge 
plays an important role on nanoemulsion’s interaction with external environment 
(Pinheiro et al. 2013; Majeed et al. 2016). Regulating mean particle size, formulation, 
composition, concentration, number of lipid/polymer layers over of lipophilic core 
can influence the rate of lipid digestion and its kinetic stability (Donsì et al. 2013). 
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Lipase concentration present per unit surface area decreases with a decrease in 
droplet size increasing lipid digestion rate (Salvia-Trujillo et al. 2013; Walker et al. 
2015; Majeed et  al. 2016). As the concentration of digestible TAG molecules 
decrease in oil phase, the bioaccessibility of β-carotene-enriched nanoemulsions 
also decreased (Rao et al. 2013). A contradictory phenomenon to that proposed by 
Salvia-Trujillo et al. (2013) was reported by Yi et al. (2015) observing an increase in 
bioavailability by decreasing the particle size of β-carotene. Compared to medium 
chain triglyceride and non-digestible oil carrier, long chain triglyceride fatty acid oil 
carriers of β-carotene were found to have higher bioaccesibility (Bhushani and 
Anandharamakrishnan 2017). Curcumin incorporation within nanoemulsion has 
increased its oral bioavailability up to nine folds and the anti-inflammatory activity 
was also increased compared to unformulated curcumin (Dizaj et al. 2016). It was 
found that the higher the lipid carrier chain length, the higher is the bioaccesibility of 
curcumin  (Salvia-Trujillo et  al. 2017). Curcumin sustained release can also be 
achieved using multilayer nanoemulsions (Sari et al. 2015; Pinheiro et al. 2016).

10.5  �Production

The fabrication of nanoemulsion requires an organic phase, aqueous phase, surfac-
tant and energy. The formation of nanoemulsion is not a spontaneous process as 
either an internal or external energy input is necessary (Karthik et  al. 2017). 
Production approaches of food-grade nanoemulsions are broadly categorized as 
either ‘top-down’ or ‘bottom-up’ approach. Top-down approach of nanoemulsion 
fabrication involves mechanical size reduction of the nanoemulsions, such as col-
loid milling and grinding. It is an energy intensive method, which is commonly 
referred as a high energy method (Donsì and Ferrari 2016; Abdullaeva 2017; 
Prakash et al. 2018). Bottom-up approach of nanoemulsion fabrication refers to the 
synthesis of large structures by the controlled assembly of smaller particles such as 
atoms and molecules (Abdullaeva 2017; McClements 2015). Bottom-up approach 
requires low energy to produce very fine droplets using low cost equipment. It is 
thus commonly known as a low energy method (Prakash et al. 2018). These meth-
ods applied in the fabrication of nanoemulsion have different emulsion composi-
tion and operating conditions, which regulates its droplet size (Table 10.2) (Karthik 
et al. 2017).

10.5.1  �High Energy Methods

Top-down high energy method involves the use of mechanical instruments such as 
ultra sound generators, high-shear stirrer, and high-pressure homogenizer to produce 
nanoemulsions by generating powerful disruptive forces (Solans and Solé 2012). 
Intense energy generates high intensity disruptive forces which can disrupt the oil 
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and water phase forming tiny oil droplets into aqueous phase (Yang et  al. 2012; 
Silva et al. 2015; Walker et al. 2015). The disruptive forces generated are larger than 
the restoring forces, which helps to maintain the spherical shape of the droplets. In 
high energy methods, the nanoemulsion droplet size depends on interfacial tension, 
duration of energy input, energy intensity, relative viscosities of the phases, types of 
emulsifier, concentration of emulsifiers and surfactant-to-oil ratio (SOR  <  0.1) 
(McClements 2012; Yang et al. 2012; Karthik et al. 2017). Smaller droplet sizes are 
preferred by the food industry for the fabrication of food-grade nanoemulsions 
which can be obtained by controlling the viscosity ratio, increasing the homogeni-
zation duration, or by increasing the emulsifier concentration (Karthik et al. 2017). 
The high energy techniques widely used to produce food-grade nanoemulsions are 
ultrasonication, high pressure valve homogenization and microfluidization (Yang 
et al. 2012; Abdullaeva 2017).

High pressure valve homogenizer applies the principle of using multiple passes 
and exceptional high pressure in the fabrication of nanoemulsion with the required 
droplet size (Lee et al. 2014). The homogenizer generates small droplets through the 
disintegration of large droplets by amalgamating the disruptive forces such as 
shear stress, cavitation and turbulent flow. Nanoemulsions enriched with thyme oil, 
curcumin and β-carotene are produced using high energy method with varying 

Table 10.2  Difference between low energy and high energy production methods

Basis High energy method Low energy method References

Quantity Less quantity of nanoemulsions 
is formed.

A relatively large quantity 
of nanoemulsions is 
produced.

Jasmina et al. 
(2017)

Solvent-oil 
ratio (SOR)

Lower SOR is required to 
produce small droplets.

Higher SOR is required for 
the formation of smaller 
droplets.

Yang et al. 
(2012); 
Jasmina et al. 
(2017)

Energy 
requirement

Requires sophisticated 
instruments which takes up large 
amount of energy.

Involves user-friendly 
equipment, with low 
energy in-take. Thus, it is 
more acceptable in market.

Yang et al. 
(2012); 
Jasmina et al. 
(2017)

Cost Expensive procedure. Inexpensive procedure. Jasmina et al. 
(2017)

Temperature Large energy and high 
temperature promote component 
degradation.

Temperature remains 
constant, degradation does 
not occur.

Jasmina et al. 
(2017)

Ingredients 
incorporated

Thermo-labile active ingredients 
such as proteins and retinoids 
cannot be incorporated.

Any ingredient can be 
incorporated.

Yang et al. 
(2012); 
Jasmina et al. 
(2017)

Surfactant Flexible in the choice of the 
internal structure and surfactant, 
as well as possibility of preparing 
nanoemulsions within a short 
duration.

Only non-ionic surfactant 
can be used, mostly all 
ingredients can be added.

Jasmina et al. 
(2017)
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operating conditions (Karthik et al. 2017). Microfluidizer has a similar design, 
but differs in the flow of emulsion channels. The principle is to divide an emulsion 
flowing in a channel into two separate streams. Each stream then passes through a 
distinct channel. These two streams are then directed towards each other in the inter-
action chamber. Interaction between the two fast-moving streams creates intense dis-
ruptive forces in the interaction chamber, which results in droplet distribution (Lee 
et al. 2014; Komaiko et al. 2015; Ricaurte et al. 2016). In this method, the factors 
affecting homogenization efficiency are emulsifier concentration, emulsifier type, 
oil-water viscosity ratio and oil-water interfacial tension. Food-grade nanoemul-
sions from food ingredients can be produced using this method (Yang et al. 2012; 
Karthik et al. 2017).

Nanoemulsions enriched with varieties of bioactive compounds are produced 
through microfluidizer technique (Salvia-Trujillo et al. 2013; Karthik et al. 2017). The 
flaw of microfluidization is that, in low surfactant concentration sufficient surfactant 
quantity is not present to envelope the droplet surface, which causes the droplets to 
come in close proximity resulting in coalescence. High surfactant concentration does 
not affect droplet size during homogenization (Yang et al. 2012). Ultrasonication prin-
ciple states that high ultrasonic waves with a frequency greater than 20 kHz can form 
nano-sized droplets of approximately 70 nm. The droplet size decreases with increase 
in the emulsifier concentration, sonication time and power level (Karthik et al. 2017). 
High energy methods can be applied to fabricate nanoemulsions in large scale, how-
ever there are several limitations associated with this method. The limitations of 
high energy methods are the high cost of operation, the high initial equipment 
required, the high-power requirement, the high probability of equipment break 
down and the difficulty in producing fine droplets with food ingredients such as 
highly viscous oils and slowly adsorbing emulsifiers (Yang et al. 2012).

10.5.2  �Low Energy Methods

Energy efficient, bottom-up low energy method, utilizes the system’s internal chemi-
cal energy and simple stirring to produce nanoemulsions with smaller droplets sizes 
and low polydispersity than high energy methods (Solans and Solé 2012; Karthik 
et al. 2017). In low energy mode, nanoemulsions are produced due to the chemical 
energy released from phase transitions which occurs during emulsification process 
(Karthik et  al. 2017). Fabrication of nanoemulsions through low energy method 
requires internal energy of oil phase, aqueous phase and emulsifier system 
(Abdullaeva 2017). There is substantial interest in this field as low energy techniques 
are energy efficient, relatively inexpensive, facile, capable of producing smaller par-
ticle size, and prevent encapsulated compound from being degraded. In this method, 
the spontaneous formation of smaller oil droplet size is dependent upon the system 
composition (ionic strength, surfactant type and surfactant-oil-water ratio), and the 
environmental conditions (stirring speed, duration and temperature) (Karthik et al. 
2017; Walker et  al. 2015). This phenomenon transpires through the alteration of 
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environmental conditions such as temperature and composition (Silva et  al. 
2015; Karthik et al. 2017). Solans and Solé (2012) classified low energy methods as 
spontaneous emulsification or self-emulsification (SE) and phase inversion method 
(Bhushani and Anandharamakrishnan 2017). Emulsion phase inversion (EPI) and SE 
are the two main isothermal methods involved in the production of food-grade nano-
emulsions. Other isothermal method includes emulsion inversion point (EIP), also 
referred as phase inversion composition (PIC) and direct emulsification inversion 
(DEI) method. Thermal method requires changes in temperature to fabricate nano-
emulsions, thus the main thermal method used is phase inversion temperature (PIT) 
method (Komaiko and McClements 2016; Karthik et al. 2017). Low energy methods 
can be applied to produce nanoemulsions incorporated with nutrients, nutraceuticals 
and vitamins (Komaiko and McClements 2016). Flavored nanoemulsions can also be 
prepared through this method (Gupta et al. 2016). However, food products with rela-
tively high levels of fat are not formed by low energy methods due to the presence of 
excess levels of surfactant in product (de Oca-Ávalos et al. 2017).

10.5.2.1  �Spontaneous Emulsification

Spontaneous emulsification (SE) is the spontaneous formation of nanoemulsions 
when aqueous and organic phase are mixed at constant temperature (Yang et  al. 
2012; Solans and Solé 2012; Komaiko and McClements 2014; Karthik et al. 2017). 
The organic phase of emulsion is concocted by lipophilic surfactant, water miscible 
solvent and oil. The aqueous phase is composed of hydrophilic surfactant and water. 
When both aqueous and organic phases are mixed, a non-equilibrium stage is 
achieved. At this stage, rapid diffusion of the water miscible solvent occurs without 
any phase transition between organic and aqueous phase which increases the interfa-
cial area, resulting in a metastable system also the surfactant spontaneous curvature 
remains unvaried (Bhushani and Anandharamakrishnan 2017). Mercuri et al. (2011) 
proposed that when a surfactant/oil (S/O) mixture is in contact with the aqueous 
phase, a boundary initially forms between the S/O and aqueous phase. Water then 
penetrates the S/O layer causing swelling to occur, which initially results in a W/O 
microemulsion, then forms liquid crystalline phases. A liquid crystalline fragment 
crosses the boundary and enters into aqueous phase. Here the fragments further 
break down to form nano-sized emulsions (Yang et  al. 2012). The turbulence 
caused during solvent diffusion aids in the formation of nanoemulsion (Solans and 
Solé 2012). The mechanisms having a key role in nanoemulsion fabrication are 
interfacial turbulence, negative interfacial tension, diffusion, stranding and dispersion 
(Bhushani and Anandharamakrishnan 2017). SE forms smaller droplet sizes; how-
ever, it requires high surfactant concentration when compared to high energy meth-
ods. SOR (surfactant-oil-ratio) for microfluidization is SOR < 0.1, whereas SOR for 
SE is SOR >1 (Yang et al. 2012). Spontaneous formation of nanoemulsions can be 
carried out by varying the composition of both phases, environmental conditions such 
as pH, ionic strength and temperature and mixing conditions which includes order of 
addition, agitation speed and rate of addition.
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10.5.2.2  �Phase Inversion Method

Phase inversion methods are followed if surfactant spontaneous curvature changes 
from negative to positive producing O/W nanoemulsions or from positive to negative 
producing W/O nanoemulsions during emulsification (Solans and Solé 2012). Phase 
inversion methods are categorized into two: PIT and PIC (Solans and Solé 2012; 
Walker et al. 2015). Phase transitions occur by changing the composition (PIC) or the 
temperature (PIT) (Kotta et al. 2013). PIT was pioneered in 1968 by Shinoda. Here 
the temperature is varied to alter the solubility and optimum curvature of non-ionic 
surfactants. This converts O/W emulsions into W/O emulsions or vice versa. In this 
method, the mixture is heated to a temperature higher than the PIT, followed by 
instant cooling by constant stirring which forms nanoemulsions (Walker et al. 2015). 
PIT method is applicable only for temperature sensitive surfactants such as polyoxy-
ethylene-type nonionic surfactants that undergo hydration in poly (oxyethylene) 
chain and change its curvature as temperature changes. When the system’s lipophilic 
and hydrophilic properties are balanced, the mean spontaneous curvature of surfac-
tant molecule is zero. In PIC method phase transitions are introduced by changing 
the composition at a steady temperature during emulsification. This method can be 
applied to any type of surfactant (Solans and Solé 2012).

Recent methods used to produce nanoemulsions are evaporative ripening and 
bubble bursting methods at oil/water interface. Bubble bursting method involves the 
bubbling of gas through an aqueous phase containing surfactant. Once the bubble 
arrives at the interface, the oil film formed between the water phase and interface 
drains slowly, and a dimple is created in the water-air interface which generates and 
nucleates spatters of oil droplets in the water phase. In Evaporative Ripening 
method, smaller emulsion droplets are prepared using high viscosity oils. The initial 
droplets produced from HPH are a mixture of non-volatile (high molecular weight) 
and volatile (low molecular weight) oils. During heating, the volatile components 
present in the droplets evaporate causing the droplets to shrink and thus allows the 
formation of rich oil phase in the high molecular weight oil (Gupta et al. 2016).

10.6  �Applications of Nanoemulsions

Nanotechnology has found ways for its application in the food industry by using 
nanoparticles in packaging and active/intelligent packaging. The latter can extend the 
shelf-life of the food, as well as maintaining the quality and safety of them (Bracone 
et al. 2016). The components involved here are indicators such as antioxidants, min-
eral oils, sugars, methylene blue and nanosensors for contamination detection 
(Abdullaeva 2017). Nanoemulsions are used to design smart foods with ingredients 
that are usually difficult to incorporate due to low water stability improving nanode-
livery of nutrients (Gupta et al. 2016). Their various other applications in the food 
industry includes protection, encapsulation and delivery of food bioactives, nutrients, 
vitamins and controlled release of flavors and incorporation of antimicrobial and 
anti-oxidant compounds (Bhushani and Anandharamakrishnan 2017).
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Catechins, nonpolar components such as triacylglycerol (corn, soybean, algae, 
fish oil), free fatty acids, mineral oils, waxes, acids are some of the compounds when 
encapsulated in nanoemulsions possess properties such as high stability, high reten-
tion time, improved solubility and increased absorption due to their direct absorption 
from gastro intestinal tract (Dizaj et al. 2016; Bhushani and Anandharamakrishnan 
2017; Gadkari et al. 2017). Work has been done by several scientists in development 
of soya protein based nanoemulsion with improved chemical stability and bioacces-
sibility, docasahexaenoic acid nanoemulsion with improved physical and chemical 
stability and monolayer permeability of Caco-2 cells of green tea catechins (Bhushani 
et al. 2016; Karthik and Anandharamakrishnan 2016).

Nanoemulsions can fortify foods, such as milk cereal products or bread and can 
also be incorporated into beverages (Öztürk 2017). These are also used as nutraceu-
ticals (quercetin, vitamins as D3 carotenoids) and food supplements (Bhushani and 
Anandharamakrishnan 2017). For a modest preservative in food industry especially 
for minimally processed fruits and vegetables (MPFV) essential oils are used. Due 
to their small size and presence of emulsifiers it gets easily transported through 
porin proteins of the outer membrane in gram negative bacteria, causing the leakage 
of cytoplasmic constituents which in turn results in cell viability (Donsì and Ferrari 
2016). Some of the other applications of nanoemulsion in food industries are shown 
in Table 10.3.

10.7  �Limitations

Nanoemulsions have great benefits over conventional emulsions, especially in the 
food and beverage industry. But along with its advantages it has some challenges 
such as the risks associated with its intake, digestion and potential toxicity to the 
human body (McClements 2013). There are apprehensions regarding the toxicity 
associated with its applications in food. Some concerns were raised regarding the 
incorporation of nanoparticles into foods including the delivery systems for colors, 
flavors, preservatives, nutraceuticals and those used to alter the properties of food or 
food packaging. The prospective toxicity mechanisms of different food grade 
nanoparticles include physiological and physiochemical mechanisms. Most of them 
may not have adverse effects on human health but some could have. There has been 
a considerable increase in the study of the potential toxic effects of food-grade 
nanoparticles in the past few years. These studies concluded that food grade nanopar-
ticles may have unfavorable effects on health. But there is still some uncertainty in 
this area (McClements and Xiao 2017).

ADME (absorption, distribution, metabolism, excretion) is also affected in a 
negative way due to the potential toxicity of nanoemulsions (McClements 2013). 
Due to small size of nanoemulsions, their behavior within the human body may dif-
fer from conventionally utilized larger particles or bulk materials ingredients. 
Depending on the nature of the nanoemulsions and the properties of the food matrix 
they are dispersed. The safety of nanoemulsions should be judged on a case-by-case 
basis (McClements and Xiao 2017). To test the toxicity under reproducible and 
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realistic conditions, there is need to standardize and develop systematic methods 
(McClements and Xiao 2017).

Scarcity of natural food compatible emulsifiers limits its use in large scale industry. 
Also, the capital cost of homogenization system required for high-throughput is typi-
cally high for food industry. Regulatory bodies have concerns about the acceptance of 
nanotechnology in foods as there are hardly any predictable interactions available till 
date between nanoemulsions and its complex food system. All these reasons limit the 
use of nanoemulsions as bioactive compounds delivery through food (Donsì 2018).

10.8  �Conclusion and Future Aspects

Nanoemulsions with a droplet size of 20–1000 nm are used for the controlled and 
targeted release of lipophilic, amphiphilic and hydrophilic bioactive compounds, and 
nutraceuticals, as they are chemically unstable. The O/W nanoemulsions can effec-
tively deliver bioactive compounds, antimicrobial agents, dyes, flavors, etc., and at 
the same time maintain and improve their chemical stability, thus increasing the bio-
availability of the loaded substances. These compounds improve the nutritional con-
tent, the aroma, the shelf life, the pharmacokinetics of foods and control the release, 
digestion and absorption of products encapsulated in the gastrointestinal tract, 
making the healthier food product. Due to its potential advantage over conventional 
emulsions, it is receiving great attention from the food industry, although they are 
still not widely used today. The emulsifying properties using natural surfactants 
(sugar esters and lecithin), lipids and biopolymers (vegetable and animal proteins, 
modified starch and natural gums) are improved using nanometric emulsion meth-
ods. Nanoemulsions can also impart functional properties through the encapsulation 
of active substances, which can be benefits on the food quality and safety. A reduc-
tion in equipment costs and the development of new production methods for nano-
emulsions will give rise to a greater boom. Since in the future functional, healthy and 
medicinal foods will be increasingly demanded by society, nanoemulsion systems 
being applied to active food ingredients will be a valuable tool.
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Chapter 11
Biodegradable Plastic Mulch Films 
for Sustainable Specialty Crop Production

Douglas G. Hayes, Marife B. Anunciado, Jennifer M. DeBruyn, 
Sreejata Bandopadhyay, Sean Schaeffer, Marie English, Shuresh Ghimire, 
Carol Miles, Markus Flury, and Henry Y. Sintim

Abstract  Plastic mulch films are employed in the production of vegetables and 
other specialty crops worldwide due to the benefits they provide, such as reduction 
of weeds and water loss by evaporation, and control of soil temperature. The bene-
fits can lead to better product quality and yield, and to a more efficient utilization of 
agricultural inputs such as water. Unfortunately, polyethylene (PE), the most com-
monly employed constituent of plastic mulches, is poorly biodegradable, thereby 
requiring the mulch’s’ expensive and laborious retrieval after harvest. The opportu-
nities for recycling and landfilling of PE mulches are not readily available or are 
impractical. Residual PE fragments are readily dispersed in soil-related ecosystems 
and watersheds, where they can harm micro- and macro-organisms. Biodegradable 
plastic mulches (BDMs) have been developed to address the disposal-related defi-
ciencies. Although the purchase costs of BDMs are over two-fold higher than PE 
mulches, BDMs are inexpensively plowed into the soil after harvest. Despite the 
environmental benefits of replacing PE plastic mulches with BDMs, and potential 
savings of labor costs at harvest, the long-term impact of multiyear BDM employ-
ment on soil health and specialty crop productivity is still a concern. This chapter 
provides a review of BDMs in specialty  crop production, including commonly 
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employed polymeric constituents. The authors’ recent interdisciplinary research 
on the long-term impacts of BDMs on specialty crop production and soil fertility 
will also be discussed.

Keywords  Agro-food industry · Agroindustrial inputs · Plasticulture · Polymers

11.1  �Plastic Mulches in Specialty Crop Production

Polyethylene (PE) mulch film has been used in agriculture for more than 60 years 
as it improves crop yield and quality by reducing weed pressure and the use of 
herbicides, moderating soil temperature, conserving soil moisture and preventing 
nutrient leaching (Emmert 1957; Ibarra-Jimenez et al. 2006; Kasirajan and Ngouajio 
2012; Lamont 2005). Despite these benefits, PE mulch poses economic and envi-
ronmental challenges at the end of the cropping season as it should be removed from 
the field and properly disposed. PE mulch is poorly biodegradable and is not easily 
recyclable. Most plastic recyclers in the U.S. do not accept used PE mulch because 
it is contaminated with soil and crop debris up to 50% by weight (Kasirajan and 
Ngouajio 2012). Thus, < 10% of PE mulch is currently recycled in the U.S. (Miles 
et  al. 2017). In some areas (e.g. China and southern Spain), some farmers have 
incorporated PE mulch into soil annually, and PE mulch accumulation in field soil 
is so significant that soil water retention and crop yield are reduced (Liu et al. 2014; 
Steinmetz et  al. 2016). Many farmers stockpile PE mulch due to the absence of 
disposal options, leading to its slow deterioration (Staub 2018). PE mulch 
fragments from these fields are dispersed into the environment by wind and 
water erosion, thereby causing further pollution.

11.2  �Biodegradable Plastic Mulches: Motivation 
and Advantages Compared to Conventional  
PE Mulches

Biodegradable plastic mulch films, or biodegradable mulches (BDMs; see Fig. 11.1) 
address many of the concerns that arise from the use of PE mulches due to their 
lower impact on the environment. BDMs, prepared from biodegradable polymers, 
are designed to be tilled into the soil after their service life, after which they will be 
subjected to aerobic biodegradation by soil microorganisms, producing CO2, water 
and biomass (Kasirajan and Ngouajio 2012; Steinmetz et al. 2016). A new standard 
pertaining to BDMs in the European Union, EN 10733, specifies that the BDMs 
must undergo 90% conversion into CO2 within 2 years using a standardized labora-
tory test for assessment (discussed below). Soil incorporation is attractive to farm-
ers, not only because of the reduction of environmental impact compared to the use 
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of PE mulch, but also for the labor cost savings involved with the retrieval of PE 
mulch from the fields after harvest. It is worth noting that BDMs are not designed 
to be used for fumigation (European Committee for Standardization 2018).

Yet, there is not widespread adoption of BDMs as replacements for PE mulches. 
Sociological studies on farmers’ perceptions identified several barriers to the 
adoption of BDMs by farmers, among which are the higher purchase cost of BDMs 
relative to PE mulches and the “unpredictable breakdown” of the BDMs during 
their deployment in the field (e.g. premature tearing and ripping) and in the soil 
(uncertainty of achieving full biodegradation in a reasonable period of time, leading 
to persistent residues) (Goldberger et al. 2013; Cowan et al. 2015). Another barrier 

Fig. 11.1  Biodegradable 
mulch films (BDMs). (a) 
after machine-laying the 
BDM and then 
transplanting; (b) during 
specialty crop production; 
(c) BDM microplastic 
fragments recovered from 
the field after crop harvest 
and BDM soil 
incorporation
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to adoption in the USA is that BDMs have not been approved for certified organic 
agriculture. The research community in academia, industry, and government labora-
tories have addressed these concerns during the last decade, including the authors’ 
research. Results demonstrate that BDM performance in specialty crop production 
is generally equal to that of PE mulches, and that soil incorporation of BDMs does 
not affect soil quality or soil microbial communities to a significant extent. These 
results partially address concerns of certified organic growers and the USDA 
National Organic Program (NOP); but, other criteria specified by the NOP, such as 
fully biobased content for BDMs and the exclusion of genetically modified (GM) 
organisms in their manufacture, have not yet been fully addressed.

The remainder of this chapter provides an overview of BDMs: their composition 
and manufacture, their physicochemical properties, and their life cycle, from deriva-
tion from feedstocks (raw materials) to deployment in the field (during which their 
physicochemical properties may change due to agricultural weathering; see Sect. 
11.4.2) to their end-of-life. Subsequently, recent research on the performance of 
BDMs in specialized crop production and impacts on soil ecosystems (soil quality, 
carbon pools, and microbial communities) will be described, which is partially based 
on the authors’ research.

11.3  �Mechanical and Physicochemical Properties of BDMs

11.3.1  �Preparation of Biodegradable Mulch Films

Plastic films are processed by extrusion, which starts with melting of pellets (resins) 
of a thermoplastic polymer till they become pliable. The major components of the 
pellets are polymeric constituents and several additional minor components occur, 
such as fillers, plasticizers and processing aids. The molten plastic is pushed 
(extruded) from a circular die to form a continuous tube of plastic called the bubble. 
The bubble is inflated with air to reduce its thickness to the desired diameter and 
then it is drawn vertically upward in a tower, in which it is allowed to cool before it 
is flattened to its lay flat width (blowing extrusion methodology). The speed at 
which film is pulled from the die determines the film’s thickness whereas the width 
of the film is controlled by the amount of air inserted in the bubble. Film color can 
be changed during extrusion by adding resin pellets that contain colored pigment, 
referred to as a “master batch” (Plastics Technology 2019). Master batches are also 
employed to add other minor components such as fillers and plasticizers 
(Kijchavengkul et al. 2008b).

Typically, mulch films are prepared by a local manufacturer, often referred to as 
a “converter”, who will purchase polymeric feedstocks from bioplastics manufactur-
ers, and blend the polymers with the other components (via master batches), such as 
processing aids, plasticizers and colorants, and then perform the film extrusion and 
processing (U.S.  Department Agriculture 2015). For example, in North America, 
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agricultural film manufacturers such as BioBag Americas (Dunevin, FL, USA), 
Organix Solutions (Maple Grove, MN, USA) and Dubois Agrinovation (Saint-Remi, 
QC, Canada) prepare BDMs from commercially available polymeric feedstocks 
such as Mater-Bi® (Novamont, Novarra, Italy) or ecovio® (BASF, Germany) and 
other components described above.

11.3.2  �Physical and Mechanical Properties

The ideal polymer for BDMs would possess similar mechanical properties as PE, 
such as a high tensile strength (peak loads of ~8–20 Pa in the machine direction) and 
high % elongation (~500%). Most commercially available BDMs have 1.5–2-fold 
lower elongation (~200–400%); but, this is adequate for mulch function (Hayes 
et al. 2017; Touchaleaume et al. 2016). Because biodegradable polymers are more 
expensive than PE, the thickness of commercially available BDMs typically is 
lower than those of PE (Hayes et al. 2017). As a result, the machine-laying of BDMs 
on an agricultural field must be performed carefully, with minimal applied tension, 
so that the BDM does not tear. EN 17033 is a new EU standard for biodegradable 
mulch films, where several specifications for the mechanical properties of the 
mulches are listed (European Committee for Standardization 2018).

11.3.3  �Polymeric Constituents of Biodegradable Plastic 
Mulches

Commonly used biopolymers and biopolymeric feedstocks for preparation of BDMs 
are given in Table 11.1 and the polymers’ molecular structures are provided in Fig. 11.2. 
Many of the polymers are polyesters that are biodegradable. One of the most frequently 
employed polymers in BDMs is polybutylene adipate-co-terephthalate (PBAT), a 
random block copolymer consisting of the terephthalate (T) and adipic acid (A) 
diacid groups and 1, 4-butanediol (B). It possesses good tensile strength, an elonga-
tion near ~200–300% (which is lower than the ~500% elongation possessed by PE), 
and is certified by the Biodegradable Products Institute (BPI) as “compostable”. 
Ester bonds enhance PBAT’s biodegradability (via hydrolysis) and its T groups con-
tribute to its stability and mechanical properties (Coltelli et al. 2008; Shah et al. 
2008). Ester groups in soft aliphatic BA-rich regions are more susceptible to hydro-
lysis than those in the hard BT-rich regions, consequently making the BA-rich regions 
more readily biodegradable (Herrera et al. 2002). Other commonly employed poly-
mers include polybutylene succinate (PBS) and PBS-co-adipate (PBSA). Polypropylene 
carbonate (PPC), prepared from propylene oxide and CO2 via a cycloaddition reac-
tion (Adeleye et  al. 2014), has also been recently employed to prepare BDMs 
(Touchaleaume et al. 2016). PPC is therefore partially biobased, and is readily biode-
gradable, especially when in contact with water (Touchaleaume et al. 2016).
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PBAT (Siegenthaler et al. 2012), PBS and PBSA are often blended with copolymers 
that are highly biodegradable, such as starch [at 10–30%; e.g. Mater-Bi® (Elfehri 
Borchani et al. 2015)], to enhance overall biodegradability (Table 11.1). To enhance 
their materials-related properties and their biodegradability, starch is often blended 
with plasticizers and other polymers, thereby producing thermoplastic starch 
(Dufresne et al. 2000, Zhang et al. 2014; Gutiérrez 2018a; Gutiérrez et al. 2019; 
Herniou--Julien et al. 2019). In addition, the blend can be used to overcome defi-
ciencies exhibited by a single homopolymer as a polymeric material, such as 
embrittlement (Gutiérrez and Alvarez 2017a, b). Several examples of the commer-
cially available blends are given in Table 11.1. It is important to note that companies 
frequently produce several different varieties or grades of the blends, which may 
vary in molecular weight and composition. Therefore, it is important for the manu-
facturer’s identification code for the grade employed in the preparation of the BDMs 
to be included in any publications or presentations.

Polylactic acid (PLA) serves as another polymer that is commonly blended, 
because, although it possesses good strength (30–70 MPa) and is one of the least 
expensive biopolymers (Sodergard and Stolt 2010; Inkinen et al. 2011; Madhavan 

Table 11.1  Commercially available polymers and polymer blends employed in biodegradable 
agricultural mulchesa,b

Product Name Polymerc,d Manufacturer

Biocycle® Sucrose / PHA blend PHB Industrial (Brazil)

Bio-Flex PLA / copolyester blend FKUR, Willich (Germany)
Biomax TPS Starch + thermoplastic starch DuPont (USA)

Biomer L PHA Biomer (Germany)

Biopar Starch co-polyester United Biopolymers (Portugal)

BioPBS PBS MCPP (Division of Mitsubishi  
Chemicals, Japan)

Biosafe™ PBAT / starch blend; PBS; PBSA Xinfu Pharmaceutical Co (China)

ecoflex® PBAT / starch blend BASF (Germany)
ecovio® Ecoflex® + PLA BASF (Germany)
EnPol PBS IRE Chemical (Korea)
Envio® Ecoflex® + PLA + starch blend BASF (Germany)
GreenBio PHA Tianjin GreenBio Materials (China)

Ingeo® Starch + PLA; PBS + PLA NatureWorks (USA)
Mater-Bi® PBAT + starch blend Novamont (Italy)
Naturecycle Starch-copolyester blend Custom Bioplastics (USA)

ReNew Polyhydroxy alkanoate (PHA) Danimer Scientific (USA)

Succinity PBS Succinity (Germany)
aInformation taken from (Martin-Closas and Pelacho 2011; Kijchavengkul and Auras 2008; 
Tullo 2012; Hayes et al. 2012)
bItalicized entries are products that are almost entirely biobased
cAbbreviations: PBAT: polybytylene adipate terephthalate; PHA: polyhydroxyalkanoate;  
PLA: polylactic acid; PBS: polybutylene succinate; PBSA: PBS-co-adipic acid
dThe molecular structure for several of the polymers is given in Fig. 11.2
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Nampoothiri et al. 2010; Shen et al. 2010), it is very crystalline (observed by a high 
glass transition temperature of 55–60 °C) and brittle as a homopolymer (Sodergard 
and Stolt 2010). Its highly crystalline nature reduces % elongation and biodegrad-
ability in soil (Shi and Palfery 2012; Rudnik and Briassoulis 2011) [but not in com-
post, due to the latter’s higher temperature, ~40–60 °C (Kawai 2010; Hakkarainen 
et al. 2000; Hablot et al. 2014; Karamanlioglu and Robson 2013)]. To address the 
deficiencies, PLA is commonly blended with plasticizers such as citrate derivatives 
and other polymers such as polyhydroxyalkanoate (PHA) (Detyothin et al. 2010; 
Hu et al. 2008; Weng et al. 2013; Zhang and Thomas 2011; Dharmalingam et al. 2015) 
and PBAT (Coltelli et al. 2008). PLA is typically employed in polymeric blends for 
BDMs in relatively small proportions (Detyothin et al. 2010). PLA, derived from 
polymerization of lactides, dimers of lactic acid, a commonly produced metabolite 
during fermentation. The properties of PLA are controlled through molecular 
weight and enantiomeric distribution of L- and D- monomeric units. Microorganisms 
produce L-lactic acid; however, D-lactic acid can be produced by the former’s race-
mization. An increase of D-lactic acid groups increases mechanical strength and 
reduces the crystallinity (Sodergard and Stolt 2010).

PHAs are produced by fermentation using genetically-modified bacteria, and 
serve as a organisms’ long-term energy storage source (Posada et al. 2011; Roohi 
et al. 2018). They have several applications in biomedicine, injection molding and 
packaging. PHAs frequently occur as a random block copolymer, with commonly 

Fig. 11.2  Molecular structures of polymers and biopolymers employed in biodegradable plastic 
mulches
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encountered monomeric units including 3- and 4-hydroxybutyric acid and 
3-hydroxyvaleric acid. PHA is readily biodegradable in soil and compost, but is ther-
mally unstable, highly crystalline and therefore brittle in its homopolymeric form 
(Vroman and Tighzert 2009; Zhang and Thomas 2011). It thus is most commonly 
encountered as a component of polymeric blends (Detyothin et al. 2010).

11.3.4  �Color

Polymers are blended with chemicals, “additives” (e.g. plasticizers, fillers, lubricants, 
nucleating agents, stabilizers, colorants), to improve their mechanical and other func-
tional properties (Mormile et al. 2017). One of the additives used is a colorant that 
controls the optical and radiometric properties of plastic mulches (ISO 9050:2003). 
Colorants modify the absorption and reflection of light radiation that reaches the soil, 
thereby affecting the soil temperature (Kasirajan and Ngouajio 2012). The color of 
mulch is an important parameter of the microclimate around a crop plant (Mitchell 
et al. 2004). Depending on the color, soil microclimate conditions can vary and affect 
the mulch performance of soil (Table 11.2).

Carbon black is one of the most commonly used colorants and may or may not 
be naturally-derived (U.S.  Environmental Protection Agency 2012; Miles et  al. 
2017). Black mulch prevents the weed growth by limiting the light transmittance to 
the soil and will warm the soil between 1–4 °C more than the temperature on bare 
soil. Carbon black derived from fossil fuel resources are extremely fine black fluffy 
particles (10–500 nm in diameter), which is the portion of unburned carbon pro-
duced by the reaction of a hydrocarbon fuel (e.g. oil or gas) during combustion 
(1320–1540 °C) (U.S. Environmental Protection Agency 2012). Biobased carbona-
ceous black powder from bioethanol is now being examined as a potential substitute 
for fossil fuel-derived carbon black (Snowdon et al. 2014). Carbon black is not only 
used as a colorant but also a photo-stabilizer that prevents the polymer breakdown 
by ultraviolet (UV) light through selective screening of UV radiation. The addition 
of carbon black prevents light absorption to the polymer-bonded chromophores in 
the film, thus stabilizing the polymer of the potential photodegradation reactions 
(Kijchavengkul et al. 2008b).

Table 11.2  Effect of plastic mulch colors on light and weed controla

Color
Soil Temperature 
Increase (°C)b

Light 
Reflectivity

Light 
Absorptivity

Light 
Transmission

Weed 
Suppression

Black 1.7–2.8 Low High Low Excellent
Clear 3.3–7.8 Low Low Very high Poor
White/
silver

−1.1–0.4 High Low Low Excellent

IRTc 1.7–2.8 Low High High Excellent
aSource: (Maughan and Frost 2016)
bAt 5–35 cm depth
cInfrared transmitting
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For some geographical regions and cropping systems, clear and white plastics 
are chosen over black mulches. Clear plastic mulch has the highest soil warming 
capability (5–8 °C higher than bare soil); but, weed growth underneath them can be 
substantial and herbicide may be necessary (Melek and Atilla 2009). Clear mulches 
effectively retain much of the heat otherwise lost to the atmosphere, and have the 
greatest soil warming potential among the various mulch colors (Lamont 2001). 
Clear plastic BDMs can also be employed for soil solarization (Mitchell et al. 2004).

Titanium dioxide (TiO2) is traditionally used as a white colorant (Kijchavengkul 
et al. 2008b). However, concerns have been raised about its potential hazards to the 
ecosystem, including the marine environment. Direct evidence of toxicological 
impact of TiO2 nanoparticles on marine microalgae was observed through cell wall 
damage derived from algae entrapment, positively correlated with the growth inhi-
bition of algae (Wang et al. 2016a). In addition, TiO2 represents a threat to human 
health. The inhalation of TiO2 nanoparticles increases the potential pulmonary 
health risks by inducing oxidative stress, genotoxicity and apoptosis in human lung 
cancer cell line, A549 (Srivastava et al. 2012). Some biopolymer producers, such as 
Heritage Plastics, now use talc and calcium carbonate (CaCO3) as a white colorant 
and as a filler for PHA to modify the films’ stiffness and toughness (Sherman 2008). 
Unlike carbon black, TiO2 in white plastic mulch catalyzes photodegradation 
(Kijchavengkul et  al. 2008b). White or coextruded white-on-black mulches can 
reduce surface soil temperature relative to bare soil due to most incoming solar 
radiation is reflected on the soil surface and atmosphere. It is reported that the silver 
mulches have activity against insects (e.g. aphids) and microorganisms (e.g. fungi), 
mainly due to the reflected sunlight (Lamont 1999). Other colorants have also 
been used in plastic mulch films (Lamont 1999).

Research shows that green or brown infrared transmitting (IRT) plastics allow IR 
light waves to selectively penetrate through the plastic and absorb UV radiation in 
the photosynthetic spectral regions, allowing for soil warming without any weed 
growth (Lamont 1999; Maughan and Frost 2016). IRT mulches possess the weed 
control properties of black mulch; but, they increase the soil temperature at an inter-
mediate level between black and clear mulch. The color of IRT mulches can be 
blue-green (IRT-76, AEP Industries Inc.) or brown (Lamont 1999). Recently, plastic 
mulch color is becoming a factor in the aesthetics of farms due to negative percep-
tions of visitors when there are fragments of residual black plastic on the farms, as 
they connote unclean agricultural practices. Therefore, growers have shown interest 
in brown and green mulches.

11.3.5  �Minor Components of Biodegradable Plastic Mulches

“Additives” are chemicals that are blended with the polymer to modify the proper-
ties of the products via master batches, and include fillers to provide mechanical 
strength (e.g. clays and CaCO3), plasticizers, processing aids, colorants, antioxi-
dants, UV stabilizers, infrared absorbers or reflectors, anti-drip and anti-mist agents, 
and biocides, colorants, and others (Mormile et al. 2017). Some additives frequently 
added to mulch films are described below:
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Anti-bacterial additives are used to create a resistance to biofouling by microor-
ganisms, so that polymeric materials are protected from bacterial growth. The 
additives operate by interfering with the metabolism of microorganisms. To be 
effective, additives must be able to migrate to the surface of the material so that it 
can interact with the microorganisms (Singh et al. 2012). Thermoplastic elastomers 
containing zinc pyrithione and silver nanoparticles have been effective in inhibiting 
the growth of microorganisms, almost completely eliminating Escherichia coli 
and Staphylococcus aureus bacteria, and presenting an inhibition zone on fungal 
assay surfaces (Pittol et al. 2017).

Antioxidants are added to protect the mulch material from oxidation during and 
after processing, thus prolonging the material’s longevity. Oxidation can result in 
loss of strength, flexibility, thermal stability and color of mulch films (Ram 1997).

Fillers are added to polymers mainly to reduce costs and improve the properties 
of the material. Fillers can improve processing, abrasion resistance, density control, 
dimensional and thermal stability and optical effects. Common fillers added are 
wood, silica, glass, clay and other polymers (Callister and Rethwisch 2015).

Lubricants are used to improve flow and processing properties. An internal lubri-
cant is a type of additive that acts by modifying material viscosity (Murphy 2001). 
Slip additives are a type of internal lubricant that create better processability by 
reducing the internal friction and tackiness of polymers. Slip additives reduce the 
surface friction of polymers, which allows the film layers to slide over each other 
(Soroka 2002). Conventional plastics are mostly resistant to degradation. The use of 
lubricant leads to degradation of polymeric chains, which further decreases the 
molecular weight (Pfister and Labowsky 2003).

Nucleating or clarifying agents are chemical structures that increase the overall 
crystallization rate of polymers. They can be used to increase stiffness, hardness, 
impact properties, tensile strength, and to control the size and distribution of pores 
(Murphy 2001). The increase in the rate of crystallization causes more crystals to be 
produced in the same volume of material; therefore, crystals tend to be smaller 
(Soroka 2002). The low nucleation density of PHA allows it to produce spherulites 
that exhibit inter-spherulitic cracks. Nucleating agents are added to transform 
embrittled large spherulites (e.g. PHA) into small fine spherulites (Pfister and 
Labowsky 2003).

Plasticizers are commonly added to brittle polymers to improve their flexibility 
and processing properties by reducing rigidity and fracture stress. Plasticizers 
enhance molecular motion, lower glass transition temperature (Tg) and increase 
elongation and impact resistance, which affects the adhesion at the matrix/filler 
interface (Pfister and Labowsky 2003). Several common phthalate-based plasticiz-
ers have recently been linked to a wide range of toxicities for development, repro-
duction and neurotoxicity in mammals, and in some countries they have been 
banned (Jamarani et al. 2017; Ghosh 2017; Erickson 2015; Oehlmann et al. 2009). 
Therefore, the selection of plasticizers should be carefully considered. The devel-
opment of newer, biobased and nontoxic plasticizers has been a topic of major inter-
est in the research community (Howell and Lazar 2019; Howell and Sun 2018). 
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Several low molecular weight plasticizers such as glycerol, sorbitol, triethyl citrate 
and oligomers have been employed in the preparation of BDMs to reduce brittleness 
(Dufresne et al. 2000; Coltelli et al. 2008; Andersson et al. 2010; Shah et al. 2008; 
Jiang et al. 2015).

Stabilizers are additives that prevent photodegradation or photo-crosslinking 
caused by UV radiation when absorbed by the bulk polymer. The amount of an 
absorber required to provide environmental protection in a plastic is governed by 
factors such as thickness of the plastic and compatibility of the absorber with the 
polymers. The most common UV stabilizers are UV light screeners (e.g. carbon 
black, ZnO, TiO2, MgO, CaCO3, BaSO4, Fe2O3), quenchers, hydroperoxide 
decomposers, radical scavengers and singlet oxygen (1O2), which are classified 
according to their mechanisms of action in the photo-stabilization process (Yousif 
and Haddad 2013).

11.3.6  �Alternatives to Biodegradable Mulch Films

Although BDMs mostly consist of thin films prepared by extrusion, they can also be 
nonwovens, which consist of randomly oriented fibers of micron- and submicron 
widths (Shi and Palfery 2010; Hablot et  al. 2014; Dharmalingam et  al. 2015). 
Nonwovens can be considered as low-weight geotextiles possessing a great mechani-
cal strength. Nonwovens are particularly attractive choices as a mulch for multi-
season use, and can be used as landscape fabrics and row covers. Because of their 
strength, nonwovens can be readily retrieved by hand from a field after harvest, and 
transported to a nearby composting facility. A disadvantage of nonwovens is that the 
polymers are in a highly crystalline form, which reduces their biodegradability.

Paper mulches are another alternative, and possess the advantage of an inexpen-
sive feedstock with high biodegradability (Haapala et  al. 2014; Shogren 2000; 
Shogren and Hochmuth 2004; Li et al. 2014b). It has also been shown that paper 
mulch minimizes purple nutsedge (Cyperus rotundus – a persistent weed that exists 
in many geographic regions) compared to BDMs and PE mulches (Pereira et al. 
1987; Webster 2017; Ghimire et  al. 2018). However, paper mulches tend to 
break down too rapidly during the growing season, especially along the sides of the 
bed where there is direct contact with the ground (Merfield 2000; Miles et al. 2012; 
Martín-Closas et al. 2016). It has also been shown that brown paper mulch reduces 
soil temperature by 0.5 °C and 1 °C compared to bare soil in open field and high 
tunnel in tomato production systems, respectively, which can result in lower yields 
compared to black PE mulch (Cowan et al. 2014). Due to the inherently porous and 
hygroscopic characteristics of paper mulch, a special treatment (e.g. creping or cal-
endaring) and additional components (e.g. mineral fillers, dry and wet strengthening 
agents, colorants and water repellents) are required to extend its service life. 
Degradation of paper mulch is variable and occurs unevenly. In general, the degra-
dation process is strongly dependent on the quality of paper, soil characteristics and 

11  Biodegradable Plastic Mulch Films for Sustainable Specialty Crop Production



194

weather conditions (Haapala et al. 2014). Since paper mulches are heavier than PE 
mulches and plastic BDMs, their transportation costs are higher.

Other alternatives to biodegradable mulch films include “sprayable mulches.” 
Aqueous solutions of mainly polysaccharides (e.g. chitosan, alginic acid salts, guar 
gum and locust tree gum, the latter two rich in galactomannan), or possibly latex 
(Mahmoudpour and Stapleton 1997), form hydrogels that can be applied onto the 
soil. The hydrophilicity and resistance to dissolution enables hydrogel to be applied 
onto topsoil throughout the crop cycle, where they cover the soil with a protective 
thin “geo-membrane” (Santagata et al. 2017; Vox et al. 2013; Immirzi et al. 2009). 
Sprayable biodegradable coatings need less labor for manual operations (e.g. cutting 
and laying-out the plastic films). Similar to mulch films, colorants are frequently 
added to sprayable mulches (Mahmoudpour and Stapleton 1997). Biodegradable 
spray mulching coatings remain in the experimental stage and costs are not yet 
competitive with PE films (Immirzi et  al. 2009). Future research on sprayable 
mulches should address improving the mechanical performances and lengthening 
mulch lifetime upon exposure to climactic agents, to allow its use in open fields on 
a large-scale (Vox et al. 2013).

11.3.7  �Photo- and Oxodegradables: Poor Substitutes for BDMs

Mulch products containing “oxodegradable” polymers have been misunderstood as 
being BDMs. Such materials frequently consist of poorly biodegradable polymers 
such as PE along with triggerable groups that are susceptible to UV radiation (“pho-
todegradables”), or heat and oxidation (“oxodegradables”), which are grafted onto 
the polymeric backbones or are  compounds that are blended with the polymers. 
These materials typically undergo an accelerated macroscopic degradation upon the 
application of the trigger. However, the resulting fragments are not likely to be com-
pletely biodegraded, and will persist in the soil and in watersheds indefinitely, and 
are capable of forming microplastics that can adsorb toxins such as pesticides and 
carry them into the food chain (Steinmetz et al. 2016; European Commission 2018). 
The oxidation reagents themselves may be ecotoxic (European Commission 2018). 
The misrepresentation of photo- and oxodegradables as being biodegradable has led 
to mistrust of plastic manufacturers by specialty crop growers. The EU is consider-
ing a restriction on the use of oxodegradable products (European Commission 
2018), and in February 2019, France banned the use of oxodegradable plastics for 
agricultural applications. PDQ-H (ACCRAbond Inc., Olive Branch, MS, USA) is 
an additive used for either PE or polypropylene mulches, and it is made from pro-
prietary ingredients to disintegrate plastic by oxidation and photodegradation. 
TDPA (EPI Environmental Products Inc., Vancouver, Canada) is an additive to PE 
that assists in the oxidation, fragmentation and biodegradation of the plastic and its 
by-products that are formed from the action of heat, mechanical stress or sunlight 
(Mohee et al. 2008). Both PDQ-H and TDPA are non-biodegradable.
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11.4  �Life Cycle of BDMs

The life cycle of BDMs typically consists of the following stages, chronologically 
listed: their derivation from feedstocks, their manufacture, their service life (on top 
of the soil) to enhance specialty crop production, and their disposal (typically soil 
incorporation, but possibly retrieval followed by composting). As described below, 
there are direct linkages between the events that occur during mulches’ service 
life (agricultural weathering) and biodegradability; however, the start-of-life 
(biobased vs petroleum-derived) has no impact on the BDM’s performance in its 
service life and during biodegradation.

11.4.1  �Biobased BDMs

The ideal plastic mulch film for sustainable agriculture should possess a favorable 
beginning- and end-of-life, i.e. be biobased and highly biodegradable, respectively. 
“Biobased” materials are defined by U.S.  Senate Committee on Agriculture 
Nutrition and Forestry (2006) as derived “…in whole or significant part of biologi-
cal products or renewable domestic agricultural materials (including plant, animal, 
and marine materials) or forestry materials”. Biobased content is typically mea-
sured by measuring the stable distribution of carbon isotopes via standardized tests 
such as ASTM D6866 (ASTM International 2012c). Most of the polyesters used in 
BDMs possess a minimal or partial biobased content; moreover, most commercially 
available BDMs possess only ~20% biobased content (U.S. Department Agriculture 
2015). Unlike fossil fuel-derived feedstocks, the use of renewable starting materials 
does not increase atmospheric levels of CO2, a greenhouse gas associated with cli-
mate change. PBAT, the polymeric constituent most commonly used in BDMs, is 
mainly not biobased; however, Novamont has recently established a facility in Italy 
to produce biobased butanediol by recombinant E. coli. In addition, adipic acid can 
be replaced at least partially by azaelic acid, which can be derived from seed oils 
such as castor or safflower oil. Terephthalic acid can also be produced from renew-
able resources, such as furan and furfural, which are derived from lignocellulosic 
biomass, although the synthetic approaches are expensive (Collias et  al. 2014; 
Tachibana et al. 2015; Smith 2015). Fully and partially biobased PBS are commer-
cially available (Table 11.1).

11.4.2  �Impact of Agricultural Weathering on BDMs

Exposure to the environment leads to significant physicochemical changes in the 
structure of BDMs. Sunlight, particularly its UV component, is the most significant 
factor. Once the canopy of a plant is formed to block solar radiation exposure from 
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the BDMs, the degree of degradation is reduced. It is known that biopolymers such 
as PLA and PBAT undergo photodegradative reactions such as Norrish Type I and 
II reactions (Fig. 11.3) (Kijchavengkul et al. 2010; Hayes et al. 2017). The former 
involves the formation of free radicals, and can lead to cross-linking, which can 
reduce the biodegradability of the plastic (Kijchavengkul et al. 2008b). It is known 
that colorants, particularly TiO2 (white), enhance the Norrish Type I reaction 
(Kijchavengkul et al. 2008a). Norrish Type II reaction entails chain scission, thus 
leading to depolymerization, which can enhance  biodegradation (Hablot et  al. 
2014). In addition, due to the presence of moisture and warming from sunlight, 
hydrolysis of ester bonds can also occur. FTIR spectroscopy is an effective analyti-
cal tool to differentiate between the different weathering mechanisms. In addition to 
sunlight, other important agricultural weathering factors include moisture and pre-
cipitation, heat, wind, technique used for BDM machine-laying and making perfo-
rations for plant growth, soil type and preparation, and BDM storage conditions 
(European Committee for Standardization 2018). Mulch manufacturers typically 
recommend BDMs be stored no more than 1.5  years under cool and dark 
conditions.

It is also believed that minor components in the air, groundwater and soil, such 
as pesticides, fumigants, air and water pollutants, and low-molecular weight oligo-
mers, plasticizers or other components that are leached out of the plastic films by 
water play a catalytic role in environmental weathering. Moreover, physicochemi-
cal changes of BDMs observed under environmental conditions cannot always be 
simulated by artificial weathering, which uses specialized weatherometry equip-
ment to simulate solar radiation and moisture exposure (Hayes et al. 2017). The 
most significant changes in the BDMs under environmental weathering conditions 
are: (1) embrittlement, observed by a significant loss of % elongation and tensile 
strength, and (2) depolymerization (Hayes et  al. 2017; Briassoulis et  al. 2004; 
Briassoulis 2006, 2007). These changes weaken the mulch films, leading to a faster 
macroscopic deterioration (Ghimire et al. 2018).

Fig. 11.3  Norrish type photochemical reactions
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11.4.3  �Assessment of BDMs’ Biodegradability Using Standards

Biodegradability is an often-misused term (Gutiérrez 2018b). This term must be 
referenced to (1) a specific set of environmental conditions, (2) a specific bench-
mark for the degree of bioconversion (e.g. 90% conversion of BDMs’ carbon atoms 
into CO2 for aerobic biodegradation), and (3) a duration. Frequently, it has been 
miscommunicated or misconstrued that achievement of the criteria laid out in 
ASTM D6400 (ASTM International 2012a) (or equivalent standards from other 
organizations) for biodegradability under industrial composting conditions is equiv-
alent to the biodegradability of the plastics under ambient soil conditions. The con-
ditions of industrial composting involve higher temperatures (~58 °C) and different 
microbial communities compared to the environmental soil. A second area of mis-
communication involves unsubstantiated claims of full biodegradation of oxode-
gradable materials in soil (described in Sect. 11.3.7). Reviews of standards related 
to biodegradable plastics have been published (Briassoulis and Dejean 2010; 
Briassoulis et al. 2010).

The development of standards specifically related to biodegradation of plastics in 
soils has been a recent achievement (Hayes and Flury 2018). EN 17033 is a standard 
that was recently adopted by the European Union and is specific for BDMs and their 
employment in agriculture (European Committee for Standardization 2018). The 
standard includes criteria for constituents (threshold levels for heavy metals and 
hazardous substances), inherent biodegradability, ecotoxicity and mechanical prop-
erties (e.g. tensile strength ≥18 MPa in the machine direction), as well as “best 
practices” for BDMs’ deployment. The inherent biodegradability criterion consists 
of a 90% conversion of the BDM’s carbon atoms into CO2 within 2 years using a 
standardized laboratory test conducted with soil at 25–28 °C, such as ASTM D5988 
(ASTM International 2012b). Alternatively, the achievement may consist of reach-
ing 90% conversion compared to the conversion of the cellulosic positive control. 
Or, 90% biodegradation in two years can be achieved for the film’s base material, or 
each organic constituent that is contained at >1% in the BDM. The ecotoxicity cri-
teria use standardized tests for germination of plants, ecotoxicity to earthworms and 
nitrification inhibition assays for bacteria. Although ecotoxocity test is more thor-
ough in EN 17033 compared to any biodegradable plastic standards issued previ-
ously, the development of an additional test is necessary, e.g. ecotoxicological 
effects against plant germination and plant growth should be differentiated (Martin-
Closas et al. 2014). As described in Sect. 11.5, the incorporation of BDMs into the 
soil results in the formation of microplastics and likely nanoplastics. It has recently 
been shown that reducing the size of the BDMs to 50–75 μm does not have any 
adverse effect on the inherent biodegradability (Chinaglia et al. 2018). However, 
recent reports have pointed to the ecotoxicity of microplastics on earthworms and 
collembolans (hexapods), as well as in fish and other marine-based organisms 
(Huerta Lwanga et al. 2017; Zhu et al. 2018; Alimi et al. 2018). The ecotoxicity 
criteria should thus include testing with micro- and nanoplastics that are formed 
from the BDMs.
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11.5  �Impacts of BDMs on Specialty Crop Production 
and Soil Fertility

As described above, one of the barriers to increasing adoption of BDMs as replace-
ments to PE mulches in sustainable agriculture has been the uncertainty about the 
long-term impacts  of incorporating BDM into the soil on the production of spe-
cialty crops and soil health. The authors of this chapter as well as other research groups 
worldwide have been investigating this topic in recent years. A summary of the impacts 
of BDMs on specialty crop production and soil fertility are given in this section.

11.5.1  �Impacts on Specialty Crop Production

In the last decade, many studies have reported crop yields that are similar for plastic 
BDMs and PE mulch in crops of: lettuce (Brault et al. 2002), melon (Filippi et al. 
2011; Iapichino et al. 2014; Shogren and Hochmuth 2004); tomato (Cirujeda et al. 
2012; Cowan et  al. 2014; Martín-Closas et  al. 2008; Moreno and Moreno 2008), 
cucumber (Wortman et al. 2016) and pumpkin (Ghimire et al. 2018). Some of these 
studies also reported higher quality of products grown in PE and BDMs compared to 
bare soil. A review on this topic was recently published by Martín-Closas et al. (2017).

The authors of this chapter participated in a 4 year study, where the effect of 
mulch treatments on the production of vegetable crops was examined in two places 
that differed greatly in climate and soil type: Mount Vernon, WA (Pacific Northwest 
region of the USA, mild and humid climate, poorly drained Skagit silt loam soil) 
and Knoxville, TN (Southeastern USA, subtropical climate, moderately well 
drained Shady-Whitwell complex soil). The study compared the performance of 
three commercially available BDMs (one of which was prepared from Mater-Bi® 
and another from ecovio®), an experimental BDM film prepared from a PLA/PHA 
blend, PE mulch, and paper mulch, and bare soil as a control. The treatments were 
organized in a randomized complete split-split-plot design with four replications. 
Pie pumpkin (Cucurbita pepo L.) was employed as the test crop for the first two 
years (2015 and 2016) in both locations, and green pepper in Knoxville and 
sweet corn in Mount Vernon during the last two years (2017 and 2018). Raised beds 
were formed from the soil and the mulches were machine-laid. After crop harvest 
each year, the BDMs were plowed into the soil. The parameters measured included 
crop quality and yield, weed amount, macroscopic deterioration of the BDMs, and 
soil quality indices. Environmental data were also collected. The results for the 
2015 and 2016 seasons were published by our research group (Ghimire et al. 2018). 
All mulching treatments were effective in suppressing weeds compared to bare soil, 
and mulches generally remained intact during the growing season (June–September) 
with the exception of paper mulch in Knoxville, which likely was weakened by 
high moisture exposure. The latter was similar to results reported by Martín-Closas 
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et al. (2016). Fruit yield was higher for all mulching treatments relative to bare soil, 
and was similar between the BDMs and PE mulch in Mount Vernon; however, 
yields did not differ between mulching treatments and bare soil in Knoxville. The 
difference in fruit yield trends between sites is probably due to higher soil tempera-
tures under mulches in relation to bare soil in Mount Vernon (by ~1 °C), with no 
effect on soil temperature in Knoxville. BDM fragments adhered to pumpkins in 
Mount Vernon, which reduces fruit commercialization, but this did not occur using 
PE mulch. When the growing fruit (e.g. pumpkin or watermelon) rests on the BDM, 
problems with mulch durability may arise due to the weight and pressure imposed 
by the fruit (Limpus 2012).

Another recent study carried out by Touchaleaume et al. (2016) compared several 
different BDMs, PE mulch and bare soil in vineyards in the southern France over a 
period of 2 years. Six months after planting, BDMs and PE mulch produced a greater 
vine biomass density and a fruit yield compared to bare soil; but, there were no 
significant differences between mulch treatments. For the same period, BDMs suf-
fered a macroscopic deterioration, but not PE mulch. During the subsequent fruit 
harvests, BDMs and PE mulch performed equally well, despite the macroscopic 
deterioration of the former. The authors hypothesized that during the first six months, 
BDMs (similar to PE) enhanced soil moisture relative to bare soil due to increased 
soil moisture at the upper levels of soil. After six months, the root system of the 
plants grew deeper into the soil to find new sources of water (since water evapora-
tion occurred at the upper levels due to the deterioration of the BDMs), leading to 
more vigorous plants and a better distribution of the roots compared to PE mulch, 
which contained a high upper-level soil moisture and shallower root systems.

11.5.2  �Assessing Effects of Biodegradable Mulches  
on Soil Health

As discussed in the previous section, many studies have indicated that BDMs are 
equivalent to PE mulches in terms of agronomic performance. However, less is 
known about the impact of BDMs on soil health. According to the U.S. Department 
of Agriculture (2019) soil health is defined as the capacity of a soil to perform its 
essential functions as a living ecosystem. This is an important aspect for the sustain-
able use of soil resources in agriculture. The vitality and productivity of soils is of 
utmost importance to sustain agriculture and food production. It is therefore essen-
tial that new management practices, such as BDMs, are rigorously evaluated for 
their impact on soil health.

Soil processes usually occur on time scales of years, decades and centuries. As 
such, changes in soil health also occur at these time-scales, and long-term assess-
ments of soil health are needed to evaluate whether new management practices 
are impacting soils in a positive or negative manner. Soil health is assessed by 
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measuring selected soil properties or processes and comparing the measurements 
with benchmark values. While there is no standard set of measurements used by the 
scientific community, soil health measurements usually include soil physical, chem-
ical and biological properties. Examples of such properties typically include bulk 
density, soil water retention characteristics, infiltration rates, aggregate stability, pH, 
electrical conductivity, organic matter and respiration (U.S.  Department of 
Agriculture 2008). Efforts are currently underway to standardize measurement 
parameters and methods for assessing soil health (Soil Health Institute 2019).

Measures in the change of the soil properties before and after the application of 
the BDMs, and having a control as reference (bare soil) have been used to evaluate 
the impact of the BDMs on the health of the soils (Sintim et al. 2019). While some 
studies have reported on the effects of BDMs on soil health, the results have often 
been inconsistent, probably because of differences in edaphic factors, management 
practices, such as cropping system and the type of BDM tested.

Moore-Kucera et al. (2014) did not observe significant effects of the BDMs on 
the structures of soil bacteria and fungi communities. Nonetheless, Koitabashi et al. 
(2012) observed changes in the composition of the population of soil fungi and 
Acantamoeba spp. after 4 weeks of incubation of BDMs in soil. Li et al. (2014a) did 
not observe a definite trend of BDM effects on soil pH, electrical conductivity and 
total organic carbon, after 18 months of incorporation of the BDMs into the soil, in 
three different locations and two cropping systems. Sintim et al. (2019) reported 
significant effects of some BDMs on aggregate stability, infiltration, soil pH, elec-
trical conductivity, nitrate-N, and exchangeable potassium over a 24 month period. 
However, the effects were not consistent at two sites and five assessments (three 
spring and two fall dates) during the 24 month period. The nitrate-N levels in fall, 
e.g. were generally lower but similar in spring compared to no-mulch treatment. 
This was attributed to better plant uptake of nitrate-N in the BDM plots, whereas 
rainfall leached the residual nitrate-N in the bare soil plots during winter and early 
spring. Sintim et al. (2019) also noted that soil disturbance caused by tillage, which 
is a usual operation for the production of vegetable crops, restores many of the soil 
properties and recommended long-term studies to better elucidate the impact of 
BDMs on soil health. Despite inconsistent reports in the literature, some scientists 
and growers believe that BDMs probably have minimal impacts on soil health and 
are a better alternative to PE mulch. Actually, BDMs were included in the 2018 
revision of EU Fertilizers Regulation, citing that they provide agronomical, eco-
nomic and environmental benefits in agriculture (European Committee for 
Standardization 2018).

EN 17033 describes that BDMs should be completely decomposed into CO2 and 
water, or incorporated into microbial biomass (European Committee for 
Standardization 2018). We also think that, theoretically, BDMs should not have an 
adverse impact on soil health. However, our ongoing studies in Mount Vernon, WA 
and Knoxville, TN (Section 11.5.1) showed that most BDMs did not undergo com-
plete degradation after 36 months (unpublished results), which raises environmental 
concerns.
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11.5.3  �Fate and Pathways of Carbon from Biodegradable 
Mulch in Soils

Mulches have the potential ability to alter soil organic carbon (SOC) content. SOC 
is the carbon portion of soil organic matter in the soil and is also an important 
indicator of healthy soil. Thousands of different C compounds of varying degrees of 
recalcitrance make up SOC (Davidson and Janssens 2006; Baldock and Skjemstad 
2000; Lehmann and Kleber 2015). As SOC constantly undergoes the decomposition 
by microorganisms, its replacement during the growth of the plants is achieved to 
maintain the C balance of the soil. Equilibrium is reached when soils have the same 
amount of carbon accumulation as is lost to the atmosphere by the respiration (Paul 
et al. 1997; Haynes 2005). Soil C with a turnover time of days to months is readily 
accessible to microorganisms and also includes dissolved organic C and plant and 
microbial biomass (e.g. proteins, nucleic acids and polysaccharides). Soil C with a 
turnover time of decades to millennia is much more stable and contains more alkyl 
and aromatic compounds, as well as SOC that is otherwise inaccessible to microbes 
due to organic matter-mineral interactions and physical occlusion in soil aggregates 
(Sollins et al. 1996; Krull et al. 2003; Jastrow et al. 2007).

By altering the soil temperature and moisture, conventional plastic film mulch-
ing can increase decomposition rates in the soil, leading to a loss of SOC (Steinmetz 
et  al. 2016). Mulching has led to increases in above-ground carbon (C) inputs 
(Cuello et al. 2015; Ghimire et al. 2018) from higher yields and increases in below-
ground C inputs (Wang et al. 2016b; Li et al. 2007) from increased development. 
One study by Zhang et al. (2017a) modelled the effects of conventional mulching 
for 30 years and found a significant increase in decomposition of SOC, but also an 
increase plant biomass (above and below ground) was obtained, thus leading to no 
net change in SOC concentration. In contrast, Steinmetz et al. (2016) considered it 
unlikely that increases in net primary production in mulch treatments would 
compensate the C losses due to the increase in decomposition.

BDMs, in addition to affecting soil temperature and moisture, could have a posi-
tive effect on C pools as they are an additional C source once they enter the soil. 
There is an incomplete understanding of soil C dynamics under mulch (Luo et al. 
2015). It has been shown that the use of BDM in the short term does not have a net 
effect on total SOC (Li et al. 2014a) nor organic matter (Sintim et al. 2019), or a 
slight positive effect on soil microbial biomass C (Moreno and Moreno 2008). After 
the use of conventional short-term mulch, SOC can decrease (Li et al. 2004; Li et al. 
2007; Cuello et  al. 2015), increase (Muñoz et  al. 2017), or show no net change 
(Zhang et al. 2017b; Wang et al. 2016b). Interestingly, the use of mulch can increase 
the potential for lengthening the turnover time for SOC by promoting the formation 
of larger water-stable aggregates (Domagała-Świątkiewicz and Siwek 2013; Zhang 
et al. 2013; Siwek et al. 2015), which increases the stability of SOC (Jastrow et al. 
2007). The effect of mulching on the destabilization (through increased mineraliza-
tion) and stabilization (through increased aggregation) of SOC requires more 
research (Steinmetz et al. 2016).
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11.5.4  �Impacts of Biodegradable Mulch on Soil Microbial 
Communities

There is a small but growing body of research reporting the effects of plastic mulch 
on soil microbial communities (Bandopadhyay et al. 2018). As a physical barrier on 
the soil surface, plastic mulches (both conventional and biodegradable) modify the 
soil microclimate, which can indirectly control the composition and function of the 
microbial communities. In particular, plastic mulches regulate soil moisture via 
reduced evaporation, and moderate soil temperature via warming (black plastic) or 
cooling (white plastic). These modifications to soil temperature and moisture can 
also affect soil physical properties, e.g. by increasing aggregation (Siwek et al. 2015; 
Sintim et al. 2019), and plant root development and exudation (Wang et al. 2016b). 
Together these effects on the soil environment result in changes in the composition 
and function of soil microbial communities. Studies of soil mulched with conven-
tional PE mulches reveal changes in taxonomic composition of soil microbial com-
munities, e.g. increases in the bacterial phyla Proteobacteria and Actinobacteria 
(Farmer et  al. 2017) and decrease pressure in the oomycete plant pathogen, 
Phytophthera capsici (Núñez-Zofío et al. 2011). Microbial activity is also affected 
by plastic mulches, and most studies report an increase in soil respiration under PE 
mulch (Mu et al. 2014; Zhang et al. 2015; Mu et al. 2016). It should be noted that in 
some cases where mulches increase soil temperatures above the microbial growth 
optimum, microbial activity is diminished (Moreno and Moreno 2008). While these 
studies were performed on PE mulches, not BDMs, it is expected that as a surface 
barrier, BDMs would have a similar environmental modification that would affect 
microbial communities.

A difference between BDMs and PE mulches is that the former are ultimately 
incorporated into the soil to be degraded by microorganisms. BDM fragments are a 
physical and biogeochemical (C) input that can be expected to have some effect on 
soil microbial communities. Although the amount of carbon introduced from 
mulches is very small compared to the amount of SOC already present, studies of 
incorporation of BDM into the soil have shown changes in the structure of the 
microbial communities (Li et al. 2014b; Muroi et al. 2016), and increases in fungal 
abundances (Rychter et al. 2006; Li et al. 2014b; Muroi et al. 2016); though the 
responses are not necessarily consistent between locations (Li et  al. 2014b). 
BDM  incorporation can also cause increases in microbial biomass and enzyme 
activities (Li et al. 2014b; Yamamoto-Tamura et al. 2015). Studies directly comparing 
PE mulch with BDMs have generally shown enhanced microbial activity under 
BDMs, suggesting that it is a response to the incorporation of the BDMs into soil, 
and not only an indirect effect of soil environmental modifications (Moreno and 
Moreno 2008; Li et al. 2014b; Yamamoto-Tamura et al. 2015; Barragan et al. 2016). 
While this body of knowledge has provided some insight, there are still some key 
gaps in our understanding of the impact of BDMs on soil microbial communities, 
including the long-term effects of tilling BDM into soils, and the relative impor-
tance of BDM composition in soil microbial responses (Bandopadhyay et al. 2018).
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11.6  �Conclusions

In recent years, important advances in research and development related to BDMs 
have been achieved. It has been shown that BDMs are just as effective as PE mulch 
in improving the production of specialty crops compared to bare soil for several dif-
ferent cropping systems and different environmental conditions. Environmental 
studies have not shown any adverse impacts associated with the incorporation of 
BDMs into the soil to date. More research is needed to ensure that the production of 
micro and nanoplastics from BDMs does not adversely affect ecotoxicity, soil eco-
systems and crop quality, and to better adapt the BDM physicochemical properties 
with the needs of specific cropping systems and climates. BDMs may be formulated 
to deliver macro and micro nutrients to the crop as they are biodegraded, or pesti-
cides that are released directly into the soil at the base of the plant, thereby reducing 
their applications to adjacent areas and reducing overall applications. A major use 
of mulches overall is for weed control; but, plastic mulches (PE and BDMs) are 
ineffective against weeds such as nutsedge, horsetail and other persistent weeds that 
can puncture plastic mulch films. Perhaps embedding herbicides specific for these 
types of weeds into the mulch may provide control. BDMs may also be formulated 
with additives that when released can increase the nutraceutical content of crops. 
Furthermore, advances in materials chemistry are needed to enable cost-effective 
production of biobased BDMs that completely biodegrade in soil. Finally, as scien-
tists, we must continue to educate farmers, government regulators and the general 
public on the importance of replacing the use of PE mulch with that of BDMs.
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Chapter 12
Performance of Bio-Based Polymeric 
Agricultural Mulch Films

Danila Merino, Andrea Y. Mansilla, Claudia A. Casalongué, 
and Vera A. Alvarez

Abstract  In order to improve yields and crop traits, polymeric films are commonly 
used to cover soils like agricultural mulches. Its use provides important benefits to 
farmers and the environment, as they maintain humidity, temperature and prevent 
the growth of weeds. However, the most widely used mulches are mainly made of 
low-density polyethylene. The use of PE films or other non-biodegradable polymers 
present great environmental and economic disadvantages for responsible farmers, 
who must remove them before the next crop period. The objective of this chapter is 
to discuss the main properties presented by the biodegradable and bio-based materi-
als that have recently been proposed for this application, what is their effect on the 
yields of different crops in which they have been tested, as well as their biodegrada-
tion time and their effect on the soil quality will also be analyzed. Finally, based on 
these findings and the recently approved new standard for biodegradable agricul-
tural mulches, the materials that will set trends in the future will be remarked.

Keywords  Biodegradable Agricultural Mulch (BDM) · Biodegradation · 
Biopolymers · Soil quality

12.1  �Introduction

Polymeric materials began to be used in agriculture from the 1940s, after the Second 
World War. Until then, the crops were not produced out of season, but the demanding 
situation of fresh products of high quality led to the development of new techniques 
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that allow obtaining food throughout the year. This situation led to the gradual intro-
duction of plastics to replace the inflexible, heavy and expensive glass in the green-
houses. Since then, the use of plastics in agriculture has been increasing (Robinson 
and Brae 1991). Today, they are used in soil fertilization, as controlled release sys-
tems for agrochemicals and nutrients, in seed coatings, as well as agricultural 
mulches and tunnels for the protection of plants (Mitrus et al. 2010). However, the 
polymers traditionally used are derived from petroleum and do not biodegrade, i.e. 
are accumulated in the environment, so, for several decades, researchers have tried 
to develop new formulations that can replace them, using polymers of natural origin 
that can be biodegraded and in turn improve the state of soils (Mitrus et al. 2010).

The word “mulch” has German origin and means soft, flexible or begins to crum-
ble or deteriorate. The mulches are materials that are applied on the surface of the 
soil, while mulching is a technique used to conserve water, since an increase in the 
amount of water retained by the soil causes a reduction in its erosion (Kader et al. 
2017). In this way, agricultural mulches are materials that are placed on the ground 
before sowing or transplanting to maintain their humidity and temperature and 
prevent the growth of weeds (Mitrus et al. 2010). The use of agricultural mulches 
provides important benefits for farmers and the environment, since it allows reduc-
ing the use of water for irrigation and the use of fertilizers and herbicides, helps 
shorten harvest time and increase yields, thus contributing to the development of 
farmers around the world (Mitrus et al. 2010; Miles et al. 2012).

The choice of suitable mulch for a given crop depends on weather conditions, 
crop management practices and, of course, the type of crop (Kader et  al. 2017). 
Because of the multiple advantages of the mulching technique, it is widely used all 
over the world to improve yields and crop conditions. The materials used as mulches 
are classified mainly into three large groups (Kader et al. 2017):

•	 Organic: agricultural waste such as straw, stems, husks and manure,
•	 Inorganic: plastic films based on petroleum, as well as biodegradable or photo-

degradable synthetic polymers, and
•	 Special: concrete and sand.

Each of them has particular characteristics and their choice will depend on factors 
such as climate and the cost-benefit ratio (Kader et  al. 2017). In general, plastic 
mulches have the highest capacity for soil moisture retention compared to organic 
ones. The special ones, on the other hand, present other types of disadvantages, such 
as the loss of nutrients when sand is used, and the high price involved in its construc-
tion. In addition, organic mulches may contain seeds that end up germinating and 
acting as weeds and are not suitable for preventing the growth of weeds compared to 
plastic mulches (Kader et al. 2017). Organic mulches, being more permeable than 
inorganic ones, can increase soil moisture during periods of abundant rainfall 
(Wortman et al. 2015). An additional problem presented by these mulches is that they 
do not prevent the growth of weeds unless the applied layer is sufficiently thick. 
However, this generates another drawback that is a low temperature of the soil and, 
consequently, a reduction in crop yield (Wortman et  al. 2015). Although paper 
mulches have given yields like those obtained with polyethylene (PE) for vegetable 
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crops, they degrade rapidly during the growth stage of the plant and mainly in the 
buried areas of the mulch, so that the growth of weeds and the yield of crops decreases. 
Temperatures are also lower under this type of mulches (Wortman et al. 2015).

In this way, farmers around the world prefer polymeric mulches. In 2011, 2, 9 
million tons were used, of which 545,000 tons were used only in Europe (mainly for 
applications in horticultural crops) (D’Avino et al. 2015) and 120,000 tons were 
used in China (Gu et al. 2017).

The use of PE films or other non-biodegradable polymers presents significant 
environmental and economic disadvantages for responsible farmers. It is necessary 
after the harvests to remove the mulch films to avoid problems with the crops of the 
next period, which entails great costs for the farmers who must use labor, equipment 
and infrastructure in their harvesting (Mitrus et al. 2010). According to Miles et al. 
(2012), in 2004 in the United States, the use of mulch films cost USD 250 per hect-
are (Miles et al. 2012). In addition, many farmers do not know what to do with this 
waste, so some of them eliminate their plastic waste in local landfills, others openly 
burn them, causing inconveniences to the environment and the health of the local 
residents (Miles et al. 2012), and others incorporate them in the soil in the tillage, 
which entails a serious risk to the environment, since PE is accumulated in the soil, 
which interferes with the root growth of the crop in the next period (Briassoulis and 
Dejean 2010). Additionally, plastic waste from agricultural mulches is usually pol-
luted with traces of soil and plants and, mainly, with toxic chemicals that are sprayed 
during use. These materials under these conditions and considering that they have 
suffered prolonged exposure to sunlight, present a significant decline in their prop-
erties and makes recycling difficult, mainly due to the high costs involved in this 
process and the low quality of the product that would be obtained (Martín-Closas 
et al. 2017).

In this context, the use of biodegradable agricultural mulch (BDM) films or with 
short useful life would be highly desirable (Mitrus et al. 2010). It has been initially 
attempted to reduce the disadvantages associated with this practice by reducing the 
shelf life of the PE films by means of different strategies including the addition of 
photodegradation catalyzing substances such as nickel and ferric dibutylthiocarba-
mates, or a combination of substituted benzophenones and titanium or zirconium 
chelates, or the mixture with biodegradable polymers such as starch (Imam et al. 
2012). In 1973, the aggregate of granular starch in low percentages (6–7% by 
weight) was made for the first time (Griffin 1974) and, in 1977 the first mixtures 
were made using plasticized starch (Otey et al. 1977). However, the studies carried 
out in these mixtures showed biodegradation, due to the fact that the starch left the 
PE matrix weakened (Imam et  al. 2012; Halley et  al. 2001). On the other hand, 
photodegradable films have the same drawback. After the fragmentation of the 
material, small non-compostable plastic residues are obtained and accumulated, 
thus making their disposal even more difficult (Halley et al. 2001).

Several authors have reported that the benefits of mulching in the short term 
could be transformed into long-term environmental problems (Wortman et  al. 
2015). The disadvantages would be related to the quality of the soil that would be 
obtained after years of carrying out this type of agricultural practices. In particular, 
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Steinmetz et al. (2016) reported that although the long-term environmental effects 
are not known, this practice could produce an accelerated degradation of soil 
organic matter, which in turn would be directly related to the loss of nutrients (Mg, 
K, N) and, particularly, of soil carbon. In addition, this practice could contribute to 
the development of water repellency of the soil (loss of water retention capacity), 
together with an increase in the runoff of pesticides and other agrochemicals, mainly 
in furrows. It has also been reported that plants grown under these conditions show 
a significant increase in the accumulation of heavy metals such as Zn, Cd, Cu and 
Pb. Another alarming impact includes changes in the microbial community of the 
soil that could involve increases in the production of mycotoxins. These effects on 
the soil microbiota could be seen, in turn, reflected in the diversity of higher organ-
isms such as insects and earthworms (Steinmetz et al. 2016).

Starting in the 1980s, new fully or partially biodegradable polymers began to be 
developed from renewable sources, however, their use in agriculture did not begin 
until the late 1990s (Martín-Closas et al. 2017). In this way, during the last 20 years 
approximately, numerous formulations have been proposed and evaluated for this 
purpose and some of them have even reached the commercial market. Some of the 
formulations include polymers such as polybutylene adipate terephthalate (PBAT), 
polyhydroxyalkanoates (PHA), polylactic acid (PLA), thermoplastic starch (TPS) 
and their mixtures (Martín-Closas et al. 2017). This type of materials has ester-type 
bonds or are polysaccharides that can be easily hydrolyzed by microorganisms and 
converted into biomass, carbon dioxide (CO2) and water (Bandopadhyay et  al. 
2018). In this way, BDMs have two fundamental advantages that are: (1) the possi-
bility of being adjusted to the shelf life to the crop cycle and (2) the biodegradation 
is produced in the place where they were used, therefore it is not necessary to 
remove them from the soil after use (Martín-Closas et al. 2017). However, biodeg-
radation in acceptable times is not easily controllable and is often unpredictable and 
incomplete (Bandopadhyay et al. 2018).

BDMs also have radiometric properties similar to those of PE, in fact they pro-
duce a significant increases in soil temperature relative to bare soil and this produces 
higher yields and growth rates of the crop compared with the bare soil (Wortman 
et al. 2015). However, they present a lower performance, including a lower mechan-
ical properties compared to PE, making them more susceptible to breakage, tears 
and holes and, therefore, allow the growth of weeds (Wortman et al. 2015) and, in 
addition, they produce a lower increase in soil temperature and presents a lower 
water vapor barrier capacity (Bandopadhyay et al. 2018).

The replacement of PE by other biodegradable polymers such as polycapro-
lactone (PCL) or PLA and its combination with starch, allow to obtain biodegrad-
able films, although these have some disadvantages. Although the PLA is a brittle 
polymer from renewable sources, PCL is a synthetic polymer derived from 
petroleum and both materials require future research to reduce its cost and develop 
formulations to optimize its properties (Halley et al. 2001).

Bio-based polymers are those polymers obtained from renewable sources, which 
can be acquired directly from natural materials such as plants, e.g. starch and cellu-
lose; produced by the polymerization of monomers obtained from nature, e.g. PLA; 
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or by microorganisms or bacteria, e.g. PHAs (Fig.  12.1). The most sustainable 
bio-based polymers are those extracted from plants such as starch, cellulose, pectins 
and proteins (Mitrus et al. 2010). It is important to mention at this point that the 
production of bio-based polymers does not represent a threat to food production. 
According to the 2016 bioplastics market data report carried out by “European 
Bioplastics”, the land used in the production of bio-plastics during 2004 represented 
0.01% of the total global agricultural area, while by 2019 this value will doubled, i.e. 
it will only represent 0.02% (European Bioplastics 2016).

Polymers such as PLA and PHAs are the main responsible for the market growth 
of biodegradable and bio-based polymers. These polymers are very versatile and 
offer a wide range of physicochemical and mechanical properties depending on their 
chemical composition. It is expected that PHAs production could be tripled by 2022, 
while that of PLA could be increased by 50% up to the same year, compared to 2017 
(European Bioplastics e.V 2018a). However, these polymers have deficiencies in 
their mechanical properties that can be overcome, e.g. by the formation of blends 
with other polymers (Ghimire et al. 2018). According to Ghimire et al. (2018), the 
bio-based polymers that are most used for the formulation of BDMs are starch, PLA 
and PHAs, the former is exceptional because of its low cost.

Fig. 12.1  Classification of bio-based polymers according to their method of production
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One of the most important design criteria as mentioned above for the mulches is 
that they are biodegradable (Briassoulis 2006). It is ideally waiting for its biodegra-
dation to be 100% before the cultivation of the next period begins and that it occurs 
after its incorporation into the soil in the tillage, without the need to be removed 
(Ghimire et al. 2018). A series of minimum requirements related to their mechanical 
properties must also be met, as they must maintain their integrity during the instal-
lation process, and during the aging of the film (Briassoulis 2006). The process of 
placing the mulches has been completely mechanized. In fact, the process of plant-
ing, transplanting and placing the irrigation pipes has been automated (Robinson 
and Brae 1991). This process involves at least mechanical stresses in the longitudi-
nal and transverse direction of the films (Martín-Closas et al. 2017). Another design 
parameter of these materials is their thickness. The idea is to be able to use the 
smallest thickness to reduce costs, increase the rate of biodegradation, and also tak-
ing into account the commitment to mechanical properties (Briassoulis 2006).

12.2  �Normative and Regulations

The materials used as mulches must comply with a series of minimum requirements 
in order to obtain the desired results in terms of crop yield and quality. A thermo-
plastic film ready to be used and marketed as BDM must comply with the corre-
sponding standards. The European standard EN 13655: “Plastics – Thermoplastic 
Mulch Films Recoverable after Use, For Use in Agriculture and Horticulture” appli-
cable to PE mulches or their copolymers, specifies the requirements for the optical 
and mechanical properties of films used in agriculture and horticulture: transparent, 
transparent and diffuse (thermal), white and black films with thicknesses between 
10 μm and up to 250 μm (Briassoulis and Giannoulis 2018). In January 2018, a new 
standard was approved in Europe, EN 17033: “Plastics: biodegradable mulch films 
for use in agriculture and horticulture: requirements and test methods”, which is 
specific for agricultural mulches based on biodegradable materials. The standard 
was designed to be a clear reference for farmers, distributors and stakeholders, and 
to be the basis for further certification and according labels for biodegradable mulch 
films. EN 17033 is likely to replace other pre-existing national standards in Europe. 
The development of this new standard began in 2012 as a result of the revision of 
the previous standard EN 13655 (PRI/75 2002) for conventional mulch films, which 
had to be divided into two standards in order to consider for the most appropriate 
end-of-life option: (a) for mulch films that must be recovered after use (revised EN 
13655) and (b) for mulch films that can be incorporated into the soil due to their 
property of biodegradation (new EN 17033). The standard regulates its composi-
tion, biodegradability in soil, ecotoxicity, mechanical and optical properties, and 
test procedures for each of the categories listed (Hayes and Flury 2018; European 
Bioplastics 2018). The responsible European Committee CEN/TC 249/WG 7 
(Thermoplastic films for use in agriculture) decided to use the pre-existing and well-
established certification “OK Biodegradable soil” as basis for the new standard, 
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which requires a 90% CO2 conversion within 24 months in a soil biodegradation 
test. The standard also includes a new and more comprehensive ecotoxicity testing 
and evaluation scheme considering relevant terrestrial organism groups such as 
plants, invertebrates (e.g. earthworm) and microorganisms (e.g. nitrification inhibi-
tion test). In addition, the standard strictly defines the restrictions of use regarding 
different potentially harmful constituents, such as regulated metals and substance of 
very high concern. Specifically, the materials used for the preparation of agricul-
tural mulches should be tested in the laboratory to establish the concentration of 
heavy metals (EN 17294–2), which should not exceed the amounts of 150 mg of Zn/
kg, 50 mg of Cr, Cu and Pb/kg, 25 mg of Ni/kg and 0.5 mg of Cd and Hg/kg and 
must have less than 0.1% of dangerous substances. With respect to ecotoxicity, test-
ing must ensure more than 90% of seed germination and plant growth compared to 
bare soil, less than 10% difference in earthworm mortality rate and the amount of 
biomass compared to uncovered soil and the nitrification of the bacteria should be 
≥80% of those reached for free soil (Hayes and Flury 2018).

The standard also specifies the dimensional evaluation of the films, as well as the 
optical properties for weed control and mechanical properties. Although biodegrad-
able mulch films only must be strong enough to be placed in the field, they must also 
have the mechanical properties necessary for their recovery. Accordingly, a recom-
mendation to only use conventional mulch film thicker than 25 μm was added into the 
scope of the relevant standard EN 13655 when revised to make sure they can be col-
lected after use. In addition, the standard recommends to clearly mark biodegradable 
mulch films and their packaging and to include a reference to the standard, in order to 
allow farmers to be certain the mulch films will disintegrate and biodegrade without 
leaving harmful residue in the soil. The standard EN 17033 also contains nine annexes 
that include detailed specifications on how to perform the different tests mentioned in 
the standard, and provides relevant information on the classification of films depend-
ing on the crops, as well as relevant recommendations for farmers on the application 
of biodegradable mulch films (CEN/TC 249 – Plastics EN 17033 2018).

The BDMs must have the capacity to withstand the stresses generated during the 
laying process, resist the propagation of cracks during the drilling process and, at 
the same time, be as thin as possible to reduce their cost. The standard EN 17033, 
classifies to the quilted materials according to their thickness, as follows: < 10 μm, 
between 10 and 15 μm and > 15 μm (Briassoulis and Giannoulis 2018). Another 
important factor is the aging of these films, since this produces a reduction in their 
mechanical properties and the material must maintain its integrity in a specific 
period of time according to the crop (Hayes et al. 2017). Other important properties 
are the penetration resistance, impact resistance and propagation of tears (Briassoulis 
and Giannoulis 2018). However, in the field of scientific research, such complete 
studies are not always carried out. Many times, only the mechanical properties are 
reported and, sometimes, these properties are reported along with the water vapor 
barrier or radiometric properties. The search for the most suitable materials for this 
application can be difficult because, although these may have adequate properties, 
in most cases, the results of the tests of composition, ecotoxicity and biodegradability 
should still be considered (Gutiérrez 2018).
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12.3  �State of the Art of Mechanical Properties 
of Biodegradable Mulches. What We Have Achieved?

A quite complete analysis and carried out within the framework of the current stan-
dards to evaluate the performance of the commercial polymers Mater-Bi®, Ecovio 
and linear low density polyethylene (LLDPE) was reported by Briassoulis 
(Briassoulis and Giannoulis 2018). Mater-Bi® is a bio-based material composed of 
starch and other fully biodegradable and compostable aliphatic/aromatic polyesters 
developed by Novamont. It has properties very similar to those of the PE and is 
recommended in a thickness of 15 μm with addition of carbon black for its applica-
tion as mulch. Ecovio is a mixture of biodegradable polymers, Ecoflex (copolyester) 
and PLA produced by BASF. The control was carried out with 20 μm linear low-
density PE from Plastika Kritis. The analyzed materials are commercial and have 
already passed the tests and adaptation to standards, although prior to EN 17033. 
According to the reported results for the tensile tests in the machine direction (MD) 
and the transverse direction (TD), Mater-Bi® showed a tensile strength of MD/
TD  =  41.0/34.2  MPa, Ecovio of 31.2/22.5  MPa and LLDPE of 33.6/27.3  MPa, 
while the elongation at break was in the MD/TD  =  400/550% for Mater-Bi®, 
100/500% for Ecovio and 400/630% for LLDPE. All the materials presented a ten-
sile strength higher than 16/9 MPa, thus satisfying EN 17033, while the LLDPE was 
adjusted, on the other hand, to the standard EN 13655, for films with thicknesses 
less than 30 μm (Briassoulis and Giannoulis 2018). Regarding the elongation at 
break, 180% is expected for black conventional mulches with thickness less than 
30 μm (according to EN 13655) and for biodegradable mulches of 15 μm, an elon-
gation at break in MD/TD = 150/300%.

Other materials evaluated in bibliography, however, have not achieved the 
required mechanical properties. PLA composites (Dow Cargill, 148,000 Da) with 
10% or 25% w/w Osage Orange (OO) wood designed to decrease the cost of PLA 
and act as a matrix for the controlled release of naturally occurring phytoactive 
agents within the wood had tensile strengths less than 50 MPa (do not specify the 
direction of the test) for experiments with different OO particle sizes and condition-
ing: dry (50% RH) and wet (95% RH). The elongation at break was in all cases less 
than 20% (Finkenstadt and Tisserat 2010). On the other hand, starch is the main 
renewable source used for the preparation of biodegradable and economical thermo-
plastic films (European Bioplastics e.V 2018b). However, its use alone is not recom-
mended due to the fragility and high moisture sensitivity. The effect of chemical 
modifications (Merino et al. 2018a; b) and the formation of nanocomposites (Merino 
et al. 2018c; 2019) on the resulting properties has been studied, but even so they 
have not been sufficient. It is generally recommended that starch be combined with 
other polymers, such as PLA and PHAs (bio-based) or PBAT, polybutylene succi-
nate (PBS) and PCL (petrochemical base) (Ghimire et al. 2018; Briassoulis 2004). 
Mixtures of 30% cassava TPS (Indemil) with PBAT (Ecoflex 7011, BASF) with or 
without carbon black aggregate and thicknesses of 123 and 218 μm, respectively, 
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showed a tensile strength of 8.4 MPa for white and 6.1 MPa for black films, with 
elongations in all cases exceeding 300%. Rapid decay in the properties was also 
reported after the first week with the appearance of cracks from the second week 
onwards for the white films that allowed the growth of weeds (Bilck et al. 2010). On 
the other hand, TPS/PLA blends have been studied widely and several compatibili-
zation strategies have been approached, obtaining in general very fragile materials, 
with elongations at break of less than 10%, such as for the mixture of PLA with 
grafted TPS with maleic anhydride or with epoxidized cardanol (Yang et al. 2015), 
or PLA with TPS grafted with maleic anhydride or PE grafted with glycol (Akrami 
et al. 2016), for the ternary mixture of PLA with TPS and PCL (Carmona et al. 
2015), or for PLA/TPS with epoxidized soybean oil (Przybytek et al. 2018). Good 
results were found for PLA mixtures with 30% TPS and compatible with maleini-
zed linseed oil up to the limit of that required by EN 17033 (Ferri et al. 2016).

PHAs are natural bacterial polymers produced by the fermentation of sugars 
(Bugnicourt et al. 2014; Kasirajan and Ngouajio 2012). Poly (3-hydroxybutyrate) 
(PHB) is the most commonly used and best characterized member of the PHA 
family (Bugnicourt et al. 2014). However, its use alone is not recommended, as it 
has a high brittleness characterized by an elastic modulus of 1.7 GPa, a tensile 
strength of 35 MPa and an elongation at break of only 10% (Briassoulis 2004). 
The pure copolymer polyhydroxybutyrate/valerate (PHB/V), with an elongation 
at break of less than 15%, a modulus of 1.2 GPa and a tensile strength of 25 MPa, 
is also fragile, which is why it is generally used in mixtures with other polymers 
or with the appropriate processing additives (Bugnicourt et al. 2014). For exam-
ple, commercial PHAs such as Biomer have a tensile strength of 15–20 MPa and 
an elongation at break of 600–1200% (Bugnicourt et al. 2014), adapting to the 
mechanical stress requirements established in EN 17033. The suitable properties 
were also obtained for PLA/PHB mixtures plasticized with a lactic acid oligomer 
(Armentano et al. 2015) and PLA/PHB mixtures compatible with maleic anhy-
dride (Jandas et al. 2014), while PHA/TPS mixtures, although showed improve-
ments in their mechanical properties, do not reach the elongation required by the 
standard (Shogren 2009).

Greater efforts must be made in order to improve and adjust the properties of 
bio-based polymer films and their blends to the new standards. Economic estimates 
maintain that the world market of agricultural mulches will reach USD 4070 million 
in 2020 and that this will be dominated by LLDPE followed by low-density poly-
ethylene (LDPE), being the main use of these mulches for horticultural crops 
(Briassoulis and Giannoulis 2018). This growth in the use of non-biodegradable 
mulches could be discouraging for ecosystems. The world market for BDMs will 
increase to USD 52.43 million by 2021 (Briassoulis and Giannoulis 2018). However, 
these materials still include petrochemical raw materials in percentages of around 
80%. The main drawback of the use of biological raw materials lies in their price 
that is often up to three times higher than that of fossil resources (Ghimire et al. 
2018), in that sense, economic and abundant starch could represent an alternative 
(Research 2015).
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12.4  �About the Biodegradation of Agricultural Mulch Films

Just like any natural organic material, such as leaves or straw, soil biodegradable 
polymers are assimilated as food and energy source by the microbial population 
present in soil. Bacteria and fungi use the organic carbon present in the biodegrad-
able polymer to extract biochemical energy for driving their life processes by aero-
bic oxidation of readily utilizable organic carbon (Boelens 2017). The only 
(scientifically correct) parameter to quantify biodegradation is the conversion of 
organic carbon into CO2. In terms of biodegradation, ‘complete’ does not mean 
‘100% conversion to CO2’ as part of the organic carbon is also used for microbial 
growth (which cannot be accurately quantified). This biomass yield typically ranges 
from 10% to 40%, depending on the substrate.

	
C O CO H O C CPolymer Residual Biomass+ ® + + +2 2 2 	

(12.1)

It is important to note that only the amount of CO2 can be quantified in Eq. 12.1. 
CResidual and CBiomass cannot be quantified, since technically and analytically it is not 
possible to carry out this precisely.

Biodegradation of a polymer is not a uniform process. Instead, both the rate and 
the maximum level of biodegradation of a specific polymer are very much deter-
mined by the environmental conditions at the micro level. These environmental 
conditions can differ in terms of moisture content, oxygen availability, pH, tem-
perature, types of microorganisms (bacteria, fungi and/or actinomycetes), etc. 
While the temperature and presence or absence of fungi can have a large impact on 
the level of biodegradation, other factors mainly influence on the rate of biodegra-
dation (Bastoli 2014).

It is also worth mentioning that conventional PE mulch films are not biodegraded 
in the soil, thus they are accumulated over time, resulting in an average accumulation 
of 462.5  kg of mulch film (fragments) per hectare per decade, assuming a crop 
period per year and a film thickness of 20 μm (Boelens 2017).

12.4.1  �Key Definitions

The literature associated with biodegradable polymer degradation and biodegrada-
tion is inconsistent with respect to the terms used to describe different stages and 
aspects of degradation (Mitrus et  al. 2010). Some important definitions can be 
extracted from CEN/TR 15351:2006 (Kader et  al. 2017) and ASTM D883–12 
(Miles et al. 2012):

•	 Biodegradable: status of a polymeric item that can be biodegraded.
•	 Biodegradable plastic: a degradable plastic in which the degradation is due to 

the action of natural microorganisms such as bacteria, fungi and algae.
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•	 Biodegradation: degradation of a polymeric item due to cell-mediated 
phenomena.

•	 Biodisintegration: disintegration resulting from the action of cells.
•	 Bioerosion: faster degradation on the surface than in the interior as a result of 

biodegradation.
•	 Biofragmentation: fragmentation of a polymeric item due to the action of cells.
•	 Bulk degradation: faster degradation in the interior than in the surface of a poly-

meric item.
•	 Compostable plastic: a plastic that undergoes biological degradation during 

composting to produce CO2, water, inorganic compounds and biomass at a rate 
consistent with other known compostable materials and leaves no toxic or visu-
ally distinguishable residues.

•	 Degradable: status of a polymeric item that can undergo degradation.
•	 Degradable plastic: a plastic designed to undergo a significant change in its 

chemical structure under specific environmental conditions resulting in a loss of 
some properties that may vary as measured by standard test methods appropriate 
for the plastic and the application over a period of time that determines its 
classification.

•	 Degradation: a detrimental change in the chemical structure, physical proper-
ties, or appearance of a polymer, which can result from chemical cleavage of the 
macromolecules forming a polymeric item, regardless of the mechanism of chain 
cleavage.

•	 Disintegration: fragmentation to particles of an acceptable size (depending on 
the application).

•	 Erosion: faster alteration at the surface than in the interior.
•	 Fragmentation: breakdown of a polymeric item into particles regardless of the 

mechanism.
•	 Maximum degree of biodegradation: maximum value of the degree of biodeg-

radation that can be achieved under selected experimental conditions.
•	 Mineralization: conversion of an organic compound to methane or CO2 and 

water and other minerals.
•	 Theoretical degree of biodegradation: theoretical value of the degree of biodeg-

radation corresponding to total conversion of the organic matter present in an 
original polymer-based item to minerals and biomass.

All definitions are commonly used, and several times misused in the literature. 
It is important on the other hand to define how the biodegradation of a material can 
be measured.

By declaring that a plastic is biodegradable, it is necessary to establish the envi-
ronment under which it is biodegradable. The ASTM International standard D6400 
(Wortman et al. 2015), and a similar standard from the International Organization for 
Standardization (ISO 17088) (D’Avino et al. 2015), e.g. specify criteria for the bio-
degradability of plastics under industrial composting conditions based on standard-
ized laboratory tests. ASTM D6400 uses ASTM D5338, a standardized test that 
measures the aerobic biodegradation of plastic materials under controlled composting 
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conditions and specifies that 90% of carbon atoms must be mineralized in 180 days 
to CO2 and water. The capacity of biodegradable mulch to meet those standards is the 
first and critical biodegradability test, since if mulch is not compostable, it is expected 
that it will not be biodegraded under field conditions (Gu et al. 2017).

The best-known test method to determine the biodegradation of a polymer in the 
soil is the international standard ISO 17556 Plastics – Determination of the ultimate 
aerobic biodegradability of plastic materials in soil by measuring the oxygen 
demand in a respirometer or the amount of CO2 evolved (Briassoulis and Dejean 
2010). This method prescribes that tests are considered valid only if the degree of 
biodegradation (based on carbon to CO2 conversion) of the cellulose reference 
material has reached 60% or more at the plateau phase or at the end of the test.

12.4.2  �Biodegradation of Bio-Based Polymeric Agricultural 
Mulch Films

Biodegradable materials can be integrated directly into the soil at the end of their 
useful life where the microflora converts them into methane or CO2, water and bio-
mass (European Bioplastics 2016; European Bioplastics e.V 2018a; Ghimire et al. 
2018; Briassoulis 2006). A typical biodegradable mulch film has a thickness of 
15 μm and a density of 1250 kg/m3. As such, 187.5 kg of mulch film per crop per 
hectare is used. If complete biodegradation in soil has been obtained under labora-
tory conditions, all organic carbon within the polymer (CPolymer) will be converted to 
CO2 or used for biomass production. Under laboratory conditions (25  °C), this 
means that at least 90% of organic carbon has been converted to CO2 in a maximum 
period of 2 years. In fact, the rate of biodegradation will depend on the environmen-
tal conditions (temperature, moisture content, etc.). It must, however, be noted that 
one of the reasons of using the mulching film is to increase the temperature of the 
soil. Nevertheless, even at temperatures below 25 °C, complete biodegradation is 
expected. The biodegradation profile of biodegradable polymers varies from one to 
the other, which makes it impossible to calculate the level of temporary accumula-
tion in the soil. Accurately biodegradable material should be destroyed by microor-
ganisms present in the soil, mineralized or bioassimilated (Briassoulis and 
Giannoulis 2018; PRI/75 2002; Hayes and Flury 2018).

Biodegradation is governed by several factors, including polymer characteristics 
(crystallinity, molecular weight, tacticity, functional groups, plasticizers, other addi-
tives, etc) and exposure conditions (Biotic: enzymes, biosurfactants, hydrofilycity 
and abiotic: pH, moisture, UV radiation and temperature) (European Bioplastics 
2018; CEN/TC 249 – Plastics EN 17033 2018; Hayes et al. 2017; Finkenstadt and 
Tisserat 2010).

Several biopolymers are designed to be waste in landfills, compost or soil. These 
materials will be decomposed, as long as the required microorganisms are present, 
i.e. the original biota of the soil, water and everything necessary (European 
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Bioplastics e.V 2018b). To be biodegradable, some parts of the polymer backbone 
need to have similar natural substances, consequently, microorganisms will be able 
to use their enzymes to break the polymer chains at specific locations and use them 
as an energy source. Thus, in the case of starches, the microorganisms decompose 
the amylose and amylopectin macromolecules to glucose which will then be broken 
down into two molecules of pyruvic acid, which can be fermented more into lactic 
acid or converted aerobically into CO2 to generate energy. Portions of sufficiently 
small polymers can be conveyed into microbial cells and the consumed as a food 
source. In the case of biodegradable polyesters, such as PLA, PHAs and PBAT, the 
ester bonds make them susceptible hydrolysis, which is a chemical degradation pro-
cess. The hydrolysis produces a random scission of the main chain, causing a rapid 
reduction of the molecular weight, accelerating the biodegradation process because 
smaller molecules are more susceptible to the enzymatic reactions. Consequently, 
the chemical structure of the polymer is the key factor in determining whether poly-
mers can be biodegraded, but also in the determination of their mechanism of 
biodegradation.

Biodegradation in the soil or compost depends on a complex synergy of biologi-
cal and abiotic degradative processes. Some examples of degradation in soil of bio-
degradable mulches are summarized in the next paragraphs.

Cowan et al. (2013) studied the biodegradability of three potentially biodegrad-
able plastic mulch products, Mater-Bi®-based black film (BioAgri: Corn starch and 
non-disclosed biopolymers; biodegradable and compostable: BIO group USA, 
Palm Harbor, FL), experimental polyhydroxy alkanoate film (Crown 1: Experimental 
polyhydroxy alkanoate film; biodegradable and compostable: Crown Films, 
Burlington, WA) and experimental spun bonded PLA fabric (SB-PLA-11: 
Experimental nonwoven spun bond, translucent: Feedstock from NatureWorks, 
Blair, NE; fabricated by Saxony Textiles, Chemnitz, Germany) finding that two of 
the mulch systems evaluated: BioAgri and Crown 1, deteriorated enough to comply 
with the recommendations of the National Organic Standards Board (NOSB) on 
biodegradation for certified organic production.

Jandas et al. (2013) completely prepared the BDM film from modified PLA by 
incorporating PLA and nanoclays (OMMT and C30B). The PLA mulch film was 
degraded in a period of time of 60 days in specific inoculums, but a reduction in 
more than 50% in the blends and nanocomposites was observed.

Hablot et  al. (2014) prepared two mulches made from PLA using spun bond 
processing, one naturally white and the other black (SB-W and SB-B, respectively), 
and two via melt blown (MB) processing, from 100% PLA and a 75/25% w/w blend 
of PLA and polyhydroxy alkanoate [PHA; poly (3-hydroxybutyrate-co-4-hydroxyb
utyrate); MB-PLA and MB-PLA + PHA, respectively]. Weathering under acceler-
ated conditions were carried out, finding that biodegradation (91–93% in 90 days) 
almost coincides with the value obtained for the positive cellulose control.

The commercially available Ecovio mulch from BASF (BASF 2018) is a blend 
of Ecoflex and PLA which is optimized for agricultural applications. It can be used 
with a thickness of 10 μm without experiencing tears and perforations when placed 
in the field with the machine and offers biodegradable and compostable plastics that 
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comply with European standard EN 13432 with regard to biodegradability, 
compostability, compost quality and compatibility with the plant.

All the examples described above of mulch based on different bio-based poly-
mers meet the requirements of the standard EN 17033 in the terms of biodegradabil-
ity. Alvarez et  al. (2006) studied the degradation in soil of short sisal fibers/ 
Mater-Bi®-Y biocomposites during indoor burial and showed that composites 
absorb less water than the matrix due to the presence of fiber-fiber and fiber-matrix 
interactions. These authors also shown that, because the matrix is mainly amorphous, 
the preferential removal of the starch was favored, making the material more bio-
susceptible. However, this formulation was only degraded by 40% in a year of assay 
buried in the soil, thus being outside the standard EN 17033. The chemical composi-
tion can thus severally influence the biodegradation process of mulches.

Biodegradation in compost or in soil depends on a complex synergy of several 
factors: abiotic and biological degradative processes. The existence of standards 
that allow to determine the biodegradability of mulches is a crucial tool in the design 
of polymeric films for such agricultural application. It is also important to point out 
that compost and soil are not the only alternative for the end-of-life of mulches 
based on biodegradable polymers. PCL, PHB and PHBV have been successfully 
discarded as electron donors and solid substrates for bacterial nitrification of waste-
water (Hiraishi and Khan 2003), as is PLA (Takahashi et al. 2011). Yoshida et al. 
(2013) shown that starch-based polymers provided the required electron donor, H2, 
for polychlorinated polyaromatic hydrocarbon by microbial reductive dechlorina-
tion. The studies are mainly relevant to agriculture because abundant wastewater is 
produced from animal husbandry and because although fragments from agricultural 
mulch accumulate chemicals, these materials can simplify the decomposition of 
toxins.

12.5  �Impact of Mulch on Soil Quality

Soil quality has been defined as the capacity of a specific kind of soil to function, 
within the limits of natural or managed ecosystems, to sustain the productivity of 
plants and animals, maintain or improve water and air quality, and support housing 
and human health (Karlen et al. 1997). The structure of the soil microbial commu-
nity is one of the important parameters for the evaluation of soil quality (Gil-Sotres 
et al. 2005). Soil microorganisms participate in the mineralization of nutrients, the 
formation of soil structure and the capture and transport of nutrient to crops (Ma 
et al. 2016). Determining factors that influence microbial community structure has 
a significant impact on the understanding how management affects the quality of the 
crop, the ecology of the diseases and the biogeochemical cycle (Maul et al. 2014) 
and has become a fundamental aspect of sustainable agriculture (Dong et al. 2017).

According to Bandopadhyay et al. (2018), BDMs can influence soil microbial 
communities indirectly and directly. Indirectly, as a surface barrier prior to the 
incorporation of the soil, affecting the microclimate and the atmosphere of the soil, 
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and directly, after the incorporation of the soil, as a direct input of physical frag-
ments and a source of carbon, microorganisms, additives and products adhering 
chemicals (Kasirajan and Ngouajio 2012).

The application of mulching practices reduces the water vapor diffusivity, con-
serves soil moisture, controls soil structure and temperature, among other parame-
ters, and therefore affects soil microbial communities (Kader et al. 2017). Ma et al. 
(2016) reported that in the early stage of mulching, the excellent soil temperature 
preservation and moisture maintenance functions of mulching film provided a good 
environment for growth and reproduction for microorganisms, causing an increase 
in the amount of microbial in the soil. It was also shown that the amount of fungi, 
bacteria and actinomycetes was higher in soils covered with biodegradable mulch 
film based on citric acid fermentation wastes compared to PE films. In this research 
work a high fungal/bacterial ratio was also reported, which can promote the organic 
matter decomposition and N mineralization in soil, thus being beneficial for the 
growth of crops according to De Vries et al. (2006). Farmer et al. (2017) investi-
gated the effect of long-term fertilization and film mulching on the soil properties 
and structure of the bacterial community in a corn-growing system. It was reported 
that film mulching and manure fertilization significantly increased the bacterial 
diversity and richness during long-term fertilization. The results also showed that 
the predominant groups in the bacterial community were Proteobacteria and 
Actinobacteria. Proteobacteria. It is worth remembering that both bacterial com-
munities play a key role in the soil carbon, sulfur and nitrogen cycles, including 
free-living aerobic nitrogen fixers (Azotobacter, Azomonas, Azospirillum and 
Beyerinckia) (Nosheen et  al. 2016), nitrifying bacteria (Nitrobacter, Nitrococcus 
and Nitrospira) (Saijai et al. 2016) and the presence of them is related to healthy 
soils (Wang et al. 2017). Most of Actinobacteria can produce antibiotics that inhibit 
plant pathogens and control plant diseases (Barka et al. 2016). Chen et al. (2014) 
also reported that bacterial communities in different mulching treatments (grass, 
cornstalk and PE mulches) were significantly different compared to the control 
without mulch, and these changes were correlated with plant performance. However, 
other authors have reported a decrease in microbial activity under mulches (Moreno 
and Moreno 2008). This difference can most probably be explained by the amount 
of heating under the mulches: during the warmer seasons or in places with high 
temperatures, the mulches can raise temperatures above the optimum ones, whith 
limits the microbial activity of the soil; the opposite occurs during the winter sea-
sons (Moreno and Moreno 2008). Interestingly Muñoz et al. (2017) reported that 
the amount of the filamentous fungi in the soil was drastically reduced in PE mulch-
ing and this decrease was accompanied by increased production of mycotoxins. The 
authors relate this mycotoxin production to a stress-mediated response of mycotoxi-
genic fungi species against unfavorable soil environmental conditions.

Changes in soil microbiota also affect nutrient cycling and storage. The change 
in soil organic carbon (SOC) is the result of inputs from organic sources derived 
from plants and microbial decomposition and loss of CO2 (Nan et al. 2016). It has 
been reported that continuous use of plastic film mulch maintains the SOC level 
in temperature- and rainfall-limited semiarid regions by balancing the increase in 
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SOC mineralization with the increase in carbon input from the root (Wang et al. 
2016). However, other authors have reported changes in SOC levels under the 
mulches (An et al. 2015; Cuello et al. 2015; Zhang et al. 2017). This difference may 
be due to the times in which the mulching experiment was carried out, usually in the 
short-term, and these long-term dynamics are not captured. A recent study, which 
compared four BDMs at two locations in the United States, showed that nutrient 
cycle was the only soil function affected by mulch treatment and using PLA/PHA 
was reduced compared to no-mulch, in only one of the localities studied (Sintim 
et al. 2019).

The microbial communities in the soil are also directly affected by the degrada-
tion products of the films. Muroi et al. (2016) investigated changes in soil microbi-
ota associated with PBAT degradation. The surfaces of the PBAT film were enriched 
in fungi belonging to the phylum Ascomycota and affected the growth of specific 
fungal species in the bulk soil. On the other hand, the compositions of the bacterial 
flora were not strongly influenced by the presence of PBAT. The abundances of 
plant growth-promoting rhizobacteria, genera Azospirillum and Mesorhizobium, 
were approximately constant in all soil types during the course of 7 month incuba-
tion. A recent study on the impact of biodegradable seedling trays (BST) on micro-
bial communities in rice soils showed that the use of BSTs increases microbial 
activity and reduces the community functional diversity in early stages in certain 
soils (Meng et al. 2019). It should be noted that the microbial response to the BDMs 
can be affected by the type of soil and/or location. Li et al. (2014) e.g. found that the 
degradation of the cellulose paper mulch produces enrichment of fungi in one local-
ity and of Gram positive bacteria in another. Therefore, the application of BDMs 
should be evaluated in different regions and studies on degradation and long-term 
effects should be carried out, since the impacts of its application in the microbial 
community of the soil may be even greater.

Finally, there are not many studies carried out on the effect of the degradation of 
BDMs in the transformation of soil nutrients. A study conducted with biodegradable 
plastic material based on corn starch and copolyesters showed a total biodegrad-
ability and did not inhibit the nitrification potential of the soil (Bettas Ardisson et al. 
2014). However, effects on other nutrients remain unknown.

12.6  �Are Bio-based Polymeric Agricultural Mulch Films 
Improving the Quality and Yield of Crops?

Plastic mulch technology has played an important role in agriculture worldwide by 
helping counteract effects on soil, moisture and weed control. It was initially used 
to maintain soil temperature and humidity, thus facilitating seed germination and 
seedling growth by preventing evaporation and also reducing pressure and competi-
tion from weeds (Steinmetz et  al. 2016). Therefore, throughout cultivation time, 
plants grown under mulch films result in an improvement in crop yields and faster 
crop cycle times. The plastic film can be pre-punched, and the seedlings are planted 
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through holes or, alternatively, seeds are sown on the ridges and the holes are cut at 
the position of the seedlings. The first studies carried out by Rongsen (1994) showed 
that, depending on the implementation of plastic film technology, the production of 
chilli can be increased by 74%, tomato production by 52% and the production of 
garden peas by 31%. Nevertheless, most of plastic films included the PE remain in 
the field produce negative consequences in the environment (Subrahmaniyan et al. 
2006; Gao et al. 2019). Thus, the properties of short-term agronomic benefits and 
long-term soil degradation are currently being discussed (Steinmetz et  al. 2016; 
Kumar et al. 2018; Lamont 2005). Current studies are thus addressed to the develop-
ment mulch films made from biodegradable materials composed mainly of natural 
polymers such as cellulose, starch, PLA and PHAs. Fortunately, compared to PE, in 
addition to the ability to directly enter the soil and become microbial biomass, CO2 
and water (Bandopadhyay et al. 2018; Kijchavengkul et al. 2008; Briassoulis 2007; 
César et al. 2009), a large number of biodegradable mulch films have been shown to 
improve yield and quality of crops in different vegetables, including cereal as spring 
wheat (Li et  al. 2004) and horticultural species such as tomato and muskmelon, 
among others (Moreno and Moreno 2008; Saraiva et al. 2012).

The color of mulch films can also have an impact on the plant productivity 
(Scaringelli et  al. 2016). Below, some examples of studies will be interpreted in 
which different types of biodegradable and colored mulch films have been used with 
the intention of identifying successful case studies that could facilitate the imple-
mentation of crops grown under biopolymer cover. Since black mulches provide 
less soil warming than clear mulches are suitable in environments where harvests of 
warm season vegetables are grown in a short, cool growing season (Waterer 2010). 
Therefore, during three growing seasons were evaluated and compared by Waterer 
(Waterer 2010) different types of mulch: clear, black and selective wavelength, 
including biodegradable starch-based mulch, a non-biodegradable LDPE and a non-
mulch treatment. The clear and selective wavelength types produced beneficial 
effects on yields and crop development rates, probably by increasing soil tempera-
tures, especially at the start of the growing season of different plant species such as 
sweet corn, zucchini, cantaloupe, pepper and eggplant. In the third growing season, 
statically significant results indicate higher yields for crops grown under biodegrad-
able mulching.

In the case of tomato crop, a comparative study between black Mater-Bi® biode-
gradable mulch film (15 μm) and black PE film (15 μm) for weed control was carried 
out during a 2 year study in open fields in Spain (Cirujeda et al. 2012). Both mulches 
had similar benefits in crop yields and weed control, ranging between 80% and 100% 
for all of them. However, from the economic point of view, PE is the most recom-
mended. A previous and similar 2 year study (2004–2005) was conducted by Moreno 
and Moreno (2008) on tomato (Lycopersicon sculentum Mill.) cv Mina using seven 
mulch films (four non-specified biodegradable and three PE films) including dif-
ferent types of thicknesses (range 15–30  μm), width (1.20–1.35  m) and color 
(green, black, brown, blue/yellow), found that PE mulch films increased soil tem-
peratures relative to non-mulching soil. In addition, the temperatures under PE films 
were always higher than under biodegradable films, which represents a disadvantage 
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especially in hot climates and an advantage in cold conditions. During 2005, average 
mean soil temperatures changed between 26.6–14.8 °C under biodegradable mulch 
films while the average mean soil temperature varied between 27.4–15.1 °C under 
PE mulches. Probably for this increase of temperature, the lowest values of soil 
microbial biomass C and the mineralization of soil organic matter were detected 
under PE films. Throughout the growing season, biodegradable mulch films were 
progressively degraded, which caused the temperature differences in relation to the 
non-mulching soil were undetectable. Contrary to the previous study, Locher et al. 
(2005) using color mulch films did not detect any noticeable changes in tomato 
yield, suggesting that the differences in soil temperature between mulches are 
mainly due to their compositions. Similarly, to crop yield, no significant differences 
in tomato fruit shape, firmness, juice and solid soluble solid contents between all 
tested treatments were obtained, except for one of the biodegradable mulch films 
which showed the lowest yield value apparently associated to the earliest degrada-
tion of this material.

A study done by Morra et al. (2016) evaluating the qualitative and quantitative 
action of Mater-Bi® biodegradable mulch film in two cultivars of strawberry cv 
Fortuna and cv Sabrina revealed that both cultivars had a different behavior com-
pared to PE; meanwhile, the yield of cv Sabrina was 18% higher in PE, while the 
yield of cv Fortuna was 10% higher in Mater-Bi® biodegradable film (Morra et al. 
2016). In general, the quality of strawberry fruits was much more beneficial from 
the nutritional point of view for plants grown under Mater-Bi® biodegradable since, 
they had a higher level of antioxidant compounds (Morra et al. 2016). In this same 
sense, the action of biodegradable mulch sheets made from PLA, Ecoflex (from 
BASF) and modified starch were studied by Tachibana et al. (2009) on the growth 
and quality of mandarin orange groves cultivated in the field during 2004 and 2005. 
The inclusion of the modified starch in the film was probably appropriate due to its 
adequate degradability (Tachibana et al. 2009). Compared to unmulched oranges, 
the fruit quality measured by the Brix degree, the acidity index and peel color was 
better than that of plants grown under mulch films (Tachibana et al. 2009). However, 
in this study made by Tachibana et al. (2009) antioxidative metabolites were not 
analyzed.

More recently, Sun et al. (2018) investigated the use of peanuts as a model crop 
to test whether the biodegradable film can promote soil benefits throughout the 
growth stages of this crop. The authors evaluated biodegradable films with different 
degradation capacity based on four PBAT/starch ratios changing starch from 0 to 
20% and compared them with PE and whitout mulching as controls during 2013 and 
2014. In 2013, the degradation rates increased according to the increase in starch 
content in the film. However, degradation rates of the films in 2014 were slower than 
in 2013. In 2014, similarly to the trend measured for the net photosynthetic rate, the 
leaf area index was higher (~25% at 120 days after sowing) under mulch films com-
pared with non-mulch treatment. The application of the biodegradable film with 
PBAT/20% starch triggered the highest photosynthesis capacity and peanut yield 
because of adequate temperature and moisture in the soil. In the last stages of 
growth, the soil mulched with PBAT/15% starch maintained more water in the soil 
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and the highest peanut leaf area, the chlorophyll content and the net photosynthetic 
rate compared to the PE mulch films and the other biodegradable mulch films. 
However, the peanut yields under the biodegradable films were slightly lower 
(in average 4991.75 kg/ha) than PE (5304 kg/ha) mulch film; the difference between 
PBAT/15% starch and PE films was not significant.

Nowadays, the development of highly functional bio-based polymeric mulch 
films is emerging at the level of fundamental and applied scientific knowledge. In 
this sense, a new trend for bio-based polymeric mulch films is their uses as physical 
support for the controlled release of bioactive compounds. This is the case of a bio-
degradable PBAT/PLA blend with the herbicide 2-methyl-4-chlorophenoxyacetic 
acid (MCPA)-PHBV conjugate which suppresses the growth of weeds and results in 
a good candidate for field applications. The biological targeting of this MCPA-PHBV 
conjugate in the mulch film was assayed by Kwiecien et al. (2018) in Vicia faba as a 
model crop species. This blend specifically suppressed the growth of broadleaf weed 
species under greenhouse conditions (Kwiecien et al. 2018). However, the effective-
ness of this conjugate pesticide has not yet been proven in field bioassays.

Iwata (2015) warned that new biopolymeric-based mulch films could be pre-
pared from a strong knowledge of different types of biomass, including diverse 
sources of lignocellulosic compounds. Research on bio-based plastics, including 
the development of new materials and processing techniques is still required. Thus, 
this same author also emphasizes that this kind of study must be interdisciplinary. 
One of the main goals of the bio-based polymeric mulch industry is to achieve the 
highest possible crop yield and supply the right materials for sustainable agricul-
ture. Therefore, blends between different bio-based and biodegradable materials are 
studied more and more.

Despite the positive potential of the new bio-based materials, the application of 
biopolymer films has remained little expanded throughout the world, probably 
because they are more expensive and their breakdown is generally premature in the 
field (Kasirajan and Ngouajio 2012). In general, studies on the useful life of the 
material required for long-term crops mulching are also very scarce (Scaringelli 
et al. 2016; Touchaleaume et al. 2016).

Finally, in addition to bio-based polymeric mulch films, a recent technique based 
on spraying water solutions onto soil forming a biodegradable mulching could be 
another alternative and disruptive tool for modern and organic agriculture (Sartore 
et al. 2018).

12.7  �Conclusions

We in this chapter interpreted how bio-based polymeric agricultural mulch films can 
overcome the traditional PE plastic film technology. However, more basic research 
on bio-based polymeric films, including the development of new formulations and 
material processing techniques that can be used for their production as films is still 
required. It is well known that plastic film technology can increase the yield of some 
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crops compared to conventional agriculture. However, this new technology based 
on biopolymeric sources is still relatively new. It will be necessary to continue 
sharing experiences and promote awareness from different specialized fields of 
knowledge.

Despite the advantages of degradable films, several challenges still remain to be 
solved, especially some properties related to the quality of biodegradation products, 
the temporal control of degradation and its incidence on soil temperature. In addi-
tion, the type of mulch films used is a key issue for the effect on the soil, the yield 
and the quality of fruits. The fact that specific environmental conditions and each 
growth season have marked influences on the production and yield of the plants 
requires that the type and manner of use of mulch films should be optimized indi-
vidually for each crop species that is planned cultivate. More studies should be con-
ducted with a more diverse set of crop varieties on a wider range of types of cultivated 
areas before concluding on yield and on each type of biodegradable mulch films.

In addition, before agricultural mulches can reach the market, its properties must 
be adjusted to the corresponding standards. The European standard EN 13655:2002, 
which was used for many years as a reference for producers and researchers was 
divided into two standards, the revised version of EN 13655 for removable mulches 
(non-biodegradable materials based on PE) and the standard EN 17033 for materi-
als to be incorporated into the soil after the cultivation cycle. The new standard 
regulates not only the mechanical, optical and barrier properties as in standard EN 
13655, but also regulates the chemical composition, biodegradation in soil and 
ecotoxicity.

Biodegradation in several media (compost or soil) is a complex process that 
depends on different factors: abiotic and biological degradative processes. It is 
important to remark that the existence of standards that allow determining the 
biodegradability of the mulches is a crucial tool in the design of polymeric films for 
such agricultural application. The biodegradability and mechanic requirements 
demanded by this standard can be achieved by combining bio-based polymers such 
as PLA, PHAs and starch, although not without efforts. In addition, all commer-
cially available biodegradable mulches comply with EN 17033.

Bio-based plastics produced from natural compounds have particular and valu-
able properties. The use of additives and bioactive agents that could be released 
from bio-based polymeric mulch films should also be considered precisely because 
of their influence on the environment. With respect to its impact on soil, BDMs offer 
an environmentally sustainable alternative to PE plastic mulches. However, there is 
still a need to better understand the impact of BDM on nutrient biogeochemistry, 
microbial response and long-term effects in agricultural applications.
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Chapter 13
Agronomical Overview of Mulch Film 
Systems

S. Guerrini, C. Yan, M. Malinconico, and P. Mormile

Abstract  Mulching is intended to reduce or eliminate the aggression of weeds, and 
has been used for more than 10,000 years using different materials and techniques, 
increasingly advanced. A significant advance was obtained with the development of 
plastic materials for agricultural applications. Plastic mulch films for more than half 
a century have helped to control weeds, improving crop development and achieving 
greater yield in terms of quantity and quality, as well as reducing phytosanitary risks 
and irrigation water consumption, due to the reduction of soil evapotranspiration 
rate. Agronomic techniques and materials have been developed in recent years, pro-
viding new options and opportunities for growers. A brief introduction to the history 
of the mulch, the state of the art, and its market will be reported in this chapter. The 
recent evolution of mulch films will also be analyzed, in particular, the development 
and use of photo-selective and biodegradable mulch films in soil. This innovative 
solution aims to overcome the simple concept of mulch with the purpose of improv-
ing the agronomical performances by using photo-selective films, while biodegrad-
able films can contribute to environmental protection by eliminating the problems 
of collecting post-harvest plastic films. In this chapter different photo-selective 
mulch films, from their physical characteristics to the agronomic performances 
are discussed. Photo-selective mulch films for soil solarization are also highlighted. 
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The use of photo-selective mulch films in orchards will complete the overview on 
mulching. The current challenge and future steps in research and development is to 
perform photo-selective BMFs to combine the advantages of photo-selective effect 
with respect for the environment. Finally, the recent essays on the performances of 
photo-selective mulch films in China are presented.

Keywords  Biodegradable mulch films in soil · Photo-selective mulches · Plastic 
mulch films

13.1  �Historical Background and State of the Art

Mulching is a common and very old agronomic practice designed to cover the soil 
with different materials (organic and inorganic) to block the growth of weeds that 
adversely affect crops.

No one knows how and exactly when this practice was used for the first time, but 
it is true that our ancestors used stones more than 10,000 years ago in gardening 
applications as a method to inhibit the growth of weeds.

When Neolithic man approached agriculture, he discovered very early on that 
plants in their natural environment (e.g. in the forest), where there was an even distri-
bution of dry leaves and branches in the soil, grew better than similar plants in open 
field, where competition with weeds was strong and more aggressive. So, he just 
simulated the weed; the dry leaves and the wood residues, the sediments in the soil, 
prevent the growth of weeds, due to the combined effect of the block of solar radiation 
and the biochemical action of the decomposition of the organic materials (Fig. 13.1).

Fig. 13.1  Agriculture and mulch in the past
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When the Neolithic man understood that the presence of weeds was an obstacle 
to growth and learned to use straw, shrubs, leaves, twigs or stones that covered the 
soil to inhibit the growth of weeds, he invented the practice of mulch.

Several peoples (Egyptians, Etruscans, Persians, Romans) adopted the technique 
of mulching during 2500–3000 years before Christ. This practice continued for cen-
turies and was improved using alternative elements such as manure, pets’ dung, 
waste and seaweeds.

For more than 2000 years, seaweed has been a source of food for many cultures 
and countries bordering the oceans. It has also been used as animal feed, medicinal 
herbs and even dyes. The pioneers of the use of seaweed as mulch have been the 
Scottish and Irish farmers.

Many different materials were used for centuries for mulching such as: straw, 
dried leaves, bark of trees, cardboard, gravel, lapilli, jute, cocoa husks, natural fiber 
(mainly coconut and hemp), mulch and organic waste. The real revolution occurred 
with the advent of plastics in the 1960s. Films based on black polyethylene, with 
thicknesses of 50–60 μm, were widely introduced in agriculture as mulch.

Agricultural plastic films (greenhouse, mulch and silage films) are growing, along 
with other plastic items (e.g. irrigation pipes) for agricultural uses have increased their 
demand to almost double compared to 10 years ago. The areas that drive this increase 
are mainly Asia and Australia, especially China, which accounts for 70% of regional 
demand (as discussed in depth in Sect. 13.6). There has also been strong growth in 
Latin America, North Africa, the Levant and the Middle East (Reynolds 2018).

The state of the art of the use of agricultural films and the growth by region 
(year 2016) was reported in the literature (Fig. 13.2). Worldwide, the market size 

Fig. 13.2  Overview of the agricultural film market: 2016 demand and growth of films by region. 
Source EM estimates
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is 5,6 M tons, with an average annual growth of 7% (different in different areas), 
with a selection of growth in Asian areas, such as India, where the demand for 
increase in the food production is stronger.

13.2  �Mulch Films

Plastic mulch films have invaded the agricultural world in recent decades and so far, 
is a common practice to use black films to cover the soil (Garnaud 1988; Brown 
2004). These films are completely opaque to solar radiation, mainly in the visible 
(Vis) part of the solar radiation, and therefore, fully guarantee the “mulch effect”, 
which means non-germination of the weeds (Merino et al. 2018a). Recently, in this 
sector there was an interesting evolution due to new materials and concepts that 
overcome the concept of simple traditional mulching.

A film of plastic mulch has the following advantages:

•	 Soil protection against weeds, thus reducing reduces the use of herbicides.
•	 Protection of the soil against the weather, in particular cold and strong rains, 

which determines the erosion of the upper soil.
•	 Protection of plants against some parasites (Integrated Pest Management), reduc-

ing the use of chemical products.
•	 Preservation of soil moisture and temperature, reducing the need for irrigation 

(water saving).
•	 The increase in the formation of humus in the soil and, as a consequence, 

improves its organic and nutritional characteristics and this affects the quality 
and the quantity of the crop.

•	 Possibility of extending the agronomic cycle of crops.

Polyethylene-based mulch films played a leading role from the beginning and 
today plastic films, such as black, transparent and semitransparent (smoke), are 
widely used (Espi et al. 2006; Ramakrishna et al. 2006). Recently, innovative mulch 
films such as photo-selective, biodegradable and functionalized films are gaining 
much consideration (Mormile et al. 2012; Cerny et al. 2003).

The most common mulch films are monolayer, produced by extrusion of raw 
materials (sometimes recycled plastic). The most sophisticated mulches are multi-
layer films that are manufactured using two methods: the co-extrusion of multi-
layer blown films and the cast extrusion (flat die) (Merino et al. 2018b; 2019a, b). 
These films, which also contain additives (antioxidants) for ultraviolet (UV) protec-
tion, are available on the market in the relief version (cast) or smooth (blown) and 
in a wide range of thicknesses, widths and holes (with different distribution on the 
surface) according to the specific needs of the growers, the specifications (duration, 
soil characteristics and transplant times) and the type of crop.

The cast production method involves embossing while the material is hot, thus 
changing the surface of the sheet giving rise to a material of greater flexibility, soft-
ness and strength. This allows a better adherence of the sheets to the surface of the 
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soil and is particularly suitable for crops grown in high beds. It is possible to process 
raw materials that guarantee the highest level of mechanical strength and flexibility, and 
compatibility with all standards of mechanical testing due to multilayer co-extrusion 
technology (Mormile et al. 2017). Figure 13.3 shows different types of mulch films. 
This new type of mulch films will be covered in the following paragraphs.

13.3  �Biodegradable Much Films

Biodegradable mulch films (BMF) first appeared commercially on the market about 
20 years ago, and have since been used more extensively in a wide range of crops, due 
to their biodegradability in the soil and its characteristics of use. Nowadays, a wide 
literature is available, and all the aspects related to the functional characteristics such 
as the mode of use, the biodegradability and the ecotoxicological aspects, together 
with the agronomic results in different areas and climates have been analyzed. 
The following pages will summarize these different topics, with the aim of helping to 
better understand how these materials can be an innovative and useful solution to 
reduce the end of the useful life related to plastic mulch, the possible leakage of plas-
tics in the environment, the global production of unprofitable plastic waste and labor.

Conventional plastic films must be removed, collected and disposed of properly 
from the environment at the end of their use. The practice of burning plastic waste 
after use is banned in many countries, while the removal of plastic films from the 
field leads to accumulation in the soil (so-called “white pollution”), which can inter-
fere with growth and production of the crops.

It has been estimated that only in Europe in 2014 were produced 1326 thousand 
tons of agricultural plastic waste, and only 28% was recycled, 30% were sent to 
energy recovery, while 42% is still sent to landfills. This, as explained above, is due 
to the characteristics of this waste: heavily contaminated by soil, water and crop resi-
dues. In particular, the plastic mulch film can accumulate large amounts of contami-
nants, reaching up to 4 times its initial weight, which makes mechanical recycling 
economically unfeasible (European Commission 2018).

Fig. 13.3  Some of different types of plastic mulch films
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One of the main and oldest markets for BMF is Europe. The European 
Parliamentary Association (APE) has estimated that the size of the market for mulch 
film in the United States is 80,000 t, and European Bioplastics suggested that 5% of 
this market is represented by biodegradable mulches (APE Europe, http://www.
apeeurope.eu/statistiques). However, this market is growing and is estimated to 
reach USD 52.3 million in 2021 and USD 64.3 million in 2024 (Briassoulis and 
Giannoulis 2018).

13.4  �Definition and Characteristics of Biodegradable 
Much Films

When talking about biodegradable materials, clear definitions become essential to 
correctly use the term “biodegradability” according to the medium where the mate-
rial will end its life (soil for mulch films) and also to fully benefit from this property 
(Oranic Waste System (OWS) 2013). A complete BMF can be left in the soil, where 
it must be buried to put it in direct contact with soil microorganisms: the agents of 
biodegradation. A clear definition, supported by existing standards will also help to 
differentiate between BMFs and polyolefin plastics containing additives, which are 
not degraded, but simply segregate in the environment due to the effect of UV light 
(light) and/or the temperature (Gutiérrez 2018a). These materials eventually create 
plastic waste (and microplastics) that remain in the soil for a long time, since they 
have not proven to comply with the requirements of biodegradability and composta-
bility according to official standards (Oranic Waste System (OWS) 2013). It is worth 
noting in this regard that biodegradable materials are not necessarily compostable 
(Gutiérrez 2018b; Herniou--Julien et al. 2019; Gutiérrez et al. 2019).

13.4.1  �What Does Biodegradability Means? And What Are 
Biodegradable Plastics?

Biodegradation is a biochemical process during which the different aerobic or 
anaerobic microorganisms available in the environment convert plastic materials 
(produced directly or indirectly from photosynthesis) into natural substances such 
as water, carbon dioxide (CO2), methane (CH4) and compost (no artificial additives 
are required) (European Commission 2018). The biodegradation process depends 
on the surrounding environmental conditions (e.g. location or temperature) of the 
material and the application (European Bioplastic Association, n.d.).

Microorganisms (fungi, bacteria, protozoa) are the agents of biodegradation and are 
the transforming agents of organic macromolecules so that they can be used by plants.

To evaluate the feasibility of a material being biodegradable and not having 
negative effects in the end-of-life environment, national and international standards 
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have been developed (e.g. ASTM, UNI, EN, ISO). The biodegradability standards 
of plastics are based on the biochemical principles of the use of polymer carbon by 
microorganisms and their transformation into CO2 under aerobic conditions or CO2 
and methane (CH4) under anaerobic conditions. Standards provide the specification 
for an approved/failed test and also provide the basis for making claims about bio-
degradability in a specific environment (e.g. compost, soil, liquid). Since the biode-
gradability tests are always defined in relation to the specific end-of-life environment, 
the test schemes are configured according to the different conditions to which the 
test material is exposed. However, the different standards share the same test 
approach, based on:

–– The measurement of the biodegradation of the material as a percentage of mineral-
ization using the respirometric test. This means that the CO2 consumption or evolu-
tion at a given moment and temperature (depending on the temperature of the actual 
end of the useful life) and testing in parallel a reference material (usually cellulose) 
allows to define the approved/failed criterion. The minimum percentage for a mate-
rial to be considered biodegradable is 90% in relation to the control.

–– Ecotoxicology assessment: the polymer will not induce ecotoxicity effects on the 
main target organisms and will not increase the level of heavy metals (in accor-
dance with international guidelines and standards) in the final environment. In 
this case the approved/failed criterion are also given: it is important to evaluate a 
minimum required level of fragmentation in a composting cycle so as not to spoil 
the quality of the final compost. Studies have been published in the last 15 years 
evaluating the impact of BMFs on soils in terms of ecotoxicity. One of the first 
works published in this line was made by (Kapanen et al. 2008), evaluating the 
microbial population in the soils in which BMF was buried, demonstrating that 
no differences were observed. A more complete article published by (Sforzini 
et al. 2016) analyzing the quality of the soils, after the biodegradation of a biode-
gradable mulch, using a great variety of biomasses based on the representative 
organism of the different trophic levels in the food chains of the edaphic and 
aquatic ecosystems. In this study no negative effects on the soil were detected by 
using biodegradable mulches (Sforzini et al. 2016).

The biodegradation test carried out to verify the conformity of a plastic material 
with the biodegradation criterion of 90%, measures the “ultimate biodegradation”. 
Aerobic biodegradation is the transformation of a polymer (plastic material) into 
CO2, water and biomass. The evolution of CO2 is measured to quantify biodegrada-
tion. Currently there are no standardized methods available to measure the biomass 
produced during the biodegradation process. For this reason, the most reliable way 
to measure biodegradation is by measuring the CO2 evolution or O2 consumption, 
leaving out the reaction of the biomass produced. According to the scientific com-
munity, the values of biodegradation of a plastic material corresponding to or greater 
than 90% mean that complete biodegradation has been achieved. Recent studies 
analyzed in detail the steps of the biodegradation of a polymeric mulch film in the 
soil, showing how the carbon in the polymer is used by soil microorganisms and 
their fate in the soil (Sander 2019).
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The European Committee for Standardization (CEN) in 2018 published the first 
standard on BMF: EN 17033 – “Plastics - Biodegradable mulch films for use in agri-
culture and horticulture - Requirements and test methods”. This standard defines the 
requirements for biodegradable films, in terms of biodegradation in the soil (90% 
conversion of CO2 at 25 °C for a maximum time of 24 months, according to ISO 
17556 and ASTM D5988), more complete ecotoxicity tests (earthworms, nitrifica-
tion inhibition test, plants) and, finally, restrictions regarding different potentially 
harmful components, such as regulated metals and highly worrisome substances. In 
addition, the standards define the minimum mechanical and optical properties that a 
mulch film must have in order to have a good performance in the field.

Certification schemes based on the EN (TŪV Austria) and private label systems 
(OK Biodegradable SOIL) are available and used by the main producers of mulch 
films to certify the total biodegradability of their materials (TŪV Austria, OK 
Biodegradable Soil Programme n.d.). The main biodegradable polymers in the soil 
used for the application of mulch films are shown in Table 13.1. In this table the 
different agricultural applications of biodegradable and compostable materials are 
summarized as reported by Martín-Closas et al. (2017). Mulch films represent 50% 
of the applications for biodegradable and compostable materials in agriculture 
(Martín-Closas et al. 2017).

Table 13.2 presents the main raw materials and films of BDF producers (Martín-
Closas et al. 2017). Biodegradable certified mulch films are commercially available 
in the market with a thickness of 15 to 10 μm, mainly black (the master black batch 
is added in percentages of 5–7% to ensure that no light passes through the film). 
In addition, clear biodegradable films are present in the market and are used mainly 
for early production in crops such as sweet corn, corn or melon. The BMF can be 
mechanically placed in the field with the same equipment that is used for the 
conventional plastic mulch films (mainly low-density polyethylene - LDPE), with 
no particular differences if not to release the tension in the roll, in order to avoid 
extra-stretching.

Briassoulis (Briassoulis and Giannoulis 2018) has reported an exhaustive study 
on the mechanical and radiometric properties of two of the main certified BMFs 

Table 13.1  Main application of type of biodegradable polymers and share in agriculture 
(Martín-Closas et al. 2017)

Type of product Bioplastic material Share (%)

Mulching films PBAT, PBSA, BS-LA copolymer, PBLDA, TP 
Starch, PCL, PLA

51

Films for fumigation PBAT 3
Sheet/forestry films PBAT, PCL 12
Bands, tapes, ties PBAT, PBSA, PBS, PLA 12
Floating covers PLA 1
Nets PBA, PLA 4
Yarns, ropes PBS, PBA, PLA 3
Pots/planters PBSA, PBS, PBLDA 7
Other products (clips…) PBSA, PBS, BS-LA, PLA 10
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used (Ecovio® by BASF and Mater-Bi® by Novamont) in accordance with the 
requirements of EN 17033, to show its functionality. It is important to emphasize 
that BMFs have properties and behavior in the field that do not completely resemble 
conventional LDPE coverages, as they are different materials, with their own speci-
ficity and a different end of life. In general, BMF shows a greater permeability to 
water vapor and this aspect, in relation to the dynamics of water in the soil and its 
availability for plants has been studied. The first field study was conducted by the 
University of Pisa in 2005. BMF, LDPE and bare soil were compared with different 
irrigation systems in broccoli crops, evaluating the amount of water needed for dif-
ferent materials and the yields obtained (Magnani et  al. 2005). More recently, 
(Saglam et al. 2017) analyzed and proposed models for soil water dynamics under 
a raised bed cake pumpkin growing system covered with different types of mulches: 
BMF, LDPE and paper mulch. The results have shown that biodegradable mulches 
(paper and BMF) reduced evaporation by restricting water and vapor flow through 
the soil-atmosphere interface and therefore conserved water in the root zone. These 
materials proved to be a valid alternative to LDPE films. It was however stressed 
that a premature degradation of BMF could interfere with the soil water dynamics, 
allowing for greater water transpiration, where the soil is not adequately covered 
(Magnani et al. 2005). The differences do not change the effect of overall mulching, 
and in certain cases and for certain crops, the use of BMF is allowed when LDPE 
mulch films cannot be used.

13.4.2  �Applications

BMF guarantees the same agronomic functions as a LDPE film without having to 
be removed from the soil. Thus, biodegradability becomes a functional property of 
a material that is important and a tangible advantage in those cases where there are 

Table 13.2  Main biodegradable raw materials used for mulch films: company’s name, and 
commercial name (Martín-Closas et al. 2017)

Product Raw material Company

(a) Granulates

Biolice®/Biofilm® (BF) PBAT-cereal flour Limagrain Céréales Ingrédients
DaniMer® PHA DaniMer Scientific
Ecovio® (EcV) PBAT-PLA Basf Se
Mater-Bio® (MB) PBAT-TPS-Veg.oils Novamont S.p.a.
Meredian® PHA Meredian Inc.
Mirel® PHA Metabolix Inc.
So Green® P (3, 4 HB) Tianjin Greenbio Material Co. Ltd.
(b) Finishead garden, horticultural and agricultural products as films

BioBag Agri Film Mater-Bio® BioBag International AS
Biofilm Sylva Mater-Bio® GroenCreatie
Mater-Bio EF 04P Mater-Bio® Novamont S.p.a.
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risks of environmental contamination due to the leakage of plastic materials that are 
not properly disposed.

In general, BMFs are used to produce vegetables such as lettuce, zucchini, 
melon, strawberry and pepper. More than 15 years of studies highlighting the main 
aspects of BMF and different types of biodegradable polymers are available in 
terms of yield and quality of crops, precocity, weed control and, finally, in the 
degradation dynamics in different climates.

An extensive study has been carried out by (Martín-Closas et al. 2017), collect-
ing the main results in horticultural crops. In particular, traditionally mulched 
crops (e.g. table tomatoes and melons) from Mater-Bi® and Ecovio® biodegrad-
able films have shown that the yield and quality of the crops are comparable to 
crops mulched from LDPE films. When black films are not used early, the effect is 
remarkable (Magnani et al. 2005; di Cozzolino et al. 2015; Limpus et al. 2012; 
Candido et al. 2004).

In melon crops, 6 years of data are available at the Po di Tramontana Italian 
Research Center, demonstrating that black BMF films of 12 and 15 μm (Mater-Bi®) 
are comparable to 40 μm black LDPE films in terms of yield and quality of the fruits 
and the BMF films covered the soil for a sufficient period of time for the crop cycle 
(Guerrini et al. 2009). In melon crops, some studies have also been carried out usinf 
green photoselective BMF to increase the soil temperature and obtain an early pro-
duction, as well as to prevent the growth of weeds. The results obtained in a 2 year 
trial in Italy showed an increase in the yield both in number and weight of the fruits, 
since the green color improved the environmental conditions (soil temperature). 
In addition, according to the results of this work (Filippi et al. 2011), the green BMF 
has shown a better commercial quality than the black BMF and the LDPE films, 
especially for the sugar content and the degree of maturation. At the other extreme, 
green BMF has been shown to be more prone to early degradation in the exposed 
part and, therefore, commercial optimization is required, provided that these films 
are used in a crop with a more vertical canopy and, for therefore, offer less shade to 
the BMF (Filippi et al. 2011).

Some crops that do not normally use plastic mulches such as rice and wine 
grapes have been shown to benefit by using a BMF. In both cases, a plastic layer 
from the field at the end of the crop would be difficult to remove, with the conse-
quence of remaining in the environment.

In rice, the first trials in Europe began 4 years ago, in the field of low inputs, 
where the objective was to reduce the amount of chemicals introduced into the envi-
ronment. Black BMF (Mater-Bi® and Ecovio®) have been used, which shows good 
control of weeds and an “initiating effect” on the crop, which germinated 4–5 days 
earlier than plants that grow on bare soil and have a performance comparable to 
environmentally sustainable techniques such as “green mulching” or mechanical 
weeding (Guerrini S. Personal communication).

The use of BMF in French and Italian vineyards has shown the benefit of this 
technique compared to the use of LDPE films or bare soil where the weeds are con-
trolled the first year with herbicides or with mechanical control. In some areas, the 
first few years of planting plastic mulch films are used to control weeds and improve 
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crop growth, but these films are generally not removed from the field, where they 
will remain. Tarricone (2011), Gastaldi et al. (2012) and Gastaldi (2018) have shown 
that in southern Italy and France, respectively, BMFs are a valid technique to accel-
erate the growth of young grape, cutting in the first years of the fruits, with the 
results to obtain a higher yield in the first two years compared to bare soil, as well 
as a more developed rooting system Gastaldi (2018). Gastaldi (2018) also showed 
that this effect can be obtained in the southern France with a soil cover of approx.  
6 months from the plantation.

13.5  �Photo-Selective Mulch Films: Physical and Chemical 
Characterization

The concept of selecting the solar radiation that passes through a plastic film for 
agricultural use in order to determine the best physical and agronomic conditions for 
the growth and defense of crops is known since some decades as a “photo-selective 
effect” and, recently, it is gaining great interest and consideration both from plastic 
film producers and farmers (Torres-Olivar et al. 2018; Canul-Tun et al. 2017).

The selection of the solar spectrum contributes significantly to the success of the 
current agronomic practice and to the concrete improvement of production in terms 
of quality and quantity of crops. The management of sunlight is possible due to the 
use of special plastics, called photo-selective because their optical properties can 
select the part of solar radiation necessary according to the farmer’s requests in 
terms of the type of plant, the time of transplant and the period of culture. Since 
photo-selective films allow the soil to be heated or cooled at convenience, this can 
improve the climatic conditions in the greenhouse by selecting solar energy to 
obtain a high sterilization effect of the soil, thus reducing the presence of harmful 
insects or obtaining a high water saving.

In the last two decades, photo-selective plastic films have gained increasing con-
sideration, and today they play an important role for some high-quality crops. 
Growers of horticulture, fruits (strawberry, melon, peach, cherry), flowers, pots and 
nurseries have understood that due to the use of photo-selective films, they have 
superior advantages that traditional plastics cannot give.

The intellectual approach of agricultural plastic films, which is finally spreading, 
is that plastic is not only a cover, but could be an essential tool to exploit solar radia-
tion at best. Films with this target (mulching, solarization, low tunnel and green-
house covering) are gaining, year after year, important market shares.

In this scenario, the contribution of scientific research from chemistry, physics, 
materials engineering and agronomy is increasingly determining for the development 
of new materials for agricultural applications. New proposals for advanced materials 
with special properties are continuously offered by the leading industries in the agricul-
tural film sector. The agricultural films can heat or cool the soil, thus improving the 
growth of the plant and resulting in the best quality and quantity of crops, as well as help 
the integrated management of pests. In this section, the physical properties based on 
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experimental data obtained in recent trials, using some photo-selective films will be 
presented with the objective of evaluating the contribution of photo-selective mulch 
films on the growth of plants. The experimental results of the photo-selective films have 
been compared with those obtained with the traditional ones.

The physical characteristics in term of optical and thermal properties that are 
found in photoelective mulch films, determine the agronomic performance of the 
films used for mulching and, in general, for the solarization of the soil or to cover 
greenhouses. The experimental results show the high potential of this type of plastic 
film for agriculture and confirm the considerable potential that is still the subject of 
active research, whose objective is to demonstrate the advantages and peculiarities 
of photo-selective films and their contribution to the achievement of healthier 
products and more environmentally friendly.

Some photo-selective films that are among the most innovative in the interna-
tional market have been considered. In particular, a brown mulch film (for trans-
plants in winter) and a yellow-brown film (for transplants in summer), both have a 
thickness of 30 μm were selected.

As a first approach to the study of the considered films, the transmissivity as a 
function of the incident light wavelength ranging from 0.2  μm and 2.5  μm 
(UV-Vis-infrared regions of the solar spectrum) and in the IR region was mea-
sured. Up to 25 μm (medium infrared and far infrared regions) were obtained the 
spectra of the films considered using a two-module spectrophotometer, Jasco 
model 560. This preliminary information allowed to foresee the behavior of the 
films in their operative functions (mulching, heating or cooling and the blocking 
of IR radiation from the soil).

Figure 13.4 shows two transmittance spectra versus the wavelength of the 
brown film, in two regions 200–2500  nm (Fig.  13.4a) and 2500–12,000  nm 
(Fig. 13.4b). In the same way, the two spectra of the yellow-brown film are shown 
in Figs. 13.5a and 13.5b.

The spectrum of a traditional 30 μm thick black film is shown in Fig. 13.6 as a 
comparison. In this case, only the region 200–2500 nm was only shown, because 
also in the middle infrared region (MIR) the transmittivity is constantly zero.

It is worth noting that the spectra of the two mulch films (brown and yellow), 
ensuring the mulching function due to very low transmission capacity (< 6%) in the 
Vis region. For the brown film (see Fig. 13.4a) the transmissivity increases in the 
near infrared region (NIR) up to 80%. The high transmissivity in the NIR region is 
the necessary condition for the thermal effect, while the absorption peaks in the 
MIR are sufficient (Fig. 13.4b), because it means that this film blocks the heat emit-
ted from the soil, associated with the two peaks of wavelength around 3500 nm and 
6800 nm.

The low transmittance in the NIR region was noted for the yellow film, which 
corresponds to a high reflectivity that ensures the cooling function of the soil. The 
spectrum analysis of the black mulch film confirms that the film behaves only as a 
mulch film. On the contrary, the photo-selective films (brown and yellow), according 
to their spectra, from a theoretical point of view, could ensure the heating or cooling 
of the soil, respectively. To confirm this behavior, some of the essays were organized, 
which will be presented in the next section.
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13.5.1  �Experimental Results

The results obtained from the spectral analysis of the analyzed films were considered 
to organize some subsequent tests under real conditions with the in order to confirm 
the potentialities of the photo-selective films and being compared with the traditional 
ones. The objective of the first test was to verify the thermal capacity of the brown 
mulch film and measure the eventual increase in temperature compared to a traditional 
film (Mormile et al. 2012). In this experiment, under greenhouse conditions two lines 
with brown films and two lines with black films both with the same thickness of 
30 μm were used to cover the soil. Each line had three thermocouples at different 
depths (2, 5 and 10 cm) in the soil and temperatures were recorded for 12 hours every 
half hour. The temperatures as a function of time at 5 cm and 10 cm depth in the soil 
for the two films were reported in Fig. 13.7, while the difference in temperature (ΔT) 
between the two films was shown in Fig. 13.8.

The results shown in Figs. 13.7 and 13.8 clearly confirm that the brown film has 
very good thermal properties and can guarantee higher temperatures at the root of 

Fig. 13.4  Optical spectra of a thermal mulch film used for winter transplants in UV-Vis-NIR 
region (a) and IR region (b)
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Fig. 13.5  Optical spectra of a photo-reflective mulch film used for spring and summer transplants 
in UV-Vis-NIR region (a) and IR region (b)

Fig. 13.6  Total transmittivity (curve a) and reflectivity (curve b) vs wavelength of a common black 
mulch film in the region 250–1200 nm
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Fig. 13.7  Temperatures as a function of the time at 5 cm and 10 cm depth in the soil for the two 
compared mulches (brown film and black film): (a) brown mulch at 5 cm in the soil, (b) brown 
mulch at 10 cm in the soil, (c) black mulch at 5 cm in the soil and (d) black mulch at 10 cm in 
the soil

Fig. 13.8  Difference in temperature (∆T) calculated between the two mulches at different depths. 
Cross-point curve: ΔT at 10 cm in the soil, square black point curve: ΔT at 5 cm in the soil. 
The continuous curve represents the Gaussian adjustment of the experimental data
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the plant. This behavior, especially for winter transplants, offers many agronomic 
benefits, since it provides the plant with better conditions, without stress due to low 
temperatures, and helps the plant to better form its root system. These aspects give 
rise not only to a better plant state of the plant, but also determine the anticipation 
of the crop, a better quality of the products and, finally, an increase in terms of 
quantity. The yields described are confirmed by many agronomic tests carried out in 
recent years, which compare different types of mulch films for several crops, both 
in open field and under greenhouse.

An additional open field test was carried out in southern Italy (Foggia nearby), 
comparing the thermal contribution of the same mulch film to increase soil tempera-
ture in the area of the root plants. Four film systems: brown, black, transparent and 
yellow were compared in terms of temperatures at different depths in the soil 
(soil-film gap, 5, 10 and 20 cm). Table 13.3 reports the experimental data for each 
mulch film and the temperatures recorded in the soil.

As expected in the soil-film gap the highest temperature was found in the case of 
the black film, due to heat transfer by contact. The surface of the black film heats up 
more than others, and the heat is transferred directly to the contact layer, which in 
this case, is the soil-film gap. The yellow film, due to its high reflectivity, as expected, 
was not able to heat the soil. The brown film, because of its thermal properties, heats 
the part of the soil where the roots develop, and this, as is well known, is very 
important for the growth of the plants.

In order to evaluate the agronomic yields of the photo-selective mulch films, tests 
were carried out with four different types of mulch films for the cultivation of melon 
(cultivar Macigno/Clause-Tezier) under low tunnel conditions being compared with 
the one of traditional mulch films. A brown film, a black film and a transparent film 
was considered.

Some agronomic aspects related to the crop cultivation considered can be sum-
marized in Table 13.4. According to the experimental data reported in Table 13.4, 
the photo-selective brown film confirms its good performance compared to other 
traditional films.

Table 13.3  Temperatures at different depths in the soil using several mulch films

Film Soil-film gap (°C) 5 cm depth (°C) 10 cm depth (°C) 20 cm depth (°C)

Brown 30.7 26.6 23.5 21.7
Black 33 24.5 22 20.5
Transparent 30.5 25.5 22.3 19.5
Yellow 27.5 21 18 15

Table 13.4  Agronomical results

Plastic film
First week  
production (Kg/m2)

Average weight  
of the fruit (gr) Brix grade Mulch effect

Brown 6.2 1513 11.6 Yes
Black 5.8 1493 10.8 Yes
Transparent 6.1 1393 10.8 No
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13.5.2  �Functionalized Mulch Films for Saving Water

As described above, there is a type of film, belonging to the photo-selective, that 
works to cool the soil due to its high reflectivity to solar radiation, in addition to the 
mulch (Mormile et  al. 2015; Rippa et  al. 2018). This property allows to avoid 
damages caused by the high temperatures during the warm period of the transplants. 
In this section, the optical properties of photo-reflective mulch (PR) films will be 
considered, as well as some experimental results of trials organized in different 
geographical conditions will be presented with the aim of demonstrating that it is 
possible to save water in agriculture and, finally, an estimate of the percentage of 
water saved compared to traditional mulches will be reported.

The main objective of the tests was to demonstrate that PR films (yellow, silver 
and white) offer the possibility of water saving in agriculture. The test was carried 
out in the greenhouse and several films (two PR mulches and one black as refer-
ence) were tested using an automatic irrigation system in each parcel, according to 
the water content in the soil. This system also allows the acquisition of data, in order 
to calculate day by day the water consumption for each line covered with different 
mulch films. It has been shown in accordance with the experimental results that the 
use of the PR mulch film could contribute a valuable contribution to the water prob-
lem in agriculture, which is the massive water consumption.

The critical phase of the transplant, due to the stress induced by the edge conditions 
such as the type of soil and its temperature and the temperature around the baby-leafs 
can be overcome due to the high reflecting action of the solar radiation that reduces 
the temperature in the surface of the mulch film. In addition, the temperature variation 
between the film and the soil results in the water condensation, which is the basis for 
water saving. This means that after the irrigation, due to the effect of condensation, the 
water remains in the upper layer of the soil so that it is fully exploited by the root of 
the plant. In the case of black mulch, the situation is completely opposite. This means 
that there is no water condensation that descends by gravity in the soil, away from the 
roots of the plants. A schematic representation of a mechanism that mainly affects 
water saving is shown in Fig.  13.9. An approach to solving the problem of water 
sources was presented here, demonstrating through experimental results of the trials 
that it is possible to save water with this simple method.

13.5.3  �Materials and Methods

The optical characteristics of the yellow mulch film considered for the tests were 
shown in Sect. 13.5.1 (Figs. 13.4a and 13.4b). For each test, the same experimental 
configuration was adopted (Fig. 13.9), based on the use of tensiometers to control 
soil moisture near the roots.

Three different parcels were considered: one is bare earth (a), another is covered 
with a traditional black film (b) and the last is covered with a yellow PR film (c). 
The automatic irrigation system is independent for each parcel, which means that 
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the irrigation process is executed entirely by the output data of the tensiometers 
placed in each parcel. In other words, the water needs for each parcel are monitored 
through tensiometers (Fig. 13.10).

When the humidity in the soil decreases below a threshold value, the output 
tensiometer signal (soil water voltage) enables the irrigation system for each parcel, 
and the water meter measures the amount of water supplied until the soil moisture 
tension returns to the reference value. At this stage, the water pump is switched 
off and the amount of water is automatically recorded. The objective of the 
experimental activity was to evaluate and quantitatively demonstrate that PR 
films (yellow, silver or black) offer the possibility of water saving on crops. Tomato 

Fig. 13.9  Schematic representation of the state of the water in the soil according to the different 
situations

Fig. 13.10  Experimental 
configuration adopted for 
the tests. (A) bare soil, (B) 
black mulch, (C) PR 
yellow mulch, (D) driver, 
ADS) acquisition data 
system, AIS) automatic 
irrigation system, WD) 
water distributor and WM) 
water meter
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and melon crops in two different farms were tested and monitored in terms of water 
consumption for each parcel with the system described for the entire plant cycle. 
The water consumption data were stored day by day for A, B and C parcels mulched 
with PR yellow films (C), with black (B) and bare soil (A) (Fig. 13.10).

The soil water tension as a function of time for a few days during a trial is shown 
as an example in Fig. 13.11. The minimums of the curve indicate the threshold value 
at which the irrigation system (including the system for measuring the amount of 
water used) begins to work. In this way, it is possible to monitor hour by hour the 
water consumption for each parcel.

The data of each parcel was collected and used to calculate the theoretical water 
consumption for 1 ha in the case of bare soil, yellow and black film. This estimate 
is presented in Table 13.5.

The percentage of water saved is referred to YM with respect to BM. It indicates 
that with a very simple adjustments, as the use of a different mulch film, in the 
traditional agronomical practice, it is possible to save water up to 30%.

13.6  �State of the Art in China

Plasplastic film mulching was introduced for the first time in the late 1970s (1979)
in China, and since the early 1980s it has been used commercially to produce veg-
etables. It has also been further developed in different types of mulching, including 

Fig. 13.11  Soil water tension as a function of the time

Table 13.5  Experimental data of water consumption (m3/ha) for each parcel and water saved (%)

Product BS (m3/ha) YM (m3/ha) BM (m3/ha) S (%)

Tomato 3720 1120 1471 23.8
Melon 2231 1022 1412 27.6

BS: Bare Soil, YM: Yellow Mulch, BM: Black Mulch and S: Saved Water (%)
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flat mulching, mulching with ridges, partial and total mulching of the land surface, 
etc. In recent years, plastic mulch films are playing an important role in Chinese 
agriculture, due to the advantages for the growth of plants, which affect both the 
quality and the quantity of the crop. In the last three decades, the areas dedicated to 
agriculture in the open field increased drastically and in parallel the consumption of 
mulch film was also exploded. Two graphs are shown in Fig. 13.12, where trends and 
forecast can be observed until 2025 for the use of mulch films in China. In addition, 
the introduction of special mulch films, in the Chinese agronomic system, represents 
a qualitative step forward for the improvement of agricultural production.

In 2012, around 13% of China’s farmland was mulched, representing 60% of the 
plastic film used for agricultural crops in the world. Previous studies have focused 
mainly on improving crop yields and water use efficiency (WUE) of the main crops, 

Fig. 13.12  Trends in the areas for open field agriculture in China and the relative consumption of 
mulch films, with a forecast of up to 2025
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i.e. corn, peanuts, cotton wheat and potatoes by mulching in specific sites or regions. 
However, a rational use of plastic films, respecting the environment is also required. 
No comprehensive studies are available to evaluate the impact of film mulching on 
the yield and WUE of all crops in China.

The growing world population demands a 110% increase in crop production by 
2050 to ensure food security and adapt to changes in diet. However, since 1990, crop 
yields have stagnated in many parts of the world, representing a major challenge for 
global food security (Alston et al. 2009; Chen et al. 2014). Innovative solutions are 
needed to increase efficiency in the use of crop system resources to produce more 
grains per unit area. In China, the country with 1/5 of the world’s population, a 
simple plastic mulching film technology has helped increase crop productivity by up 
to 180% in Gansu Province (Yan et al. 2015). It can be seen here that plastic mulch 
has helped Chinese farmers increase their crop productivity by more than 40%. We 
used data, including 3570 pairs of crop yields and 1327 pairs of field evapotranspira-
tion measurements collected from 1095 publications and 6 long-term experiments 
across China, to conduct a meta-analysis (Rippa et al. 2018). Our results showed 
that the plastic film mulching improved crop yield and WUE by 45.5% and 58.0%, 
respectively. The highest yield increase occurred in the dry (annual precipitation 
<400 mm) and relatively warm areas (total thermal time 3000-4000 °C, base ≥0 °C). 
In 2012, the estimated contribution to yield increase from plastic film mulching was 
3.0 × 107 metric tons for the three main wheat, corn and rice crops in China. In sum-
mary, plastic film mulching increased crop yields more than any other technique in 
semiarid and arid areas of China. New and degradable films are being developed to 
minimize negative impacts on the soil and the wider environment. This provides an 
example to use the technology in other regions of the world (e.g. Central Asia) to 
advance the productivity of crops for global food security.
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Chapter 14
Mulch Plastic Systems: Recent Advances 
and Applications
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Norma D’Accorso, and Silvia Goyanes

Abstract  In the field of agriculture, the introduction of mulches revolutionized the 
commercial production of some vegetables, fruits and grain crops due to its instant 
economic benefits such as higher yields and improved crop quality. While the agri-
cultural surface assisted with mulching films shows growing demand throughout the 
world, the sustainability of these films remains vague in terms of both an environ-
mental and agronomic perspective. This chapter describes the evolution of the films 
used with special attention to the associated problems of undesirable end-of-life of 
non-biodegradable plastic mulch (non-BDM) films as compared with BDM designed 
to degrade without hazard to biota. Current trends in future, new production tech-
niques for these films such as electrospinning as well as standardized laboratory 
testing processes are also discussed.
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14.1  �Introduction

In many fields especially in agriculture, the introduction of mulches revolutionized 
the commercial production of some vegetables, fruits and grain crops. Mulching is 
an essential cultural technique that can reduce the amount of work inherent in gar-
dening; helping to produce healthier plants and potentially increasing vegetable 
yields. Mulching is one of the most beneficial practices for soil preservation in plant 
production (Merino et al. 2019a). It also benefits for growth, annual and perennial 
yield and health of crops, weeds and plants and its low costs make them a wide-
spread technique.

Mulch is defined as any material, synthetic or natural, that is spread or laid as a 
cover over the surface of the soil. Its main purpose is to retain moisture in the soil, 
increase or decrease soil temperature, suppress weeds, prevent nutrient leaching, 
and more efficient use of fertilizers and soil nutrients (Kasirajan and Ngouajio 
2012). The vantage of mulches includes early seeding and transplanting of certain 
crops and encourages faster growth. In this sense, it forms a layer between the soil 
and the atmosphere which prevents sunlight to reach the soil surface, diminishing 
the evaporation. It is worth mentioning that mulches also provide a physical barrier 
to soil pathogens and increases water infiltration into the soil. The type and depth of 
mulch as well as the time of the year in which is applied, will depend on the func-
tion, purpose and aesthetic value of the crop or landscape, as reported by many 
researchers (Cushman et al. 2005). It is usually applied in spring and early summer 
but there are several cases in which they are used all along the year. There are also 
some problems related to the use of them, e.g. the slower-maturing of crops, the 
specialized management and the cost. Table 14.1 summarizes the benefits and dis-
advantages of the use of mulches.

In this chapter, we will review the use of mulches in agriculture, with special 
reference to biodegradable mulches and the new developments in the area. We will 
also focus on the structure and the possibility of charging them with additives, relat-
ing them to its application. It is also an aim of this chapter the review of the new 
advances in this field, especially the development of woven mulches made by elec-
trospinning and also the multi layers mulches.

Table 14.1  Advantages and disadvantages of mulching

Advantages Disadvantages

Improves nutrients Slower-maturing costs
Weed suppression Retards the heating of the soil by the sun
Water retention in the soil Cooler temperatures above and below mulch
Encourage favorable microbial activity Cover crop mulch re-growth
Reduced soil erosion Cover small slugs
Increased soil quality Removal and disposal (for plastic mulches)
Enhanced nitrogen availability High production cost (for plastic mulches)
Reduced fertilizer leaching Specialized management
Earlier and higher overall yields Special equipment required
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As mentioned above, there are many types of mulches which goes from the 
conventional mulches, organic and inorganic mulches, to the special materials 
which include all the bio- and photodegradable plastics that have recently been 
developed and studied.

14.2  �Conventional Mulches

The organic and inorganic mulches can be mentioned among the conventional 
mulches. Organic mulches proceed from living materials, such as bark, plant and 
animal waste. They are usually obtained as a byproduct of other industries such as 
lumber and paper. The advantages of them rely in the low cost, the natural appear-
ance and the fact that they allow the infiltration of water and oxygen. Its main char-
acteristic is that they readily decompose, improving soil structure and quality, and 
returning nutrients to the soil and maintain the tilth (Tindall et al. 1991). Because of 
decomposing they decay over time and are temporary. The replacement frequency 
can be mentioned as a main disadvantage. The fact that it moves around and becomes 
displaced and that, sometimes, pests can grow if it is too close to the tree trunks and 
that its quality is inconsistent, and more labor is required to spread it.

Inorganic mulch is understood as any material derived from not living sources 
such as rocks or gravel. These types of materials also known as mulches, and are 
generally used to create barriers to weeds and for landscape fabric (decorative 
purposes). Inorganic mulch, such as rocks or gravel, does not readily decompose. 
Rocks absorb and reflect heat which can be detrimental during hot, dry weather. 
Because inorganic mulches do not decompose rapidly they do not improve the 
quality of the soil.

Thus, the use of plastic mulches in agriculture increased dramatically throughout 
the world in the last few years (Lamont 2017). Plastic mulches are often manufac-
tured from synthetic materials such as polyethylene (PE) sheets and petroleum 
based products. The advantages of these types of mulches, relies in the low cost of 
maintenance, the low frequency of replacement, the versatility and liability. The 
difficulty of installation together with the cost of them is one of its negative points.

While bio-based mulches are biodegradable and compostable, i.e. they are 
decomposed in a relatively short time, the synthetic plastic mulches derived from 
petroleum are not easily decomposed, thus generating pollution since they remain 
in the environment. Plastic mulching has become popular in agriculture due to its 
instantaneous economic benefits, which results in higher yields, earlier harvests, 
better fruit quality and greater efficiency in water use (Steinmetz et  al. 2016). 
Synthetic mulches are easy processing, have excellent chemical and mechanical 
properties, are cleaner and impermeable to water but also to nutrients (Lamont 
1993). With the time, they deteriorate with the exposure to sunlight. It is important 
to highlight that an ideal plastic mulch must be adjusted to certain characteristics 
such as flexibility and rigidity enough to be able to eliminate it from environments 
(Kasirajan and Ngouajio 2012).
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We will focus our attention in the plastic derived mulches and the advances in the 
next section. We will also discuss the additives and characteristics of these mulches.

14.3  �Plastic Mulches

The term plasticulture refers to the practice in which plastic materials have their 
performance for agricultural applications (Merino et  al. 2019b). Generally, these 
plastic materials are also known as “ag plastics” and most of them are based on non-
renewable petroleum-based polymers. In this category (plasticulture or ag plastics) 
are included soil fumigation film, irrigation drip tape/tubing, nursery pots and silage 
bag, but this term is often used to describe all kinds of plastic plant/soil coverings. 
There is a wide range of coverings that goes from plastic mulch film and row cover-
ings to plastic greenhouses.

In recent years, the use of plastic mulches has increased due to the fact that: (1) 
better production yields, (2) earlier maturation of the products, (3) higher quality of 
the products, (4) control of insect/disease and (5) not least the low cost (Kasirajan 
and Ngouajio 2012). It is interesting to note that these polymers mulches can be 
modified to incorporate different additives (dyes, plasticizers, antiblock agents, 
antioxidants, flame retardants, and photodegradable additives) with the aim of mod-
ifying, improving or minimizing properties according to the use or the application 
area (Wright 1968). It is well known that these mulches directly affect the microcli-
mate around the plant by modifying the radiation budget of the surface and decreas-
ing the soil water loss and the heat gain by the soil (Liakatas et al. 1986). It is worth 
noting also that the control of insects or diseases, usually incorporates an antiblock-
ing agent in the plastic film. This is a substance that inhibits the adhesion of the 
surface of the films.

As mention before, the main aim for using plastic mulches is the protection of 
seedlings and shoots by maintaining or slightly increasing the temperature and 
humidity of the soil (Tarara 2000). All these issues made plastic films an upcoming 
technology which governs the majority of the covered agricultural surface. A clear 
advantage is also the fact that these mulches are placed in the field and can be 
plowed on them. On the other hand, mulches modify the microclimatic conditions 
and, in some cases, increases biological degradation of litter and soil organic matter. 
A great limitation of these mulches constitutes the non-biodegradability, the null 
compostability and the great problem of the final disposal of the films, which gener-
ally cause pollution and contamination, which makes their elimination necessary 
(Kasirajan and Ngouajio 2012). Thus, degradation of PE mulches needs synergistic 
action of photo- and thermo-oxidative degradation and biological activity 
(Hakkarainen and Albertsson 2004). This decomposition takes more than 300 years 
in soil, could lead to degradation harmful products such as aldehydes and ketones, 
which are not completely eliminated, so that remains of 5–10% of the mulch resi-
dues (Ghimire et al. 2018). Another undesirable byproduct formed when the mulch 
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is burned is 1,4-dioxane, which is released into the air causing pollution. It is 
estimated that around 60% on average is not removed from the field, which implies 
that a significant amount of money, up to $288 per acre must be assigned to the final 
disposal (Galinato et al. 2012).

In this sense, it is important to note that the thickness of mulch influences the final 
residues to be released. Thus, a thicker mulch film has a lower degradation rate, 
which results in a greater elimination or contamination problem. To see the influence 
of the thickness of mulch films used, Table 14.2 shows the mass remain in soil after 
harvesting of non-biodegradable inert mulching film (fragments) per hectare of crop, 
taking for example a low density PE (LDPE) as the most used material in this type of 
mulch, with an average density of 925 kg/m3 for LDPE and with the known data: 
185.0 kg of mulch film per hectare of crop is needed (Bioplastics.org):

The most used mulches are made mainly from PE, polypropylene (PP), polyvi-
nyl chloride and ethylene vinylacetate. One of the first plastic mulches used for this 
purpose was made from PE, its development dates from 1939 and its industrial use 
was made at the beginning of 1950s. The PE resin is available in the form of pellets, 
which when are treated by slot casting or blown bubble, films can be obtained 
(Clarke 1987). PE mulch films can be obtained as linear or branched polymers 
(Fig.  14.1), which influences directly the properties of the final product. High-
density PE (HDPE) and ultrahigh-molecular-weight PE (UHMWPE) are the linear 
versions, while LDPE or linear LDPE (LLDPE) are branched. PE also comes in an 
increasing variety of kinds such as very low-density PE (VLDPE), ultra-low-density 
PE (ULDPE), PE elastomer, ethylene vinyl acetate (EVA) copolymer and ethylene-
methacrylic acid (EMAA) copolymer.

HDPE mulch films have a higher density and rigidity compared to LDPE mulch 
films as might be expected. This due to the minimal branching of the polymer chain 
which leads to good packing of the polymer chains. The most common PE mulches 
are made from LDPE (density values ranging between 0.91–0.94 g/cm3). LLDPE 
and HDPE are also used, but less for these purposes. As mention before, LDPE is a 
white material with high degree of ramification which results in a low density poly-
mer with excellent properties such as good thermic and chemical resistance, excel-
lent tensile strength, good resistance to the impacts and high durability and flexibility 
(Clarke 1987; Lamont 1993; 2017). There are many reports on the uses of PE mulches 
in vegetable production. The advantages of its use in agriculture are well documented 
for crops such as cabbages and vegetable production (Emmert 1957; Bryan 1966) 
of muskmelons, watermelons, cucumbers, tomatoes, peppers, eggplant, sweet corn, 
to mention some (Lament 1993).

Table 14.2  The LPLE mass 
remains in soil after 
harvesting of non-
biodegradable inert mulch 
film (fragments) per hectare 
of crop

Thickness (μm)
Average collection 
rate (%)

Mass in kg per 
ha of crop

10 25 62.9
20 32 46.25
25 90 23.13
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14.4  �Effect and Influence of the Color on PE Mulches

The color parameters of an agricultural mulch film together with the optical proper-
ties are directly related to its radiometric properties and will influence the tempera-
ture of the surface and the microclimate around the vegetable plant (Tarara 2000). 
This is because parameters such as reflectivity, absorption capacity or transmittance 
depend on incoming solar radiation (Lamont 2017). Mulches will prevent the 
growth of weed species as a result of the reduced transmission of light by the mulch. 
Ngouajio and Ernest (2004) studied the influence of color on certain properties of 
PE mulch, such as light transmission, weed populations and their relation to light 
transmission. They concluded that there were differences in the ability to transmit 
light through the colored mulches, and that this affected the germination and growth 
of weed seeds.

The most common colors used in plastic mulches are black, red, green, clear, 
beige and white, as well as combinations of them are also found, e.g. white on 
black. A black plastic mulch will absorb most of the wavelengths, which will then 
be lost as thermal energy, thus increasing the soil temperature up to 10 cm depth. 
This is the type of mulch chosen to produce vegetables in USA (Lamont 2017). 

Fig. 14.1  Linear and branched polyethylene
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On the other hand, the transparent plastic mulches do not absorb many solar 
radiation, but in contrast, they do transmit the solar radiation. These transmis-
sions depend on the thickness and degree of opacity of the PE. As a consequence, 
the inner part of the mulch is covered by condensed water that will retain the heat 
produced by the transmission of the radiation. These mulches are found in cold 
regions where heat is needed to preserve, but strict control of the weeds is needed. 
Finally, if a slight decrease in temperature is desired, then the correct choice is 
white, silver or white on black. This is because they reflect most incoming solar 
radiation (Lamont 2017).

With this in mind, many scientists have based their research on this issue (mulch 
color) and its influence on the growth of different vegetable crops (Gordon et al. 
2008; Streck et al. 1995; Brault and Stewart 2002; Ban et al. 2009; Abdalla et al. 
2016). In these sense, Streck et al. (1995) related the color of PE films with soil 
temperature and yields of tomato production. They observed that transparent 
mulches allowed higher temperatures in the soil and that the yield of the tomato was 
not affected by the color even though a higher yield was observed in the opaque 
mulches, especially in the whites. Brault and Stewart (2002) also studied the effect 
of optical properties of paper mulches as compared to PE-colored mulches for weed 
control in lettuce crops. They concluded that all the PE-mulches used maintained 
stable their optical properties and were able to control weeds. In the same way, a 
research on watermelon production was carried out by Ban et al. (2009) using five 
different colors (black, white, clear, green and brown) for the PE films. They 
observed that the best results in terms of plant growth and early yield were obtained 
for transparent PE mulches with respect to the results obtained for white films. No 
differences were observed for brown and green mulches. Later, Abdalla et al. (2016) 
reported on a study of four plastic mulches of different colors in the quality of 
potato crop, and showed that the lowest rate of germinated tuber was obtained when 
transparent mulch was used. It was interesting to note that when covering a field 
with black plastic mulch, a low rate of field emergence and the highest percentage 
of foliage dry weight was obtained, while white sheets resulted in the highest 
number of stems.

14.5  �Plastic Mulches Together with Row Covers

Other approaches uses row covers along with colored plastic mulches to produce a 
crop, as demonstrated by Gordon et  al. (2008). This research group studied the 
effect of different mulch color with and without the row and concluded that the 
coverage of the row affected the plant height and the stem diameter, but the colored 
mulch did not increase early fruit yield. It was interesting to note that the mulch 
color and the year significantly affected air and soil temperatures and row cover 
significantly affected the air temperature.
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14.6  �Mulches as Repellent of Pests

Plagues are a serious problem with regards to vegetable production and in this 
sense; many researches focused their attention in the utilization of PE mulches as 
repellents of pests, fungus and viruses. Since depending on the color of the plastic 
mulch, the amount of light transmission through the mulch and the weed of the soil 
can be controlled, this directly affects the development of several pests and plagues 
(Decoteau et al. 1989). One of the first pioneers in this field was Adlerz and Evereit 
(1968), who tested white PE mulches as repellent of aphid vectors of watermelon 
mosaic virus. The results were that these PE mulch trapped more aphids than over 
the bare ground. Moreno and Moreno (2008) demonstrated that the use of PE films 
resulted low values of soil microbial biomass and soil organic matter mineralization 
compared to biodegradable mulches, which will be explained later.

14.7  �Photodegradable PE Mulches

In order to solve the problem of the non-degradation PE mulches, photodegradable 
plastics are considered for degradable mulch applications. Usually these plastics 
contain antioxidants and photodegradation catalyst. The main disadvantage is the 
continual use of non-renewable resources. There have been several attempts to use 
materials that are ultimately degraded for the reasons explained above. In this way, 
Romic et  al. (2003) evaluated the effects of different mulch materials, including 
transparent photodegradable PE film and paper biodegradable cellulose mulch, and 
irrigation systems in the culture of watermelons. They concluded that the PE 
mulches allowed an earlier harvest and that the better results were obtained using 
the black film (104.5 t per ha in 1995 and 79 t per ha in 1996). It was remarkable 
that clear mulches led to early growth, but did not give higher yields, maybe because 
of an earlier photodegradation of materials.

14.8  �Other Alternatives to PE Plastic Mulches

Although, the most used plastic mulches are the one made from PE, other 
approaches have also been tested for this purpose. For instance, the well-known 
paper mulches have been uses since the early 1931 for potato crops (Smith 1931). 
It was thought that these mulches were a good alternative due to the easy and fast 
biodegradation, but they have the limitation of the initial cost of paper and the need 
to take care of the crop to avoid paper injuries. An interesting approach was made 
by Sanchez et al. (2008) who used mulches made from shredded newspaper and 
newspaper sheets as weed suppressors in cucumber crops. Another alternative for 
PE mulches were the PP mulches. These mulches are usually restricted to 
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perennial crops. Some stimulating advances have used black PP woven mulch in 
potato crops, which shows that these PP mulches had a positive effect on soil tem-
perature and early emergence of potatoes (Dvořák et al. 2001). PP woven fabrics 
were also applied as agricultural mulch materials in rubber plantations, dry leaves 
and coconut tree mats (George et al. 2015). The results were an improvement in the 
retention of soil moisture, as well as suppression of weed growth.

14.9  �Biodegradable Mulches

In order to introduce eco-friendly alternatives to replace synthetic polymers as 
agricultural mulch materials, it is first necessary to evaluate their biodegradability 
and compostability. Biodegradation in soils is a process of assimilation of organic 
material by the microbial population present in the soil (bacteria and fungi) as a 
food and energy source. These microbial populations use organic carbon to extract 
biochemical energy to boost their life processes through the aerobic oxidation of 
usable organic carbon (de Wilde and Deconinck 2017). In polymers, this summary 
process can be expressed by Eq. 14.1:

	
C O CO H O C Cpolymer biomas residual+ → + + +2 2 2 	 (Eq. 14.1)

Equation 14.1 shows that most of this organic carbon is converted into carbon 
dioxide (CO2), while a minor part is converted into microbial carbon (the so-called 
biomass yield or Cbiomass in the equation) and Cresidual.

Biomass yield is typically between 10% and 40% depending on the substrate 
which is converted. The Cresidual consists of (partially) undegraded polymer but can 
also be metabolites (to be considered as in-between degradation products). The CO2 
is the only one that can be quantified technically and analytically, for this reason 
speak of 100% complete biodegradation of a polymer is not correct, even though 
this expression is found in multiple references. It should also be noted that addition-
ally, the rate and level of biodegradation of a polymer is determined by their envi-
ronmental conditions. These conditions vary, since they depend on moisture content, 
oxygen availability, pH value, temperature, types of microorganisms.

One of the methods used to determine the biodegradation of a polymer in soil is 
the international standard ISO 17556 Plastics: Determination of the ultimate aero-
bic biodegradability of plastic materials in soil International Standardization 
Organization (ISO) 17,556 Plastics, by measuring the oxygen demand in a respi-
rometer or the amount of carbon dioxide evolved (2012). This test is considered 
valid only if the degree of biodegradation (based on carbon to carbon dioxide 
conversion) of the reference material (cellulose), has reached 60% or more at the 
plateau phase or at the end of the protocol.

Although there is no standard specification at the level (ISO) for biodegradation 
of polymers, but by agreement at the Committee European of Normalization 
(CEN) level, a polymer is considered completely biodegradable when at least 90% 
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(absolute or relative to cellulose) of the organic carbon present in the polymer 
(C polymer) is converted to CO2 within a maximum period of 2 years. However, 
since January 2018, the European Standard EN 17033 was released; this novelty is 
presented after this section.

The soil depth where these plastic fragments typically end after use is presumed to 
be 20 cm, which corresponds to the normal depth of soil tillage. In other words, at the 
end of each cultivation period, for 20 μm of thickness, 46.25 kg of (non-biodegradable) 
PE film fragments will end up in a volume of soil equal to 2000 m3.

The level of accumulation when using 20 μm PE mulch films and one cultivation 
period per year increases to 462.5  kg mulch film (fragments) per hectare after 
10 years, 2.3 t per ha after 50 years and even 4.6 t per ha after 100 years (Fig. 14.2). 
It must, however, be noted that these figures are average figures and the actual accu-
mulation load depends on the thickness and density of the PE mulch film used, and 
the number of crops cultivated and, therefore, number of mulch films used per year. 
Figure 14.2 shows the increase in accumulation for 3 scenarios: one crop per year 
and a 20 μm film thickness, two crops per year and a 20 μm film thickness and two 
crops per year and a 10 μm film thickness.

The demand for high quality crops and the need for (more) optimization of food 
production due to the increase in population is becoming more intense, so the mar-
ket for quilting films is expected to grow. In the early 2000s, ‘only’ 2–3 million t of 
mulch film were used on an annual basis, while in 2012 this was already 4.4 million t. 
According to Markets and markets, Global Biodegradable Mulch Films Market size 
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Fig. 14.2  Overview of the increase in accumulation of PE and biodegradable plastic fragments in 
soil. Adapted from de Wilde and Deconinck (2017)
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to grow from USD 35.76  million in 2016 to USD 52.43  million by 2021, at a 
Compound Annual Growth Rate of 7.95% from 2016 to 2021. Another study 
predicts that the global biodegradable mulching films market will reach USD 
64.3 million by 2024 (Grand View Research 2016).

In order to increase the sustainability of agricultural practices and overcome the 
disposal problems associated with conventional plastic films, the development and 
use of mulch films based on biodegradable materials it became essential. In this 
context, several biodegradable polymers enter the scene as a desirable alternative to 
PE and all those materials that do not respond to the care of the environment.

Mulch films produced from biodegradable polymers and which comply with cur-
rent soil biodegradation standards are a good alternative, because among other 
advantages, they can be ploughed into the soil at the end of the growing season 
without causing any plastic accumulation on long term.

Today, several films capable of being degraded by microorganisms in the soil 
have been developed, including oxo-degradable plastic, paper film, and biodegrad-
able film. The main idea has always been the same, the search for non-harmful 
substances resulting from the degradation of biodegradable materials used as 
mulches, in order not to cause undesirable effects on the yield of agricultural land 
and non-cumulative effects on the soil (Briassoulis and Giannoulis 2018).

Some biodegradable polymers such as starch, poly(vinyl alcohol) (PVA), 
poly(butylene adipate-co-terephthalate) (PBAT), poly(butylene succinate-co-
adipate) (PBSA), and poly(lacticacid)(PLA) have been used to prepare biodegrad-
able agricultural films (Scarascia-Mugnozza et al. 2006; Miles et al. 2017; Merino 
et al. 2018a; Merino et al. 2018b). In some cases, blends and composites have been 
used with fibrous materials derived from these crops or from byproducts or agroin-
dustry wastes. However, some natural fibers such as ramie, flax, hemp, and cotton, 
are abundant but, the waste fiber has not been suitably recycled after industrial 
production (Miles et al. 2017).

Most biodegradable plastic mulches (BDMs) that are currently commercially 
available are made from plant starch. The agricultural films made of starch are pre-
pared using conventional plastics processing technology, and in some cases blended 
with other polymers and/or plasticizers (Ghimire et al. 2018). Products currently on 
the market that are derived from or blended with plant starch include BiosafeTM 
(Xinfu Phar-maceutical Co., China), Eastar BioTM (Novamont, Italy), Eco-Flex® 
(BASF, Germany), Ingeo® (NatureWorks, USA), Mater-Bi® (Novamont, Italy) 
and Paragon (Avebe, Nether-lands) (Ghimire et al. 2018). Two polymers that may 
have a role in BPMs in the future are polylactic acid (PLA) and poly-hydroxyal-
kanoate (PHA).

Table 14.3 presents the constituents of the main brands of the market, where 
PBAT  — polybutylene adipate terephthalate; PBS  — polybutylene succinate; 
PBSA  — PBS-co-adipic acid; PHA  — polyhydroxyalkanoate; PLA; TPS  — 
thermoplastic starch (Miles et al. 2017).

PLA is a highly versatile, biodegradable polyester derived from 100% renewable 
resources such as corn and sugar beet starch, and offers great promise in a wide 
range of commodity applications (Drumright et al. 2000). Starch is converted by 
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microorganisms into lactic acid through fermentation. Lactic acid molecules are 
then linked together into long chains called polymers. PLA is a relatively inexpensive 
biopolymer to manufacture and can be produced in large quantities. The PLA polymer 
is very attractive for biological and medical applications because it can be spun into 
filaments which can then be used to make textiles or films (Gupta et al. 2006).

PHAs are promising biodegradable plastics that have been highlighted as “green” 
polymers because they are made from renewable resources in a one-step process 
through bacterial fermentation of sugars and/or lipids (Kaihara et al. 2005; Posada 
et al. 2011; Ghimire et al. 2018). PHA polymers can be produced from microbes or 
plants, but currently, microbes are the main source (Keshavarz and Roy 2010).

Mater-Bi® is one of the most commercially available biodegradable and com-
postable films in Europe (Martin-Closas et al. 2008). Mater-Bi® is a range of fully 
biodegradable and compostable thermoplastic materials, designed to provide a low 
impact environmental solution and solve specific problems in different sectors such 
as separate collection of organic waste, packaging, catering, hygiene, agriculture 
and many other areas. Mater-Bi® is produced using renewable resources made from 
plant material such as starches from different crops (e.g. corn, potato as well as 
other cereals and tubers) and vegetable oils. Specific types of Mater-Bi® have been 
developed for a range of agricultural applications, including mulch films. It is a 
completely compostable film, which reduces the consumption of energy and non-
renewable sources, thus completing a virtuous circle: raw materials of agricultural 
origin return to the earth through biodegradation and composting processes, without 
releasing pollutants (Novamont 2013). The Mater-Bi® mulch film fully complies 
with the requirements of national and international standards on biodegradation and 
environmental impact such as EN13432/EN14995 Compostability mark, ASTM D 
6400 Compostability mark and EN13432 Compostability mark.

Trade name Polymer/Polymer Blend Trade name Polymer/Polymer Blend

Bio 360 Mater-Bi(Starch)+PBAT Ecovio PLA +  PBAT

BioAgri Mater-Bi(Starch)+PBAT Envio
PBAT + PLA + Starch 

Blend

Biocycle Sucrose/PHA blend GreenBio PHA

Bio-Flex PLA/co-polyester Ingeo
Starcha + PLA; PBS + 

PLA

BiomaxTPS Starch + TPS Mater Bi Starch blend

Biomer L PHA Naturecycle Starch

Biopar Starch co-polyester Paragon Starch + TPS

Biosafe
PBAT/Starch blend; PBS; 

PSA Renew PHA

Ecoflex PBAT

Table 14.3  Commercial biodegradable mulches
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Briassoulis (2006) investigated the mechanical performance of several experi-
mental biodegradable films made of different grades of Mater-Bi® material (starch 
based polymers complexed with biodegradable polyesters) and additives; different 
thickness and processing parameters, and compared these results against the corre-
sponding behavior of conventional agricultural films under real cultivation condi-
tions. The investigation of the selected critical mechanical properties describing 
the mechanical behavior of these experimental mulches and low tunnel biodegrad-
able films, exposed to four different locations in Europe, confirms that a rather 
good mechanical behavior is possible for these films, comparable to the behavior 
of conventional agricultural films in terms of strength, inferior, however, to the 
conventional films in terms of elongation at break. The most important points of 
this work are summarized below:

The performance of the biodegradable mulches and low tunnel films during their useful 
lifetime can be comparable to that of conventional (thicker) films in terms of tensile 
strength in the parallel direction; the tensile strength of thin biodegradable films can 
reach values below the initial stress at yield in the transverse direction.

Biodegradable mulches and low tunnel films, especially thin films in the transverse 
direction, may exhibit a very low elongation at break values within the first week 
of exposure.

The evolution of the initial to tearing of the Mater-Bi® based biodegradable films 
follows in general follows the corresponding behavior of the elongation at break as 
far as the displacement at maximum load and the tensile strength is concerned.

Two different commercial processing schemes (Scheme A and B) were employed 
in manufacturing the experimental biodegradable film concerns the size of the com-
mercial extruder (a rather large machine was used with Scheme B). Carbon black 
was used in most cases (carbon black masterbatch based on Mater-Bi for the pro-
cessing Scheme A or carbon black master-batch based on polyethylene for the pro-
cessing Scheme B). Any possible stabilizing effects of carbon black on the 
degradation of Mater-Bi based biodegradable films are yet unknown (act as a strong 
stabilizer for the conventional film during its useful lifetime). In some other cases of 
biodegradable mulching films, special additives that might be of interest for specific 
cultivations like colors (especially green) or stabilizers for transparent mulching 
films were tested. As far as the biodegradable low-tunnel films are concerned, the 
effect of the UV stabilizers belonging to two main groups was investigated: (a) 
HALS based UV stabilizers and (b) UV adsorbed. Briassoulis (2006) concluded 
that particular stabilization schemes used with the biodegradable films do not appear 
to affect significantly the tensile strength and the tear resistance of the film, and 
certainly do not improve the weak behavior of the films produced with processing 
schemes that have not been optimized for the specific biodegradable films produc-
tion. Processing problems appear to be more critical and controllable at this moment, 
than stabilization. Basic research is needed though in the direction of developing 
new additives systems, appropriate for biodegradable Mater-Bi® based low tunnel 
and mulch films. In general, the performance of the thin biodegradable films in the 
transverse direction remains the weak point compared with the conventional films 
(thicker films).
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The Mater-Bi grade NF 803/P was found to be best suited for blow extrusion of 
thin biodegradable agricultural films. It has been shown that it is possible to develop 
very thin biodegradable films made of this grade (with a thickness of at least up to 
30 mm for low tunnels and 15 mm for mulching films) that perform satisfactory for 
the specific applications and may replace conventional (thicker) polyethylene films 
(Briassoulis 2006).

On the other hand, a no less important fact is the economic approach for mulch 
films. The bio-based plastics production reached 1.0% (1.7 mt) of the global plastics 
market in 2014 (300 mt) with the European market share estimated at 15.4% 
(0.2–0.5 mt) (Briassoulis and Giannoulis 2018). The participation of the agricul-
tural sector in the world market of bio-based plastics was estimated in 2014 at 105 
kt/yr. The global bio-based polymer market, which already grew by an 20% annual 
growth (Bioplastic 2018) and is estimated to reach 7.9 mt this year (2019). The 
European market for bio-based plastics in 2020 is predicted at 1–3 mt (Briassoulis 
and Giannoulis 2018). Among the recent technological developments in the market 
of innovative bio-based plastics, are new grades of mulch films designed for targeted 
agricultural and horticultural applications (Martin-Closas et al. 2008). According to 
the size of the global market for biodegradable mulch film is expected to grow to 
USD 52.43 million by 2021. Another study predicts that the global biodegradable 
mulch films market will reach USD 64.3 million by 2024 (Briassoulis and Giannoulis 
2018). The predominant use of biodegradable mulch films is horticultural crops and 
has a 51.1% share of total market revenues in 2015, which is also expected to show 
the fastest growth in the next 8 years.

Many agricultural plastics advertise themselves as biodegradable. However, such 
claims must be carefully evaluated. For a manufacturer to use the claim: biodegrad-
ability, a series of specific standards must be met. ASTM International (formerly 
known as the American Society for Testing and Materials) has prepared a series of 
standards for compostable plastics to measure biodegradability under industrial com-
posting conditions, called ASTM D6400. The ASTM D6400 specification employs 
several ASTM standardized tests, such as the measuring the inherent biodegradability 
of the plastic material through ASTM D5988–03. Many types of mulch claiming to be 
biodegradable are actually compostable, and fulfill the requirements of ASTM D6400, 
or related standards. Many types of mulch are said to be biodegradable when they are 
also compostable and meet the requirements of ASTM D6400, or related standards. 
There is currently no standard for measuring the biodegradability of plastics buried in 
the soil under field soil conditions. To meet this need to measure soil biodegradability, 
ASTM is developing a standard through a specification (Work Element 29,802) enti-
tled “Aerobically Biodegradable Plastics in the Soil Environment” (Ramani Narayan, 
ASTM member, personal communication). In this new standard, biodegradable 
mulches must be decomposed into CO2, water and environmentally benign substances 
within one or two years, without leaving harmful residues.

In January 2018, the European Standard EN 17033: Plastics– Biodegradable 
mulch films for use in agriculture and horticulture– Requirements and test methods 
was released (Hayes and Flury 2018). The standard was developed by the European 
Committee for Standardization, Technical Committee CEN/TC 249 Plastics and 
applies to all European Union countries plus Macedonia, Norway, Sweden, 
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Switzerland, Serbia, Turkey, and the United Kingdom. This standard regulates the 
requirements for BDM films: their composition, biodegradability in the soil, effect 
on the soil environment (ecotoxicity), mechanical and optical properties, and the 
test procedures for each of the listed categories. It does not apply to mulch films that 
are removed from the fields after use.

EN 17033 requires laboratory testing of BDMs for (1) chemical composition (in 
particular, for regulated metals and hazardous substances, (2) biodegradation in 
soil, (3) ecotoxicity (i.e. toxic effects on plants, invertebrates, microorganisms) and 
(4) selected physical characteristics (e.g. thickness, tensile stress, light transmis-
sion). The inclusion of the composition criteria (e.g. maximal concentrations of 
heavy metals), biodegradability and ecotoxicity for the plants are consistent with 
compostability, the Vinçotte ‘OK Soil’ standards, and ASTM WK29802. An impor-
tant difference between EN 17033 and WK29802 is however that the former specifi-
cally addresses plastics before exposure to environmental factors (which can alter 
chemical bond), while the latter includes separate categories for unweathered and 
environmentally weathered plastics that meet the criteria. A major criterion of EN 
17033 is the requirement of ≥90% biodegradation under aerobic conditions for the 
plastic (i.e. conversion of organic carbon into CO2) in natural topsoil from an agri-
cultural field or forest at 20–28 °C conditions within 2 years using a standardized 
test to measure CO2 respiration.

It is also important to highlight that it is very important to study the by-products 
of decomposition of biodegradable mulches, thus some of this compounds may 
comprise the growth and development of the plant or crop. For instance, Serrano-
Ruíz et al. (2018) demonstrated by the used of an in vitro system, that some of the 
extracts from biodegradable plastics affected the seed germination and growth of 
lettuce and tomato. In summary, the complete and full knowledge of this products is 
very important in order to design and develop a safe mulch material for application 
in the agroindustry and agriculture.

14.10  �Compostable Mulches

A polymer is compostable when it has the ability to become useful compost. 
Compost (humus or soil improver); it is the result of the decomposition and humifi-
cation of a mixture of organic material (e.g. material from the pruning of plants, 
kitchen scraps, manure, effluent or gardening waste) by macro and micro-organisms 
under specific conditions: the presence of oxygen and a balance between the chemical 
elements of the material being transformed.

In this sense, it is also important for a mulch not only the biodegradability but 
also the compostability. Many researchers have focused their attention in this topic, 
and have developed different methods to study the biodegradability of the mulches 
and whether this products of degradation are able to form compost. Gutiérrez (2018) 
has designed nanocomposite films from phosphated or methylated flours derived 
from pumpkin (Cucurbita maxima) and proved that both films were biodegradable 
but only the phosphate result compostable by means of measurement of ecotoxicity 
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biomarkers. Similarly, Herniou--Julien et  al. (2019) used food hydrocolloids to 
manufacture food packaging materials and studied the biodegradability and com-
postability of the films. In this case, this group prepared films using a reactive 
extruder from corn (Zea mays) thermoplastic starch (TPS) containing either cellu-
lose acetate (C) or chromium octanoate (Cat – a potential food grade catalyst), or a 
blend of both (C + Cat). As conclusion they demonstrated that the Cat-containing 
films resulted biodegradable but non-compostable but showed creep and resilience 
which makes them potential candidates for applications as shape-memory food 
packaging materials.

Another interesting approach was done by Gutiérrez et al. (2019) which developed 
biocomposite films from corn starch (Zea mays) containing nanofillers packaged with 
Jamaica flower (Hibiscus sabdariffa) extract (JFE). They demonstrated that the interac-
tion with the nanofiller strengthened the hydrogen (H)-bonding interactions and influ-
enced directly the physicochemical and surface properties of the materials. As a 
consequence of this, all the films result to be biodegradable but were non-compostable 
confirming that not all the biodegradable materials are compostable.

14.11  �New Developments in Mulches

In order to produce thin films composed of ultrathin polymer fiber networks, electro-
spinning technology has gained considerable attention. The diameters range from the 
submicrometer level to the nanometer range and offer large surface areas, small inter-
fibrous pore size and high porosity. In this context, electrospinning is a good candi-
date to fabricate a controlled thin environmental film for agricultural uses (Toncheva 
et  al. 2014; Nicosia et  al. 2015; Ribba et  al. 2017). In this method, an electrical 
potential to overcome the surface tension of a solution is used to produce an ultrafine 
jet, which is elongated, thinned and solidified as it travels through the electric field to 
a collector (Fig. 14.3). Despite being a relatively simple procedure to carry out in a 

CollectorSpinneret
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Fig. 14.3  Schematic 
representation of a typical 
electrospinning apparatus
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laboratory, since it requires minimal equipment, the physics behind the process is 
complex. To obtain an insufficient description of all the variables and interactions 
involved in electrospinning, one should consider polymer chemistry, electric field 
interactions, fluid mechanics, environmental conditions and kinetics (Robb and 
Lennox 2011), e.g. the dependence of the opacity of electrospun materials with 
humidity (Cimadoro et al. 2018).

Electrospinning, for the recent years, has been acknowledged for its capacity to 
manufacture a micro/nanofibrous architecture from different polymers, which is 
otherwise difficult to obtain, this technique is widely used due to its profitability and 
user-friendly. Such polymer micro/nanofibers can be tailored to meet applications 
such as drug delivery, tissue engineering, filtration, fuel cell, food packaging, 
mulching, etc. (Ribba et al. 2014; Kakoria and Sinha-Ray 2018). New studies in the 
agricultural area have focused their efforts on the development of bio-based and 
biodegradable electrospun nanocomposites for sustainable flexible films whose 
main use is in mulch (Arrieta et al. 2016a).

Arrieta et  al. (2016b) studied the effect the PLA with poly(hydroxybutyrate) 
(PHB) bionanocomposite fibers obtained with electrospun on different matrices 
that contained acetyl(tributyl citrate) (ATBC) and cellulose nanocrystals (CNC). 
The obtained mat formulations were designed as PLA–PHB, PLA–PHB–ATBC, 
PLA–PHB–ATBC–CNC1 and PLA–PHB–ATBC–CNC5 and the proportion of 
each component is summarized in Table 14.4.

The materials once generated were subjected to biodegradability tests, using the 
SEM observed the changes of the surface. Figure 14.4 shows the SEM micrographs 
of electrospun samples after 10 days of disintegration. In disintegrated PLA–PHB 
mat (Fig. 14.3a), the straight fibers were replaced by more contorted fibers, while 
some of them appear wrenched. More signs of disintegration were observed in the 
samples of plasticized mats (Fig. 14.4a, b, c), which show regions where the fibers 
were merged forming junction areas since they were dissolved because of the initia-
tion of the hydrolysis process. In the case of the mixtures containing different per-
centages of CNC (Fig. 14.4c and d) some fibers were still straight in accordance 
with the higher tensile strength offered by these bionanocomposites.

Regarding the biodegradability analysis, the different films were compared in 
order to observe the contribution of each material in the film during the biodegrad-
ability process (Fig. 14.5).

On the other hand, an increase of the disintegration was observed when the 
plasticizer and nanofiller were added. The electrospun mats were broken in 10 days 

Table 14.4  Bionanocomposite film formulations. Reprinted with permission from Arrieta et al. 
(2016a)

Formulations PLA (wt%) PHB (wt%) ATBC (wt%) CNC (wt%)

PLA–PHB 75 25 – –
PLA–PHB–ATBC 63.75 21.25 15 –
PLA–PHB–ATBC–CNC1 63 21 15 1
PLA–PHB–ATBC–CNC5 60 20 15 5
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of exposition to the compost medium. Small pieces of bionanocomposites were 
recovered at 16 days, while PLA–PHB sample still presented higher portions of the 
recovered material, and in general, a lower rate of disintegration in the materials 
developed can potentially allow use in agricultural coatings (Arrieta et al. 2016a).

Fig. 14.4  SEM observations of electrospun mats after 10 days of disintegration in compost: (a) 
PLA–PHB, (b) PLA–PHB–ATBC, (c) PLA–PHB–ATBC–CNC1 and (d) PLA–PHB–ATBCkCNC5. 
Reprinted with permission from Arrieta et al. (2016a)

Fig. 14.5  Visual appearance of disintegrated electrospun mats under composting conditions. 
Reprinted with permission from Arrieta et al. (2016a)
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Similar materials were made by this same research group, but changing the loads 
used in the formulations. Arrieta et al. (2016a) studied the processing and properties of 
flexible electrospun biocomposites based on PLA, PHB, plasticized with ATBC and 
further loaded with 1 wt% and 5 wt% of chitosan (CS) or catechin (Cat) microparticles. 
Both fillers (CS and Cat) present a high content of hydroxyl groups on their surfaces 
(Arrieta et al. 2016b). The biocomposite mat formulations and the proportion of each 
component as well as their designation are summarized in Table 14.5.

The morphological investigations (Fig.  14.6) of the biocomposites obtained 
revealed that, while 1 wt% of CS or Cat produced some structural changes in the 
fiber such as smaller diameters and bead-free electros-pun fibers, when increasing 
the charge percentage to a 5 wt% of CS and Cat produced some structural defects. 
Cat induced a decrease of the average fiber diameter, but no significant effects on 
the average fiber diameters were observed in CS based biocomposites. On the other 
hand, the wettability of the biocomposites was increased by increasing amount of 
polar particles. The CS based formulations showed more hydrophilic character 
(Arrieta et al. 2016b).

The dynamic and isothermal TGAs revealed that the incorporation of the CS or 
Cat increases the decomposition temperatures of the different formations. The addi-
tion of CS and Cat always resulted in biocomposites with higher tensile strength at 
the expense of the reduction of the elongation at break. Finally, all biocomposites 
disintegrated under composting conditions as a sustainable end life around 16 days. 
This study showed that the electrospun plasticized PLA-PHB biocomposites loaded 
with both CS and Cat were promising materials for biodegradable film applications 
in several fields such as agricultural mulch films or films for food packaging (Arrieta 
et al. 2016b).

Other studies carried out by Chizhov et al. (2018) found water absorption and 
thermo-oxidative destruction as biodegradation processes of films and nonwoven 
fibrous materials based on the natural polymers (polylactide, polyhydroxybutyrate 
and their mixtures). Fibrous materials obtained by electrospinning, as compared 
with film ones, showed a high water absorption and a high oxidation rate, which 
significantly accelerates biodegradation processes under environmental conditions 
(Chizhov et al. 2018).

The kinetic oxidation curves of the nonwoven fibrous material and film from the 
PHB/PLA (1:1) blend showed no degradation by oxidation. PLA/PHB blend with 
acts as an inert component with respect to the oxidation process. On the other hand, 
in the area of the ratio of polymers of (1:1) in fiber and film, both the polymer 

Table 14.5  Electrospun biocomposite mat formulations. Formulations. Reprinted with permission 
from Arrieta et al. (2016b)

Formulations PLA (wt%) PHB (wt%) ATBC (wt%) Ch (wt%) Cat (wt%)

PLA–PHB–ATBC 63.75 21.26 15 – –
PLA–PHB–ATBC-Ch1% 63 21 15 1 –
PLA–PHB–ATBC-Ch5% 60 20 15 5 –
PLA–PHB–ATBC-Cat1% 63 21 15 – 1
PLA–PHB–ATBC-Cat5% 60 20 15 – 5
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Fig. 14.6  Electrospun PLA-PHB-ATBC and the biocomposites Optical (left column), SEM 
observation (middle column) and water contact angles (right column). (a) PLA-PHB-ATBC, (b) 
PLA-PHB-ATBC-Ch1%, (c) PLA-PHB-ATBC-Ch5%, (d) PLA-PHB-ATBC-Cat1% and (e) PLA-
PHB-ATBC-Cat5%. Reprinted with permission from Arrieta et al. (2016b)

phases are continuous, PLA significantly hinders the interaction of PHB with oxygen 
(Chizhov et al. 2018).

The samples were subjected to biodegradability tests carried out under soil 
conditions. The tests were carried out for the nonwoven fibrous material and films 
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from PHB. Figure 14.7 shows photos of film samples during the experience. The 
onset of biodegradation in the material is easier to detail after 45 days (Fig. 14.4b). 
The exhibition has separate focal traces of biodegradation but retains its original 
integrity. A film sample after 70 days of exposure in the soil (Fig. 14.4c) loses its 
geometric integrity, and its fragments show typical defects in the form of through 
holes and shells (Chizhov et al. 2018).

The results obtained by Chizhov et al. (2018) emphasized that this material can be 
used as a disposable mulch material for the soil and as a cover material, with a useful 
life of less than 45 days under natural conditions. In addition, this product is harmless 
and quickly decomposes and will be easy to apply (Chizhov et al. 2018).

14.12  �Perspectives

In the last years, there is a widespread trend in the use of synthetic and natural 
polymers in the production of different materials for daily uses. Currently in the 
agroindustry, these materials have been introduced in the production of coatings, 
such as mulches for the growth of crops. These materials increase soil temperature, 
reduce weed pressure, conserve moisture, reduce certain insect pests and increase 
the crop yields by making a more efficient use of soil nutrients. However, the use of 
conventional petroleum-derived polymers have generated threats to the environ-
ment with the concomitant problem of non-biodegradation and elimination. In this 
scenario, renewable and biodegradable materials have received great attention from 
the scientific and industrial community. The main disadvantage of natural polymers 
lies in the limited properties due to their poor physical properties. In this context, 
modifications of natural polymers by generation of composite biomaterials are an 
excellent alternative for the creation of renewable materials that can equal or exceed 
the performance of commonly used petroleum-based engineering polymers. 
Likewise, the combination of “bio-based” and renewable polymers with reinforce-
ments or renewable charges would be an alternative to address the property gap that 
corresponds to the performance between renewable and traditional synthetic polymers. 
There are many attempts in this way, to produce a material bio-based, biodegradable 

Fig. 14.7  Photographs of PHB films at various exposures in soil: (a) original film, (b) after 
45 days, and (c) after 70 days. Reprinted with permission from Chizhov et al. (2018)
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and sustainable from biopolymers, e.g. Mater-Bi®, is a good example of this, and 
nowadays new mulches of this material are being used in the agricultural sector with 
good results and performance. Scientists are focusing their attention on the design 
of new processing methodologies, such as electrospinning or 3D printing to make 
the mulches. Although good results at laboratory scale have been obtained, it is a 
priority to work on a large scale for its massive use in industrial applications.

�Annexes

Common certifications in bioplastics are specified, such as the following:

UNI EN 13432, “Requirements for packaging recoverable by composting and bio-
degradation  – Test scheme and evaluation criteria for the final acceptance of 
packaging”: defines the compostability characteristics and requirements of a 
material. According to this standard, compostable materials must have the fol-
lowing characteristics: – Biodegradability, meaning the capacity of a material to 
be converted into CO2 by the action of micro-organisms. In order to present 
complete biodegradability, the material must be at least 90% biodegraded in less 
than 6 months; − Disintegratability, namely fragmentation and invisibility in the 
final compost. After 3  months in compost the fragments of the compostable 
material must have disappeared, leaving no more than 10% of the substance with 
a diameter of over 2 mm; − Absence of negative effects on the composting pro-
cess; − Low levels of heavy metals (in relation to predefined maximum amounts) 
and the absence of negative effects on the final compost (e.g. reduction in the 
agronomic value and presence of phytotoxic effects on plant growth). Standard 
UNI EN 13432 is a harmonized standard, meaning it has been published in the 
Official Gazette of the European Community and has been implemented in 
Europe at a national level. Moreover, it grants presumption of conformity with 
European Directive 94/62 EC on packaging and packaging waste.

UNI EN 14995:2006, “Plastics – evaluation of compostability – test scheme and 
specifications”: extends the scope of UNI EN 13432 to plastic materials not used 
in packaging, such as plastics used in agriculture and bags for the collection of 
waste. The requirements and test scheme are identical to those of UNI EN 13432.

ASTM D6400:2004, “Standard Specification for Compostable Plastics” – relating 
to specific techniques employed in order to define a plastic material as com-
postable. Very similar to the methods used in UNI EN 13432:2002 and UNI EN 
14995:2006.

NF U52–001, “Matériaux biodégradables pour l’agriculture et l’horticulture  – 
Produits de paillage – Exigences et méthodes d’essai”: a French standard relat-
ing to mulch film. Alongside methods and tests to determine the biodegradation 
of the material, it also defines the duration of mulch films in the field in different 
environments (average life of the product). Based on their duration, biodegrad-
able mulch films are divided into different classes.

V. Manzano et al.
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UNI 11183:2006, “Plastic materials biodegradable at ambient temperature  – 
Requirements and test methods”; this standard defines the biodegradability 
requirements that must be met by plastics used to make items that can be dis-
posed of through aerobic biodegradation at ambient temperature. Ambient tem-
perature means the temperature range of temperate regions excluding the high 
temperatures typical of industrial composting. As a rule, the ecotoxicity require-
ments of the plastic materials are also taken into consideration.

OK Biodegradable Soil: a conformity mark issued by the Belgian certification 
organization Vinçotte for products and materials which are specifically biode-
gradable in a typical soil. This mark guarantees the product/material is com-
pletely biodegradable in the soil, without the need for additional treatments, 
during a period determined by international criteria, and also guarantees it will 
not have any negative effect on the soil.

“Compostable DIN CERTCO” certification: DIN CERTCO is the German certi-
fication organisation which issues a range of certificates, including those for bio-
degradable materials. DIN CERTCO has prepared a certification scheme for 
compostable products made from biodegradable materials. The certification pro-
cess is conducted in accordance with the principal international standards: DIN 
EN 13432 and ASTM D6400.
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Chapter 15
Biodegradable Polymer Nanofibers 
Applied in Slow Release Systems for Agri-
Food Applications

Danilo Martins, Vanessa P. Scagion, Rodrigo Schneider, 
Ana Carolina C. Lemos, Juliano Oliveira, and Daniel S. Correa

Abstract  Polymer nanofibers possess remarkable properties including high aspect 
ratio, nanoscale diameters, mechanical flexibility, varied morphology and porosity 
and large surface area for bulk or surface modification. These features make them 
highly potential for technological applications, where active components can be 
added to the nanofibers depending on the specific target application. Polymer nano-
fibers can be produced by several techniques, but electrospinning (ES) and solu-
tion blow-spinning (SB-Spinning) are two techniques of outmost importance, once 
they allow controlling the nanofibers features, including diameter and morphology, 
combined at a high production rate. Such polymer nanofibers have been applied in 
biotechnological and medical applications, sensors, catalysts and pollutant adsorp-
tion platforms. In agriculture, specifically, nanofibers can be used in the design of 
slow release systems using biodegradable micro- and nanofibers containing active 
compounds such as antibiotics, fertilizers and pesticides. Such systems can increase 
the application efficiency by using a smaller amount of the active material, reducing 
costs and toxicity-related problems. In this context, in this book chapter the recent 
developments of biodegradable nanofibers produced by ES and SB-Spinning 
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containing active compounds for slow release system aiming at agricultural  and 
food applications are reviewed and presented.

Keywords  Electrospinning · Solution blow-spinning

15.1  �Introduction

Nanotechnology has emerged as a powerful tool capable of developing and trans-
forming the agri-food sector, with the potential to increase agricultural productivity, 
food security and economic growth for industries (Villena de Francisco and García-
Estepa 2018). Among one-dimensional nanostructures potentially applied in agri-
food sector, polymer nanofibers have attracted great attention because of their 
exceptional properties, including high surface-to-volume ratio and porosity, 
mechanical flexibility, possibility of chemical functionalization and ease of produc-
tion process (Noruzi 2016; Yang et al. 2018).

Electrospinning (ES) and solution blow spinning (SB-Spinning) are currently 
two of the most investigated techniques for producing polymer fibers because they 
are cost-effective, simple and highly versatile, and allow the manufacture of micro- 
and nanoscale fibers from various polymers, polymer blends and polymer compos-
ites (Daristotle et al. 2016; Medeiros et al. 2009; Wang et al. 2013).

Polymer nanofibers, mainly those prepared by electrospining have been widely 
studied to encapsulate active compounds applied in agriculture and food industry, 
such as pheromones, fertilizers, pesticides and nutraceuticals, protecting them from 
adverse environmental conditions, maintaining their properties and achieving their 
controlled release (Daristotle et al. 2016; Noruzi 2016; Wen et al. 2017). These sys-
tems can increase the application efficiency by using a smaller amount of the active 
compound, thus promoting sustainable practices and reducing costs (Noruzi 2016).

A wide range of biodegradable polymers have already been successfully spun into 
fibers, including synthetic polymers such as poly(ε-caprolactone) (PCL), poly(lactic 
acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol)-co-
poly(d,l-lactide) (PELA) and poly(ethylene glycol)-PCL (PEG-PCL) (Yang et  al. 
2018). Natural polymers such as alginate, starch, cellulose and chitosan have also 
been utilized in ES and SB-Spinning (Mele 2016). However, some biodegradable 
synthetic polymers, including PCL and PLA are often required to be added as carrier 
polymers due to low spinnability of aforementioned natural polymers (dos Santos 
et al. 2018; Mele 2016; Yang et al. 2018). Overall, the application of biodegradable 
polymers in the development of novel materials by using ES or SB-Spinning is in 
accordance with current demands for sustainable developments and environmental 
protection (Laycock et al. 2017).

In this context, this chapter provides an overview on the design and fabrication 
through electrospinning and SB-Spinning of biodegradable polymeric nanofibers 
as vehicles for sustained and controlled release of active compounds used in agri-
food sector. First, an introduction to the principle of ES and SB-Spinning is pre-
sented. Then, recent developments on the ES and SB-Spinning of biodegradable 
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polymers and their potential application in the encapsulation of antibiotics, fertilizers, 
pesticides, pheromones, biocontrol agents and nutraceuticals are reviewed and 
discussed. In addition, the future scopes and existing limitations of these approaches 
are also highlighted.

15.2  �Methods of Fiber Fabrication

15.2.1  �Electrospinning

15.2.1.1  �Introduction and History

The first record of the electrostatic attraction of a liquid was reported by William 
Gilbert in 1600 (Tucker et al. 2012). Then, in 1914, John Zeleny published his work 
on the behavior of fluid droplets at the end of metallic capillaries (Zeleny 1917), 
which initiated the study of mathematically modeling the liquids under electrostatic 
forces. In 1934, Anton Formhals filled a patent describing the experimental appara-
tus for the production of synthetic fibers using electrical field (Formhals 1934). 
The works published by Taylor between 1964 and 1969 contributed enormously to 
electrospinning area  by  mathematically modelling the cone shape that the fluid 
droplet assumes under the effect of an electric field (Lübbert and Peukert 2018). 
Nowadays, this characteristic droplet shape observed in electrospinning is known as 
the Taylor cone (Sui et al. 2016). In 1995, the study reported by Renecker revived 
electrospinning by demonstrating the fabrication of nanostructured fibers from 
various polymers (Doshi and Reneker 1995).

This technique is used today to fabricate nonwoven nanofibers displaying remark-
able properties, such as high surface area to volume ratio, permeability, stability and 
porosity (Mori et al. 2015; Wendorff et al. 2012a). Nanofibers can be applied in a wide 
range of applications including sensors (Bagchi et al. 2017; Hidayat et al. 2017; Park 
et al. 2012; Zamora-Pérez et al. 2012), biotechnology (Al-Enizi et al. 2018; Ashraf 
et al. 2018; Ramakrishna et al. 2006), food industry (Torres-Giner et al. 2018; Weiss 
et  al. 2012; Wen et  al. 2017), healthcare (Venugopal et  al. 2012), agriculture 
(Damasceno et al. 2013; Krishnamoorthy and Rajiv 2017b; Peršin et al. 2017) and 
environmental engineering (Agarwal and Greiner 2011; Yoon et al. 2008).

15.2.1.2  �Electrospinning Process

Electrospinning is a process in which electrostatic forces are employed to produce 
fibers from polymer solutions or melts (Feltz et al. 2017; Wendorff et al. 2012b; 
Yousefzadeh 2017). Fig. 15.1a illustrates the general set-up of an electrospinning 
apparatus used to prepare polymeric nanofibers. The equipment consists of a high 
voltage power supply, a syringe and a syringe pump, a spinneret connected to the 
syringe and a metal collector. In this technique, an electric field is applied to a solu-
tion or melt polymer droplet. As a consequence, an electrostatic charge accumulates 
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at the tip of polymeric droplet (Mercante et  al. 2017). By force balance, charge 
repulsion works against the surface tension, causing the shape of droplet to change 
from a spherical surface to an elongated cone shape (Taylor cone) (Roque et  al. 
2014). Other important factor is the rheological behavior of solution (Kong and 
Ziegler 2014; Pontrelli et al. 2014). If the polymer entanglements are sufficiently 
large, the concentration of polymer in the solution will oppose the droplet jet 
break (Plateau–Rayleigh instability) (Kong and Ziegler 2012; Manasco et al. 2012). 
This produces a jet of polymer solution which will be stretched and whipped by 

Fig. 15.1  Schematic representation of (a) conventional electrospinning (a) and (b) solution blow 
spinning apparatus
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electric forces at a complex path to metallic collector (Liu et al. 2009; Oliveira 
et al. 2013). In this process, the solvent evaporates, and a network of fibers is col-
lected on the ground target.

15.2.1.3  �Parameters of Electrospinning Process

The range of parameters known to affect the electrospinning of the nanofibers and 
the corresponding nonwovens are classified into solution parameters (viscosity, 
concentration, molecular weight, surface tension, conductivity); processing param-
eters (polymer solution feed rate, needle (tip) shape, applied voltage, distance 
between spinneret and collector, collector composition and geometry) and environ-
mental parameters (temperature and humidity).

Each of these parameters can affect the quality of the fibers, and by proper con-
trol of these parameters, electrospun fibers with desired morphologies can be pre-
pared, such as porous nanofibers (Thorvaldsson et al. 2008), core-shell nanofibers 
(Qin 2017), nanotubes (Li et  al. 2007), nanoribbons (Li et  al. 2010), helicoidal 
nanofibers (Chang and Shen 2011), aligned nanofibers (Ismar and Sarac 2018), 
honeycomb nanofiber (Chen et al. 2018c) and nanofiber yarns (Chang et al. 2016).

15.2.1.3.1  Solution Parameters

Solution parameters are related to the physical-chemical properties of polymers, 
solvents and interactions between polymer and solvent (Li and Xia 2004; Picciani 
et  al. 2009). A polymer solution with appropriate viscosity, surface tension, and 
conductivity is essential to fabricate nanofibers without beads or beads-on-a-string 
appearance.

The polymer concentration influences the solution rheological behavior and 
plays a crucial role in the electrospinning (Peer et al. 2018; Valipour et al. 2018). To 
obtain homogeneous nanofibers without beads, a high degree of macromolecular 
entanglement is required. The diameter of the fibers can be increased by increasing 
the concentration of the polymer solution, while maintaining the other parameters 
of the process unchanged (Cramariuc et al. 2013; Fridrikh et al. 2003; Thompson 
et  al. 2007). When the polymer solution concentration is too low, the degree of 
entanglement of the polymer chains is small, causing capillary instability at the end 
of the jet. This instability can result in an electrostatic scattering (electrospraying) 
instead of electrospinning. In this case, spherical particles or nanofibers with beads 
are obtained (Shariatpanahi et al. 2016; Yarin et al. 2001).

The surface tension is directly related to the formation of the nanofibers, since the 
formation of polymer jets occurs when the applied voltage is sufficiently high to cause 
the electrostatic forces to overcome the surface tension force acting on the drop 
(Liu et al. 2010). From this voltage value, called critical voltage, the spinning process 
is started. Several authors have reported that the decrease in surface tension can favor 
the formation of fibers without beads (Dong et al. 2011; Nagarajan et al. 2007).
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The electrical conductivity of the solution and the dielectric constant of solvent 
also influence the morphology of the produced fibers. The ions in the polymeric 
solution can be oriented by  the electric  field, which allows the jet to undergo a 
greater stretching, resulting in thinner segments and thus reducing the fiber diameter 
(Chayad et al. 2016; Rezaei et al. 2018).

15.2.1.3.2  Processing Parameters

A minimum applied voltage is required to cause the deformation of the solution 
drop and the jet formation (Mercante et al. 2017). An increase in applied voltage can 
result in a decrease of the nanofiber diameters. Nonetheless, a further increase can 
also lead to a faster acceleration of jet polymers towards the substrate collector, 
which reduces the flight time for the jet to stretch prior to deposition and results in 
a larger fiber diameter (Ray et al. 2016). In addition, an increase in the applied volt-
age beyond the critical value can result in the formation of nanofibers with 
beads (Deitzel et al. 2001).

The distance between the needle tip and the collector is an important processing 
parameter as it influences the electric field, jet flying time and the solvent evapora-
tion rate (Agarwal et al. 2013). In this sense, a proper distance is required to give the 
fibers sufficient time to solvent evaporation before reaching the collector, otherwise 
with distances that are either too close or too far, no fiber formation or beads can be 
observed (Bhardwaj and Kundu 2010).

Flow rate of polymer solution is related to the jet velocity and the material trans-
fer rate, which are factors that affects the solvent evaporation rate and consequently 
the fiber morphology and size (Bhardwaj and Kundu 2010). High flow rates can 
result in beaded or flatter fibers due to unavailability of proper time to solvent evap-
oration prior to reaching the collector, while lower feed rate can hinder the ejection 
of polymer solution from the needle tip due to the drying of droplet (Haider et al. 
2015; Rogina 2014).

The collector composition and geometry affect the morphology of electrospun 
fibers. Aluminium foil is commonly used as a collector, but aiming to prepare nano-
fibers with complex geometries, distinct collecting apparatuses have been proposed, 
such as, wire mesh, parallel or grided bar, rotating rod, rotating wheel and liquid 
non solvent as coagulation bath (He et al. 2014; Ki et al. 2007; Rogina 2014).

15.2.1.3.3  Environment Parameters

The electrospinning process and the physical characteristics of the fibers are affected 
by the temperature and humidity of the environment, since these parameters may 
influence the solvent evaporation rate  of the polymer jet. Investigations have 
revealed that an increase in relative humidity results in decrease of fiber diameter 
(De Vrieze et al. 2009; Pelipenko et al. 2013). It has also been demonstrated that 
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humidity increase causes an increase in the number, diameter, shape, and distribution 
of the pores on surface of the fibers (Casper et al. 2004). It is important to emphasize 
that this behavior is dependent on the physico-chemical properties of polymer and 
solvent. A decrease of the temperature has been found to decrease fiber diameters, 
which was attributed to the decrease of solution viscosity and the increase of solvent 
evaporation rate (De Vrieze et al. 2009).

15.2.2  �Solution Blow Spinning (SB-Spinning)

15.2.2.1  �Introduction and History

Solution blow spinning (SB-Spinning) technique was developed from the combina-
tion of two other techniques, namely  electrospinning and melt blowing (Ellison 
et al. 2007; Farias et al. 2015; Medeiros et al. 2009; Rezende 2004; Silva et al. 2015; 
Taylor 1969; Zeleny 1914). SB-Spinning produces fibers with similar features to 
those obtained by electrospinning, but with a much higher production rate and no 
need of high electrical voltages (Costa et al. 2016; Santos et al. 2016; Zhang et al. 
2003). Additionally, SB-Spinning allows the deposition of fibers directly on any 
type of surfaces, including living systems, as in the case of surgical scaffolds, seal-
ants or tissue adhesives. SB-Spinning has been used for the production of fibers 
applied in agroindustry, catalysts, energy storage, among others (Costa et al. 2016; 
Paschoalin et al. 2017; Tomecka et al. 2017).

15.2.2.2  �SB-Spinning Process

SB-Spinning is a fiber manufacturing process that requires two parallel concentric 
fluid flows (Fig. 15.1). The polymer solution produced from a polymer dissolved in 
a volatile solvent flows at the same time as a pressurized gas (Daristotle et al. 2016). 
The geometry of the needle creates a low pressure region around the inner nozzle, 
and the external concentric nozzle (where the gas passes through) makes use of the 
Bernoulli principle (Eisberg and Lerner 1982) for fluid flow, in which changes in 
pressure are converted into kinetic energy. At the contact, the polymer solution is 
drawn by pressurized air, where the drop in air pressure in the center of the jet creates 
a driving force responsible for the acceleration of the jet, forming a cone shape 
(da Silva Parize et al. 2016; Tomecka et al. 2017). The polymer solution feed rate is 
controlled by an injection pump and the air is pressurized by a pressure regulator. 
The produced nanofibers are collected in collector in the direction of the gas flow, 
forming a nonwoven web or fiber mat (da Silva Parize et al. 2016; Tomecka et al. 
2017). The collector can be flat and static or cylindrical and rotational. The rotation 
of the collector can cause a stretch in the fibers, so they are deposited in a preferen-
tial direction, making them aligned (Daristotle et al. 2016; Rotta et al. 2016).
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15.2.2.3  �Parameters of SB-Spinning Process

The final features of fibers produced by SB-Spinning depend on several parameters, 
which include the molecular weight of the polymer, the type of solvent, the concen-
tration and the viscosity of the polymer solution. In addition, other process vari-
ables, such as gas pressure, injection rate, and working distance are also important. 
Other important factors are the distance between nozzles, the nozzle geometry, the 
humidity and the ambient temperature (da Silva Parize et al. 2016; Daristotle et al. 
2016; Li et al. 2017). These parameters can directly interfere in the diameters and 
the morphology of the fiber (Oliveira et al. 2013), droplets, porosity and the forma-
tion of film zones (Venturelli and Gripa 2017).

 Some authors observed that the increase in fiber diameter is directly linked to the 
increase in the concentration of the solution and, consequently, increase in viscosity 
(Benito et al. 2017; da Silva Parize et al. 2016; Kuk et al. 2016; Paschoalin et al. 2017). 
The velocity of fluid transport through the nozzle is higher at low viscosities, resulting 
in more stretched fibers and, consequently finer ones (Li et al. 2017). A solution with 
high surface tension (more viscous/concentrated) hinders the  solvent evaporation, 
which upon reaching the collector can generate undesirable film formation zones 
(Benito et al. 2017; Bonan et al. 2017). The choice of solvent can be made from solu-
bility parameters of Hansen (Oliveira et al. 2014; Vay et al. 2011).

Although the effect of pressure on the fiber diameter is small, the effect of the 
combined pressure on the solution injection rate is expressive. Very low pressures do 
not allow the fibers to reach the collector correctly, causing obstruction (Daristotle 
et al. 2016; Kuk et al. 2016; Silva et al. 2015). Insufficient pressure can generate 
discontinuous jets, which increases the diameter of the fibers, causing greater poros-
ity, formation of granules and interconnected fibers (Bonan et al. 2017; Kuk et al. 
2016; Li et al. 2017).

The working distance is a processing variable that influences the formation of 
fibers, but with little effect on the diameter. The effective working range should be the 
minimum distance required for the solvent evaporation before reaching the collector 
and a maximum distance that prevents excessive loss of the aligned fibers (Benito 
et al. 2017; da Silva Parize et al. 2016; Daristotle et al. 2016; Li et al. 2017).

15.3  �Applications Involving ES and SB-Spinning 
for Encapsulation

15.3.1  �Antibiotics Encapsulation

Antibiotics, including human therapeutic drugs, have been widely used in food ani-
mals to treat and prevent bacterial diseases or to promote growth (Scott et al. 2018). 
However, it is recognized nowadays that the widespread use of antibiotics in food 
animals could contribute to the development of antibiotic-resistant bacteria, which 
threatens human and animal health (Huang et  al. 2018). In this regard, the 
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development of technologies that allow the control of antibiotic dose is imperative 
to maximize the therapeutic effect, while minimizing side effects on animals, costs 
and the risks associated with the problem of antibiotic resistance.

Polymer micro- and nanofibers prepared by electrospinning and SB-spinning 
offer different features including a large surface area-to-volume ratio, high porosity, 
uniformity in fiber size, diversity in the composition, flexibility in assembled struc-
ture, ease of drug encapsulation and high versatility in drug formulations, making 
them promising candidates as drug delivery systems (Chen et al. 2018a; Daristotle 
et al. 2016).

Mastitis is a inflammation of the mammary glands in dairy cows, and can be 
caused by a wide spectrum of pathogens, including Staphylococcus aureus, 
Escherichia coli, Pseudomonas aeruginosa and Streptococcus agalactiae (Erskine 
et al. 2003). This inflammation is responsible for financial losses to dairies by reduc-
ing milk yield and quality while increasing additional treatment costs (Huang et al. 
2018). Antimicrobials have been applied in high doses to treat mastitis and the 
design of platforms that allows the control over drug dosage and its release profile 
is required. For this purpose, Schneider et al. (2018) encapsulated cloxacillin ben-
zatine (CLOX), a penicillin derivate, poorly water soluble, and commonly used to 
treat mastitis, into a blend of PLA/poly (butylene adipate-co-terephthalate) (PBAT) 
(namely Ecovio (EC)) nanofibers prepared by electrospinning (Fig. 15.2a). One of 
effects presented by this infection is the pH decrease, so the authors demonstrated 
that CLOX release was modulated by pH, which included a change of the release 

Fig. 15.2  Schematic representation of preparation of CLOX-encapsulated EC nanofibrous mem-
branes (a), CLOX release profiles at different pHs (b) and antibacterial properties of ECNF-CLOX 
nanofibers against S. aureus after 24 h of incubation. The dashed black line is a guide to the eye to 
visualize the inhibition zone. Reprinted with permission from Schneider et al. (2018). Copyright 
2018 Elsevier
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mechanism from a Fickian diffusion at pH = 7.3 (with a burst release), to a Non-
Fickian mechanism at pH = 5.5, with a sustainable release (Fig. 15.2b). In vitro 
studies revealed that the developed drug-loaded nanofibrous membrane containing 
10% and 20% w/w of CLOX with respect to the polymer exhibited activity against 
S. aureus (Fig. 15.2c), thus demonstrating that electrospun nanofibers has a great 
potential to treat mastitis.

Giram et  al. (2018) successfully incorporated moxifloxacin hydrochloride 
(MOX-HCL), a widely used antibacterial drug with activity against various type of 
Gram-positive and Gram-negative bacteria, into Eudragit nanofibers prepared by 
electrospinning. For this purpose, three concentrations of MOX-HCL (1%, 5% and 
15% w/w, drug weight to polymer weight) were incorporated into Eudragit nanofi-
bers. The authors evaluated the release prolife of MOX-HCL at pH  1.2 and 6.8 
demonstrating that Eudragit nanofibers showed pH-dependent drug release profiles, 
with slow release at pH 1.2 for 60 h and burst release at pH 6.8 (around 30 s). The 
in vitro quantitative and qualitative antimicrobial assay showed that nanofibers con-
taining different MOX-HCL concentrations exhibited antibacterial activity against 
Gram positive (S. aureus) and Gram negative (E. coli) bacteria, which are pathogens 
related to bovine mastitis, indicating its potential to treat this inflammation.

15.3.2  �Fertilizers Encapsulation

Current agricultural practices depend to a large extent on the use of fertilizers, 
which plays an important role in maintaining soil fertility, increasing crop yields 
and improving harvest quality (Chen et al. 2018b). An important limitation of con-
ventional fertilizers is associated with the fact that significant portions of them are 
lost during the field application, resulting not only in large economic losses but in 
serious environmental pollution (Calabi-Floody et al. 2018; Zhang et al. 2014). An 
important approach to overcome these deficiencies is the development of new tech-
nologies aiming to deliver nutrients to crops in a controlled manner, thus minimiz-
ing the negative effects associated with overdose and reducing the frequency of 
fertilizer applications (Guo et al. 2018).

Recent studies have reported the use of electrospinning to encapsulate fertilizers 
into polymeric nanofibers (Azarian et al. 2018; Hassounah et al. 2014; Kampeerapappun 
and Phanomkate 2013; Krishnamoorthy et al. 2016; Krishnamoorthy and Rajiv 2017a). 
Krishnamoorthy et al. (2016) e.g. prepared electrospun nanofibers of polyvinylpyrrol-
idone (PVP) incorporating urea and cobalt nanoparticles (CoNPs). The study of in vitro 
nutrient release was carried out in water by means of conductivity measurements and 
the results showed a controlled release for 200 h. In another study, Krishnamoorthy and 
Rajiv (2017) demonstrated that electrospun nanofibers of PVP containing urea and 
cobalt nanoparticles have a great potential as seed coating and improve the germination 
of cowpea seeds (Vigna unguiculata).
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Coaxial electrospinning is a modification of the conventional electrospinning 
process in which two concentrically aligned capillaries are used to produce fibers 
with a core–shell structure (Qin 2017). This approach has emerged as an efficient 
alternative to encapsulate a high load of bioactive compounds without compro-
mising their activity, as well as to achieve a sustained release profile (Isik et al. 
2018; Torkamani et al. 2018; Yao et al. 2016). In this process, shell solution is 
injected through the outer needle, whereas the core solution containing the bioac-
tive compound is injected through the inner needle, as illustrated in Fig.  15.3 
(Jiang et al. 2014).

Kampeerapappun and Phanomkate (2013) encapsulated NPK fertilizer into 
core–shell fibers using polyhydroxybutyrate (PHB) as the shell material and NPK-
PLA as the core content. The in vitro release of the NPK fertilizer from nanofibers 
in water at 30 °C was monitored by UV-vis absorption spectroscopy. The results 
showed that the release profile of NPK fertilizer from coaxial fibers was modulated 
by the feed rate of core solution and NPK concentration, where the increase of feed 
rate and NPK concentration resulted in a faster release. The release took 1 month to 
complete and was controlled by the diffusion mechanism, indicating the potential of 
the system to be applied in slow-release fertilizer application.

Although electrospinning has shown great potential to encapsulate fertilizers, its 
actual application in crops still requires considerable advances. SB-Spinning also has 
great potential to encapsulate fertilizers due to the fact that SB-Spinning preserves 
the active compound and the nanofibers can be deposit onto any target in-situ. 
In addition, this technique is cheaper and faster to generate nanofibers compared to 
electrospinning. Nonetheless, the potential of SB-Spinning to encapsulate fertilizers 
remains unexplored and more research is needed.

Fig. 15.3  Schematic 
representation of coaxial 
electrospinning. Reprinted 
with permission from Jiang 
et al. (2014). Copyright 
2018 Elsevier
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15.3.3  �Pesticides Encapsulation

Global agricultural production suffers considerable losses during production and 
storage due to insects and other pest species (Luiz de Oliveira et al. 2018). Synthetic 
pesticides of several classes have been widely applied for pest control in crops 
(Mfarrej and Rara 2018). However, conventional pesticide formulations have low 
efficiency and are responsible for the continuous use of harmful organic solvents 
and indiscriminate application. Such effects cause negative impacts on human 
health and the environment, as well as an increase in the resistance of pathogens 
against pesticides (Lamichhane et  al. 2016; Mfarrej and Rara 2018; Patil et  al. 
2018). In this sense, the development of a safe and effective application, as well as 
pesticide formulations that are harmless to the environment are required 
(Nuruzzaman et al. 2016).

Polymer fibers prepared by electrospinning and SB-Spinning have a great poten-
tial to encapsulate pesticides and deliver them at a sustained rate, which increases 
their effectiveness in controlling pests for a longer period while minimizing the 
amount of pesticide needed to reach the target site, with lower  environmental 
impacts to ecosystem. Despite this, few studies have reported the use of electrospin-
ning to encapsulate pesticides (Roshani et  al. 2017; Thitiwongsawet et  al. 2011; 
Xiang et al. 2013), whereas, to the best of our knowledge, no work involving the use 
of SB-Spinning technique to this purpose has been described in the literature.

Roshani et al. (2017) prepared PLA electrospun nanofibers loaded with Thiram 
pesticide in different concentrations (5, 10, 15, 20, and 25% (w/w), in respect 
to the polymer weight). The release of Thiram from PLA nanofibers in deionized 
water was evaluated by UV absorption spectrophotometry, revealing that the release 
was extended in a sustained manner during the 40  days of measurement for  all 
Thiram concentrations. Additionaly, both diffusion and degradation played a role in 
the controlled release during long-term periods.

In another study, Thitiwongsawet et  al. (2011) encapsulated the fungicide, 2, 
6-dichloro-4-nitroaniline (DCNA) at three different concentrations (5, 10 and 20%) 
into electrospun cellulose acetate (CA) nanofibers. The study of in vitro release of 
DCNA from nanofibers was carried out in deionized water for 60 day using UV–vis 
spectroscopy to quantify the DCNA released. The results showed that the nanofibers 
exhibited sustained-release profile that could be modulated according to the DCNA 
concentration, showing the  potential to control the release of pesticides in 
agriculture.

Xiang et al. (2013) used the electrospinning technique to encapsulate Columbia 
Blue, a nonionic hydrophobic dye with a molecular weight and partition coefficient 
that simulates a systemic pesticide, into PLA electrospun fibers containing 0, 1 and 
10% cellulose nanocrystals. In vitro release study was investigated for 48 h in water 
by liquid chromatography/mass spectroscopy (LC/MS) demonstrating that the 
release of Columbia Blue displayed a minimal burst release. It was also found that 
the Columbia Blue release by diffusion-controlled mechanism followed a Fickian 
diffusion mechanism. In addition, the increasing cellulose nanocrystal content in 
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the fibers increased the fiber degradation rate and the Columbia Blue release rate. 
The authors also evaluated the application of the electrospun PLA system in a 
greenhouse trial and verified a high whitefly mortality, thus confirming the efficacy 
of the system developed against these insects.

15.3.4  �Pheromones and Biocontrol Agents

An alternative approach to the use of pesticides for plant protection against insect 
pests is the application of pheromones, which are volatile organic molecules that 
trigger a behavioral response in individuals of the same species (Hellmann et al. 
2011). Among the different types of pheromones, sex pheromones have been most 
exploited in the protection of plants, once they are species-specific, effective in very 
small amounts and non-toxic for animals (Bell 2014; Ujváry 2010). For use in pest 
management, pheromone components require formulation in appropriate dispens-
ing systems that protect the pheromone and can provide constant release over pro-
longed periods (Bansal et al. 2012). In this sense, polymeric nanofibers can be good 
candidates for this purpose. Hellmann et al. (2011) e.g. successfully incorporated 
(Z)-9-dodecenyl acetate, the sex pheromone of European grape berry moth 
(Eupoecilia ambiguella) into different electrospun nanofibers such as polyamide 
(PA) and CA. The authors demonstrated that the pheromone could be incorporated 
in high concentrations (30% w/w, pheromone weight to polymer weight) in the dif-
ferent polymer nanofiber systems. In addition, the release of pheromones from 
nanofibers was evaluated by a thermogravimetric analysis (TGA), revealing that the 
release extends for more than 50 days with a almost linear behavior.

Bansal et al. (2012) developed a hybrid encapsulation structure containing sex 
pheromone of Lobesia botrana through electrospinning. In this study, pheromone 
was encapsulated in the synthesized oligolactide particles, and then, pheromone-
loaded nanofibers were prepared by electrospinning the mixture of the encapsulated 
pheromone with the suspension of a block copolymer (polyhexyleneadipate-b-
methoxypolyethylene glycol). The release of pheromone from nanofibers was eval-
uated by TGA at 30 °C, showing that the release delay time was 7 h. Despite the 
slower release of encapsulated pheromone compared to the free one, the authors 
concluded that a longer delay in pheromone release is required for an adequate 
practical application in control of Lobesia botrana population.

Kikionis et al. (2017) developed electrospun micro/nanofiber matrices of differ-
ent biodegradable polymers such as PCL and PHB for the controlled release of 
1,7-dioxaspiro[5.5]undecane and (Z)-7-tetradecenal, the sex pheromones of olive 
fruit fly, Bactrocera oleae, and olive moth, Prays oleae, respectively. In this study, 
pheromones were incorporated into nanofibers in three concentrations (5%, 10% 
and 20% (w/w), in respect to polymer weight) and the amount released from differ-
ent matrices was determined by gas chromatography mass (GC/MS) spectrometry. 
The results revealed that the release of pheromones was extended during the 
16 weeks of measurement in all concentrations, regardless of the matrix composition. 
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Laboratory bioassays and field trapping tests showed that the fiber mats obtained by 
electrospinning of PHB solution containing 5% w/w 1,7-dioxaspiro[5.5]undecane 
and PCL solution containing 5% w/w (Z)-7-tetradecenal were almost twice as effec-
tive to attract the B. oleae and P. oleae males, respectively, compared to the positive 
controls used.

Another approach for the protection of agricultural crops consists in the use of 
biocontrol agents, including bioinsecticides (Bacillus thuringiensis), biofungicides 
(Trichoderma), bioherbicides (Phytopthora) (Ram et al. 2018). A possible strategy 
to increase the efficiency of biocontrol agents is their encapsulation in an appropri-
ate polymer carrier, which facilitates the handling of the microorganisms, increases 
their protection against environmental factors and increases their viability during 
storage (Noruzi 2016).

Spasova et al. (2011) encapsulated Trichoderma viride spores within chitosan-
based nanofibers. In this study, solutions containing different ratios of chitosan– 
poly(ethylene oxide) (PEO) and chitosan–polyacrylamide (PAAm) were blended 
with fungal Trichoderma spores and electrospun to form nanofibers. PEO and 
PAAm were used as facilitating polymers in the electrospinning process. The pres-
ence of the fungal spores in the nanofiber mats was confirmed by scanning electron 
microscopy. In addition, the microbiological tests confirmed that fungal spores 
immobilized in nanofibers maintained viability and were effective to inhibit the 
growth of pathogenic soil microorganisms: Alternaria and Fusarium. The authors 
also demonstrated that fibers containing fungal spores can be directly electrospun 
on the plant root system or onto the plant leaves of different crops, without damag-
ing the plant.

Despite the wide interest and progress in electrospinning, there is a great need for 
additional research studies in the field of encapsulation of pheromones and biocon-
trol agents to fully explore this potential. To best of our knowledge, there is no paper 
describing the application of SB-Spinning to obtain nanofibers as carrier systems 
for the sustained and controlled release of pheromones and biocontrol agents, thus 
research studies are required to explore the application of this technique in the field 
of protection of agricultural crops.

15.3.5  �Food Industry

A growing interest in the use of ES and SB-Spinning is attributed to the fact that 
these techniques do not involve severe temperature conditions, which are compati-
ble with food grade polymers and biopolymers, and allow efficient encapsulation by 
reducing denaturation and bioactive stability compared to other conventional encap-
sulation methods, such as spray drying (Daristotle et al. 2016; Medeiros et al. 2009; 
Wen et al. 2017).

Essential oils (EOs) are lipophilic compounds extracted from plants that exhibit 
antimicrobial and antioxidant properties. EOs are unstable and fragile volatile com-
pounds that can be easily degraded by oxidation, volatilization, heating, light, which 
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limits their applications in food industry. Numerous studies have shown that electro-
spun fibers are effective means to increase EO stability and bioactivity (Prakash 
et al. 2018).

Altan et al. (2018) incorporated carvacrol (CRV), a main component of oregano 
and thyme oil, at three different concentrations (5, 10 and 20%) into PLA electrospun 
nanofibers (Fig. 15.4a). The results showed that the antioxidant activity of CRV-
loaded PLA nanofibers ranged from 53 to 65% for 5–20% CRV content (Fig. 15.4b). 
The amount of CRV released from PLA nanofibers were determined by CG/MS 

Fig. 15.4  Schematic representation of preparation of CRV-loaded PLA fibers (a), antioxidant 
activity (%) of electrospun fibers of PLA with different CRV content (b), cumulative CRV release 
from electrospun PLA fibers with different CRV content (c), images of whole wheat bread samples 
packed with electrospun PLA fibers with different CRV content stored at 25 °C for 7 days (d), and 
growth inhibition rate (%) of aerobic bacteria (TPC) and mold and yeast (MYC) (e). Reprinted 
with permission from Altan et al. (2018). Copyright 2018 Elsevier
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spectrometry and indicated that a sustained low release of CRV at 5 and 10% CRV 
level occurred, while the release profile of PLA fibers at 20% CRV showed the ini-
tial burst effect followed by sustained release (Fig. 15.4c). The results revealed that 
CRV release from PLA fibers at 5 and 10% CRV level shows a non-Fickian diffu-
sion mechanism. On the other hand, the CRV release was controlled by the Fickian 
diffusion in 20% PLA nanofibers. The authors also demonstrated that CRV-loaded 
electrospun PLA nanofibers are able to preserve whole wheat bread samples from 
degradation by aerobic bacteria (TPC) and mold and yeast (MYC) (Fig. 15.4d, e), 
which indicates that are good candidates for active food packaging applications to 
extend the shelf life of whole wheat.

Souza et al. (2015) encapsulated linalool, a monoterpene alcohol widely present 
as a major constituent of plant EOs, into PLA nanofibers prepared by electrospin-
ning and SB-spinning. In this study, the effect of linalool concentration (10, 15 and 
20  wt. %) on the morphology of the fibers, structural properties and the release 
behavior was evaluated. The results showed that both processes were efficient to 
encapsulate linalool into polymeric nanofibers. In addition, the authors verified that 
linalool concentration did not influence the fiber morphology, but changed physical 
properties, such as crystallinity degree, interplanar distance, crystals sizes and sur-
face energy. The in vitro release rate of the linalool from nanofibers was evaluated 
by TGA at 35 °C. The curves of linalool release were non-linear, demonstrating a 
biphasic pattern consistent with one or more Fickian release components. It was 
also found that the time required to release half the amount of encapsulated linalool 
(T1/2) decreased with increasing linalool concentration and that t1/2 values for 
SB-Spinning nanofibers were higher (291–1645s) than the t1/2 values for electros-
pun fibers (76–575 s). Since linalool is a well-known antimicrobial and insect repel-
lant, the results reported by the authors indicate the potential of linalool-loaded spun 
PLA nanofibers in active food packaging.

Vitamin A is an essential micronutrient that plays a vital biological role in human 
body, such as in vision health and immune function. The low water-solubility and 
the poor stability of vitamin A, as well as its unfavorable effects on the flavor, odor 
and transparency of beverages, limits theirs applications in commercial products, 
such as functional foods. Therefore, efficient strategies are needed to increase the 
vitamin A stability and mask the unpleasant off-flavor (Katouzian and Jafari 2016; 
Sauvant et  al. 2012). For this purpose, Fahami and Fathi (2018) incorporated 
Vitamin A into polyvinyl alcohol (PVA)-based nanofibers. The encapsulation effi-
ciency and loading capacity were calculated and the results showed that nanofibers 
with 30% w/w vitamin A could be recognized as the optimum sample, displaying an 
encapsulation efficiency of 97% and a load capacity of 29.51%. The release behav-
ior of vitamin A was studied in simulated gastric (2 h) and intestinal (6 h) fluids and 
burst release was not observed. A small amount of vitamin was released in the SGF 
(5.27%), while 15.43% of the vitamin release was observed in the simulated intes-
tinal fluid (SIF), thus demonstrating the ability of controlled release in different 
conditions. The results also showed that the main release mechanism in SGF was 
diffusional transport, whereas for simulated intestinal media, a whole release time 
cooperation of Fickian diffusion and dissolution were observed. The lower release 
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rate of vitamin A in simulated gastric fluids indicated that the produced nanofibers 
are appropriate carriers to increase the stability of food bioactives against acidic 
conditions.

Yang et al. (2017) encapsulated fish oil into core–shell fibers with PVP as the 
shell material and fish oil-zein constituting the core content. The oxidative stability, 
the shelf life and the release behavior of encapsulated fish oil were investigated and 
compared to single nanofibers prepared by conventional electrospinning. The results 
showed that the oxidative stability of encapsulated fish oil in the coaxial nanofibers 
was significantly enhanced compared to that of the single nanofibers. It was also 
found that the shelf life of encapsulated oil in the single nanofibers and coaxial 
nanofibers were 374 and 439  days, respectively, thus demonstrating that coaxial 
electrospinning is a more recommended option to slow down the oxidation process. 
The release of fish oil was evaluated in SGF (HCl solution, pH 1.2) and SIF (phos-
phate buffer, pH 6.8), revealing that core-shell nanofibers showed sustained release 
in both media during a period of 300 min. In addition, the release mechanism was 
controlled by a combination of diffusion and macromolecular chain relaxation. 
Overall, the results demonstrated that coaxial electrospinning provides a platform 
for the encapsulation of fish oil without compromising its stability and consists in a 
promising technique to produce fish oil functional foods.

Although electrospinning has emerged as a potential process to encapsulate bio-
active compounds, the application of electrospinning in food industry is limited due 
to its relatively low productivity, which restricts its large-scale commercial exploita-
tion. In this sense, advanced research is still needed to modify the structural aspects 
of the electrospinning setup (e.g. multi-needle arrangement setup or multiaxial tech-
nologies) to allow the industrial application in food science. On the other hand, 
SB-Spinning has shown great potential to develop innovative products with new 
specific properties on a large scale, nevertheless, its application in food science is 
still in the early stages of development, and studies are required to explore this 
potential in the food industry.

15.4  �Final Remarks

In this book chapter we reviewed how the electrospinning (ES) and SB-Spinning 
techniques can be used to fabricate suitable composite polymer nanofibers to encap-
sulate agricultural inputs (pesticides, hormones, fertilizers, etc.) aiming at slow 
release systems. Both techniques are highly suitable for producing nanometric plat-
forms with a high surface area/volume ratio, varied diameters and morphologies, 
with the possibility of chemical functionalization for the intended agricultural appli-
cations. The chapter reported the successful use of such fiber forming techniques to 
design novel slow release systems based on biodegradable micro- and nanofibers 
containing different antibiotics to treat cattle diseases, fertilizers to improve produc-
tivity of crops and pesticides to mitigate or avoid pest infestations in varied crops. 
Such systems greatly increase the application efficiency of agri-food inputs, with 
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simultaneous effect on increasing productivity while requiring a smaller amount of 
the active inputs. Although some advances are still critical and necessary to scale-
up the production of nanofibers at a reasonable cost, the recent advances pave the 
way for sustainable agricultural practices.
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Chapter 16
Synthesis Methods of Starch-Based 
Polymer Foams and Its Comparison 
With Conventional Polymer Foams 
for Food Packaging Applications
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Abstract  Due to growing concerns in the environmental and economic perspectives 
of traditional petroleum-based packaging materials, biodegradable polymers have 
gained increasing attention. The complete or partial natural sources of packaging 
materials based on biopolymers make them potentially biodegradable. Polyurethane 
(PU) foams are polymers that consist of urethane bonds that bind to several organic 
units and are widely used for food packaging applications. The conventional PU 
foams usually cost more than other alternatives, release toxic fumes when burned 
and have problems associated with disposal, since they are not biodegradable. 
At present, the only biodegradable plastics that have been close to competing with 
conventional petrochemical plastics are those based on starch, either from potatoes, 
corn or other cereal crops. Starch foams with different cell structures and properties 
can be produced using many techniques such as extrusion, hot-mol baking/com-
pression, microwave heating, freeze-drying and superficial fluid extrusion. Starch is 
being blended with other materials such as cellulose, polyvinyl alcohol to improve 
its mechanical properties and water sensitivity. The purpose of this chapter was to 
investigate the production methods of starch-based polymer foams and compare 
their application with PU and establish how the former is the better alternative in 
terms of environmental concerns.
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16.1  �Introduction

Food packaging consists of long-term storage and protection of all types of foods and 
their raw materials from oxidative and microbial contamination (Ashjari et al. 2018). 
Synthetic polymers such as polyethylene (PE), polypropylene, polystyrene (PS) and 
polyvinylchloride (PVC) have revolutionized packaging in the form of films, packages 
and foams (Suárez and Gutiérrez 2017). Due to their availability in large quantities at 
low cost and favorable characteristics such as high tensile and tear stress, high barrier 
strength against oxygen and volatile compounds and make them thermally stable pet-
rochemical-based polymers such as polyolefins, polyesters, polyamides, polyurethane 
(PU) etc. have been conventionally used in food packaging (Pornsuksomboon et al. 
2016; Araque et al. 2018). However, their non-biodegradability has raised environ-
mental concerns about disposal (Soykeabkaew et al. 2015). Keeping in mind the envi-
ronmental threats of these non-biodegradable materials, there is a search for bio 
renewable polymer-based environmentally friendly materials (Prasanth et al. 2015). 
Many types of biobased polymers such as poly (lactic acid) (PLA), poly-3-hydroxybu-
tyrate, starch and cellulose have been introduced (Hu 2014). Currently, the only biode-
gradable plastics that have come close to competing with conventional petrochemical 
plastics in terms of production costs are those based on starch extracted from potatoes, 
corn or other cereals (Herniou--Julien et al. 2019; Gutiérrez et al. 2019; Merino et al. 
2019a, b). Biodegradability includes the easy-to-use aspect as well as eco-friendly 
quality of raw materials, which are mandatorily acquired from industries of renewable 
agricultural products or sea-food waste processing (Razza et al. 2015).

The botanical source from which the starch has been isolated determines its physic-
chemical properties (Gutiérrez et al. 2014; 2015a, b; Gutiérrez 2018a). Corn, potatoes, 
wheat, cassava and waxy corn are the major commercial sources of starch. Starch, as a 
natural polymer, can be processed by techniques such as extrusion into films/sheets, 
foams, shaped articles, hot-mol baking/compression, microwave heating, freeze-
drying and superficial fluid extrusion. However, due to some limitations, such as weak-
ness and water sensitivity, very low abrasion and moisture resistance, starch is being 
blended with other materials such as cellulose and polyvinyl alcohol (PVA) to improve 
its mechanical properties and water sensitivity (Debiagi et al. 2011).

Different methods have been developed for the characterization of starch-based 
polymers. Some of them are: determination of viscosity, measurement of water 
absorption capacity (Pornsuksomboon et al. 2016), compression test (Priya et al. 
2014), scanning electron microscopy (Lopez-Gil et al. 2015), biological evaluation, 
cytotoxic assay, alamar blue assay and statistical analysis (Kaisangsri et al. 2014; 
Liming Ge, Xinying Li et al. 2015).

16.2  �Polymer Foams

Polymer foams are found in various objects used in our daily life. These are porous 
microstructures that are made from synthetic polymers for many applications, 
especially food packaging. Polymeric foam is dispersion of a gas in a polymer matrix. 
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These are formed when small packs of gases are trapped inside a solid. The foam 
has a polymer matrix with air bubbles or built-in air tunnels, which is known as a 
closed cell or open cell structure. Closed-cell aluminum foams are a class of novel 
materials with continuous metallic matrix being separated by equally distributed 
gas bubbles. They have many useful properties, such as good energy absorption 
property, ultra-low density, high electromagnetic shielding effect, good damping 
performance and excellent sound-absorbing property (Xia et al. 2014). Open cell 
foams are solid foams that present excellent electrical, thermal and acoustic proper-
ties. The open cell foams also improve the mixture and have excellent specific 
mechanical properties (Kumar et al. 2014).

Production of polymer foams involves several steps (Fig.  16.1). Firstly, a gas 
created by chemical reaction of molten polymer is dissolved under high pressure 
(chemical blowing agent) or the gas is dissolved in a supersaturated state in the 
molten polymer (physical blowing agent). Secondly, a population of gas clusters is 
nucleated in the supersaturated solution when pressure is released to the ambient 
pressure. Finally, the nucleated bubbles in the polymer grow to their final equilib-
rium size (Ruiz et al. 2017).

Polymer foams can be produced by several methods. Some of the examples 
include extrusion, slab-stock by pouring and different forms of molding. The most 
common of these is extrusion foaming. The word “extrusion” refers to forcing a 
material through a restricted orifice. An extruder is basically composed of one or 
two rotating Archimedes screws fitted in a barrel in order to progressively increase 
the pressure and push forward the ingredients through a die where expansion takes 
place (Sauceau et al. 2011).

Polymer foams can be divided into thermoplastics and thermosets. Thermoplastic 
polymers are made up of linear molecular chains which soften on heating and 
harden on cooling. These are further subdivided into three types: crystalline thermo-
plastics, amorphous thermoplastics and semi-crystalline polymers. Thermoplastics 
can be easily recycled. Thermoset polymers refer to the irreversible polymerization 
and this type of polymer is cured by chemical reaction or heat and becomes infus-
ible and insoluble material. Thermosets are further divided into rigid and flexible 
foams (Grigore 2017). It is harder to recycle thermosets.

There are various types of polymer foams, e.g. PU and synthetic and natural bio-
polymers. PUs are a class of polymer with urethane linkages joining several mono-
meric units. Other groups such as ether, ester and amide may also be found in the 
polymer molecule. PUs have a high demand due to their flexibility for long and short 
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Fig. 16.1  Synthesis of polymer foams
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production runs, relatively low tooling and manpower costs. PU materials tend to 
have a very high abrasion resistance. Due to these advantages, PUs are being increas-
ingly used in the automotive, furniture, construction, insulation, coating, adhesives, 
fibers, footwear components, and biomaterials industries (Nayani et  al. 2013). 
Biodegradable foams are organic polymers that are generated from renewable natu-
ral sources, are often biodegradable and non-toxic. They can be produced by biologi-
cal systems (i.e. micro-organisms, plants and animals), or chemically synthesized 
from biological starting materials (Pawar and Purwar 2013). Starch-based foams are 
one of the possible alternative materials for making biodegradable foams. The starch 
is abundant and economical, which makes it a substance of choice to produce foams. 
These are produced mainly by the extrusion method.

16.3  �Conventional Polymers and Their Limitations

Food packaging in general has a crucial role in improving the shelf life of the product 
(Álvarez et al. 2017; 2018). The selection of the correct kind of package shape and 
material combined with automation will give a more efficient and eco-friendlier 
package. Food packaging consists of long-term storage and the protection of all 
types of foods and its raw materials against oxidative and microbial contamination 
(Abreu et al. 2015; Ashjari et al. 2018). Petrochemical based polymers such as poly-
olefins, polyesters, polyamides, PU etc. have been conventionally used in food 
packaging for their availability in large quantities at low cost and favorable charac-
teristics such as high tensile and tear stress, high barrier strength against oxygen and 
volatile compounds and make them thermally stable (Pornsuksomboon et al. 2016). 
Contrarily they have a very low water vapor transmission rate and are totally non-
biodegradable, which is a big factor and therefore a big cause of environmental 
pollution posing serious threat to the environment. Therefore, its use in any form or 
shape should be restricted and may even be abandoned altogether to eliminate waste 
disposal problems (Bergel et al. 2018).

Recently, due to the growing environmental awareness, the search for packaging 
films made from biodegradable and compostable materials has started, since they 
are compatible with the environment (Scarfato et  al. 2015; Gutiérrez 2018b). 
Biodegradability is not only an essential functional requirement but also an impor-
tant environmental hallmark. Therefore, it exploits the conservation of natural 
resources, reinforcing respect for the environment and the protected atmosphere. 
The additional advantage of biodegradable packaging materials is that in decompo-
sition and composting they can act as fertilizer and condition soil, improving the 
yield. Biopackaging is expensive, however, there lies the future of the packaging 
industry, especially when selective value-added food products are treated.

Food, either in processed form or as a raw material, which is decided by its water 
retention activity and are based on storage temperature, are highly decomposable and, 
therefore, need intelligent technological intervention to preserve them during longer 
periods. The conservation of food quality is an important task in the current food 
processing industry (Biji et  al. 2015). Post-harvest losses of the farm produce are 
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significant enough to have an impact on the food industry. These losses are majorly 
caused by improper handling and unsuitable post-harvest technologies that are being 
performed. Transportation from the production site to distant places for commercial-
ization leads to additional losses due to pollution. The accessibility of agricultural 
products with freshness, long shelf life, as well as a better aroma, texture and flavor and 
having a higher nutritional value is the ideal case that is needed (Han 2014).

16.4  �Biodegradable Polymer Foams for Food Packaging

Due to the large number of negative effects of petroleum-based foams on the environ-
ment, attempts are being made at developing biodegradable foams (Mali 2018). These 
foams made from renewable sources provide solutions to various ecological problems, 
such as the amount of waste and the disposal of waste. The attribute of compostability 
is preferred due to the high cost of recycling. Also, degradation of biomass in the soil 
leads to the production of water, carbon dioxide (CO2) and other inorganic substance. 
No toxic substances are produced. Agricultural sources can be used as alternative raw 
materials. They can also serve as fertilizers and soil conditioners. Examples of such 
resources are starch and blends of starch with other compounds and lignin.

Lignin is found in the cell wall of plants, and is obtained as a by-product in several 
industries related to papermaking, the production of ethanol from biomass, etc. Lignin 
has several properties which make it suitable for packaging materials, such as high abun-
dance, low weight, antioxidant and antimicrobial and biodegradability (Gutiérrez and 
Alvarez 2017). It also has CO2 neutrality and reinforcing capability (Thakur et al. 2014).

Starch is present in most plant. Starch-based polymers are the most commonly 
used natural raw materials for manufacture of foams. It can be obtained from natu-
ral sources, it is inexpensive and biodegradable. Starch can be easily converted into 
water, CO2, without the production of any toxic substances (Soykeabkaew et al. 
2015). Cereal grains such as corn (82%) and wheat (8%) and tuber crops such as 
potato (5%) and cassava (5%) are the primary sources for commercial starch 
(Glenn et al. 2014). However, the properties of starch need to be improved. For 
example, the mechanical properties of starch have been improved by blending the 
starch with the fibers, such as the vegetable fibers of the pulp. The tensile strength 
and flexibility of the starch have been improved, since the fiber gets dispersed 
throughout the matrix. Improvement in the moisture resistance capacity of starch 
has been reported for its composites with acrylic acid, PVA, ethylene-vinyl acetate 
copolymer, poly(caprolactone) and PLA (Teixeira et al. 2014).

16.5  �Starch Properties

Starch is a very important natural resource found in the roots, tubers and seeds of plants. 
Commercial starch is obtained from crops such as corn, wheat, potatoes and cassava 
(Table  16.1). It is one of the most abundant polymers in plants and they are the 
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carbohydrates for energy storage at present. The biological source determines the size, 
shape and morphology of the starch (Robyt 2008). The two polymers consisting of 
D-glucose repeating units, amylose and amylopectin constitute starch. The tight pack-
ing of amylopectin molecules makes the starch impervious to large molecules, result-
ing in a relatively smooth surface. However, the granules are hydrophilic and begin to 
hydrate and swell when heated in water. The viscosity of starch pastes increases as 
granules swell and hydrate (Glenn et al. 2014). The extrusion and viscous behavior of 
the starch is determined by temperature, moisture and thermo-mechanical treatment 
(Garg and Jana 2007). The hydrophilic nature of starch and its tendency to embrittle 
with age do not make it very suitable as a replacement for plastics. Despite its short-
comings, starch continues to remain a viable alternative to petroleum-based plastics 
primarily because of its low cost and abundance and because it is a renewable material 
that degrades readily in composting conditions and in many landscape and aquatic 
environments.

16.6  �Starch Based Polymer Foams

The development and research of polymer foams based on starch has increased in 
recent decades due to its high biodegradability and its ability to be environment-
friendly. The methods of synthesis and modification of starch matrix will be dis-
cussed in the following sections:

16.6.1  �Synthesis of Starch-Based Foams

Many methods have been developed for the manufacture of starch-based foams. 
Starch foams with different cellular structures and properties can be produced using 
many techniques such as extrusion, hot-mold baking/compression, microwave 
heating, freeze-drying and superficial fluid extrusion (Fig. 16.2).

Extrusion can be used to produce film and foams shaped articles. This includes 
conversion from the natural granular form to homogenous gelatinous form. This can 
be further improved by shear treatment. The phase transition and rheology, which 

Table 16.1  Properties of starch from different sources

Source Appearance/Texture Flavor Clarity

Potato Pulpy Nil Transparent
Corn Smooth/slightly gelatinous Cereal like Opaque
Waxy corn Smooth Cereal like Opaque
Cassava Very smooth Nil Transparent
Wheat Smooth/slightly gelatinous Cereal like Opaque
Barley ap Very smooth Cereal like Opaque
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play an important role in starch processing, can be largely influenced by plasticizer 
type and content and starch type and structure (amylose/amylopectin ratios) 
(Xie et al. 2014).

A co-rotating twin-screw extruder machine was used to develop cushion foam 
sheets by blending wheat and starch. The extruded materials were suitable for cush-
ioning since they had comparable physical properties with the commercial plastic 
foams. Their dynamic cushion curve test indicated that the starch-based foam sheets 
provided good shock absorption properties. They deceleration peak was lower and 
larger than the expandable PE foams (Abinader et al. 2014).

Biodegradable foam trays have been developed by Kaisangsri et  al. (2012) 
blending cassava starch with fibers and chitosan (Cs). This was achieved by 
hot-mold baking in an oven with a controlled temperature at 250 °C for 5 min. The 
water solubility and water absorption indexes of these foams were better than those 
of PS foams.

Starch-based foams combined with natural resources such as grape waste, thistle 
waste, barley and straw fibers have been developed by Lopez-Gil et al. (2015) using 
a microwave foaming process. The product formed could be used for proving struc-
tural support, due to its high stiffness and strength. It can also be used for packing, 
since it is biodegradable.

Cellulose nanofibrils (CNF) are also used along with starch to produce biode-
gradable foams. This involved freeze-drying with CNF/S water suspensions within 
a range of 1–7.5 wt% solids content. The mechanical and thermal properties of the 
composite foams were higher than that of the foams produced from control starch. 
The increase in the solid content of starch increases the viscosity of the paste. This 
in turn decreases the rate of bubble steam expansion and results in higher densities 
and mechanical properties. These CNF/starch composite foams are cheaper than the 
conventional PE and PS foams (Yildirim et al. 2014).
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Fig. 16.2  Different methods of production of starch-based foams and their applications
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Lastly, there is a novel technology of extrusion of supercritical fluids that can be 
more versatile and controllable, thus, a wide range of foam structures with desired 
properties can be designed better for uses (Soykeabkaew et al. 2015).

16.7  �Modification of Starch-Based Foams

Starch based foams, although very popular due to their environmentally friendly 
nature, have some disadvantages such as: fragility and water sensitive. Native starch 
foams have very low abrasion and moisture resistance, due to their hydrophilic 
nature generated by the presence of the free hydroxyl groups in the glucopyranosyl 
unit of the starch polymer molecules. These hydroxyl groups can form hydrogen 
bonds with the surrounding water molecules, so they are hygroscopic in nature. 
The starch foams can collapse when in contact with water molecules or have low 
dimension stability in an atmosphere with high relative humidity. Another important 
problem with starch-based foams is their lack of enough strength and flexibility. 
All these drawbacks associated with starch-based foams have made its use very 
limited (Soykeabkaew et al. 2015). To improve its microstructure, water resistance, 
mechanical and thermal characteristics, moldability, abrasion, lightness and other 
properties of starch-based foams, starch has thus been blended with various biode-
gradable polymers (Table 16.2).

16.7.1  �Modified Starch-Based Foams

Converting hydrophilic hydroxyl groups to larger and less polar groups, such as 
acetyl groups, can be an approach to overcome the low water resistance of starch. 
This increases its hydrophobicity and decreases its moisture sensitivity. This comes 

Table 16.2  Polymer foams based on starch blends and their advantages

Blends Advantages

Starch acetate blended with 
substances such as corn cob, 
cellulose and PVA

When cellulose content is increased, the density increases 
and so does the compressive strength of the foam.
This can thus be used for a better protection of goods 
during shipment.

Addition of PVA Improve the tensile strength, hardness, crystallinity and 
porosity of the foam.

Starch blended with naturally 
hydrophobic polymers such as 
latex and Cs

Shows noticeable reduction in water sensitivity

Addition of Kraft, zein and gluten Improve flexural and compressive strength of the CSF trays
Natural fibers incorporated in 
starch-based biocomposite systems

A significant improvement in mechanical properties
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under the class of chemical modification of starch-based foams. Some examples of 
these types of foams are acetylated and hydroxypropylated. Acetylated starch when 
mixed with substances such as cellulose and PVA, improved properties are observed. 
When cellulose content is increased, the density increases and so does the compres-
sive strength of the foam. Thus, this can be used for a better protection of goods 
during shipment. Another way of increasing hydrophobicity is adding crosslinking 
agent to create some network structures within the medium. This will prevent 
starch-water interaction when it is exposed to moisture and pressure (Soykeabkaew 
et al. 2015). Addition of PVA can improve the tensile strength, hardness, crystallin-
ity and porosity of the foam. This is due their structural similarity which results in 
good adhesion between starch and PVA (Jiang et al. 2014).

16.7.2  �Starch Polymer Blend Foams

When the starch is mixed with natural hydrophobic polymers such as latex and Cs, 
a marked reduction in water sensitivity can be observed. Insoluble composite foams 
can be produced by cross-linking potato starch and Cs by microwave treatment. The 
electrostatic interactions between phosphate groups of potato starch and amine 
groups of Cs prevent disintegration of the foam while in water for a long period of 
time. Cassava starch foams (CSFs) have a high tensile strength but low flexibility. 
Foam based on mixtures of starch with compounds such as limestone and eucalyp-
tus cellulose fibers also show similar properties (Schmidt and Laurindo 2010). An 
improvement in the properties is observed when biodegradable polymers are added 
into the baked foam systems. According to Kaisangsri et  al. (2014) when baked 
CSFs were blended with natural polymers including proteins, fiber and vegetable 
oil, its water resistance and mechanical properties were improved. It was also found 
that the addition of kraft, zein and gluten could improve flexural and compressive 
strength of the CSF trays. In addition, the water absorption and water solubility 
indexes of CSFs blended with zein and gluten proteins were low. Although adding 
palm oil into CSFs increased the water resistance, their flexural and compressive 
strength decreased (Kaisangsri et al. 2014).

16.7.3  �Thermoplastic Starch/Natural Fiber Composite Foams

Various natural fibers have been incorporated in starch-based biocomposite systems, 
which generally provided a significant improvement in mechanical properties of 
the foams at appropriate fiber content. One main reason is because both starch and 
natural fiber (cellulose) are similar in their chemistry, therefore, good compatibility 
and strong interaction between them are obtained, leading to good stress transfer 
capability in the composite system.
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16.7.4  �Thermoplastic Starch/Polyolefin Composite Foams

Cerestech Inc. is a company in Montreal, Canada that produces thermoplastic 
starch (TPS) blends and commodity thermoplastics in a one-step extrusion process. 
The starch preparation is fed into a twin-screw extruder to form a TPS melt. A second 
single-screw extruder is attached to the twin-screw extruder in a perpendicular 
position to allow a thermoplastic polyolefin such as high-density PE (HDPE) to be 
melted and injected directly into the TPS melt. The melt blend is compounded 
further using high shear to form a blend of the two incompatible resins. Blends 
containing up to 50% starch have been produced with excellent mechanical proper-
ties and moisture resistance. The carbon footprint of these blends is significantly 
reduced compared to the neat polymer due to the starch content.

16.8  �Characterization of Starch Based Polymers

Starch based foams can be characterized based on different parameters (Fig. 16.3). 
Some of them are discussed below:

Viscosity
Determination

Statistical Analysis

Open cell content
measurement

Scanning Electron
Microscope (SEM)

Compression test

Measurement of
water absorption

capacity

CHARACTERIZATION
OF STARCH BASED

FOAMS

Fig. 16.3  Different methods of characterization of starch-based foams
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16.8.1  �Viscosity Determination

The viscosity of various concentrations can be evaluated using of a rotational 
rheometer (Ares, Rheometric Scientific) that has parallel plates with 50 mm diam-
eter. The viscosity can be measured on three independent samples resulting from 
a stock solution of each concentration. Average of the three values determines the 
final values. The Carreau–Yasuda model can be used for the experimental data in 
this case, which is as follows:
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(16.1)

η is the shear rate, η∞ is the shear rate viscosity at infinite shear rates, η0 is the 
zero-shear rate viscosity and λ the relaxation time in seconds. Parameters ‘a’ and ‘n’ 
are variable. Parameter ‘a’ dictates the curvature at the top of the curve. Higher value 
of ‘a’ means a sharper transition of viscosity into the power-law rule (Priya et al. 
2014; Kaisangsri et al. 2014).

16.8.2  �Measurement of Water Absorption Capacity

The water absorption was calculated using equation:

	

Water absorption =
-( )W W

W

swell dry

dry 	
(16.2)

WA is the water absorption capacity value; Wswell is the swollen foam weight and; 
Wdry is the dried foam weight (Pornsuksomboon et al. 2016).

16.8.3  �Compression Test

Uniaxial compression test till specific percent of deformation at a constant deforma-
tion using Ares rheometer is the ideal method for this test. Before starting the test, 
the diameter and weight of all the samples are measured to calculate the stress and 
to standardize the Young’s modulus based on the average weight. Stress and strain 
can be calculated based on the following Eqs. 16.3 and 16.4:

	
s =

F

Ao �
(16.3)

	
e =

Dl
lo 	

(16.4)
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σ and ϵ are the stress and strain, respectively F is the force; Δl is the deformation; 
Ao and lo are the original cross-sectional area of the sample and the weight, 
respectively.

The average of Young’s modulus can be calculated by taking linear range of each 
compression curve composition and is tested in triplicates.

16.8.4  �Scanning Electron Microscopy

Morphology of cross section of each sample can be determined by using environ-
mental scanning electron microscopy (ESEM, XL30 FEI) in low vacuum technique 
and by applying a tension of specific kW. The dried samples were cut into slices by 
using a surgical blade. The dried and cut samples are placed on the SEM sample 
holder using double-sided adhesive tape and observed (Lopez-Gil et  al. 2015; 
Kaisangsri et al. 2014).

16.8.5  �Biological Evaluation

The biocompatibility of different scaffold materials can be investigated using the 
MG-63 human osteosarcoma cell line, widely used to study the biocompatibility of 
orthopaedic and dental materials (LONZA, Milan, Italy). Since these cells are at an 
early stage in the osteoblastic lineage, they represent a good model for studying the 
initial stages of biomaterial induced cell osteogenic differentiation.

16.8.6  �Cytotoxic Assay

Elution studies can be conducted by adding specific volumes of DMEM solution to 
each of material samples and placed on a rotating mixer for a period of 3 days; the 
eluent from each sample has to be removed at different times and 500 μL has to be 
pipetted out into sterile 24-well cell culture plates (Corning) earlier seeded with 
1 × 103 cell per scaffold. The negative, i.e. non-toxic control is taken as tissue 
culture plastic with DMEM solution eluent. The plates are then incubated at 37 °C, 
5% CO2 concentration and 95% of air humidity for 24-hour duration. Cell viability 
can be evaluated using the Alamar Blue assay.

16.8.7  �Open Cell Content Measurements

The percentage of open cells (OC) can be measured using a gas pycnometer.
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V represents the geometric volume of the sample; V1 is the volume of the cubic sam-
ples measured by the gas pycnometer and; V2 is the volume of the same cubic samples 
after being cut in three planes; Vf is the porosity of the foamed sample; ϵs and ϵf are the 
density of the solid and that of the foam, respectively (Lopez-Gil et al. 2015).

	 Vf = -1
s
s
f
s

	 (16.6)

16.8.8  �Statistical Analysis

Single-way analysis of variance (ANOVA) can be performed to inspect consequen-
tial effects among treatments using the post-Bonferroni t-test. Duncan’s multiple 
range test can be used to identify the differences between physical and mechanical 
properties, water resistance and oil resistance of starch foam trays obtained with 
different formulations (Kaisangsri et al. 2014; Ge et al. 2015).

16.8.9  �Nanoindentation Analysis

The mechanical properties of foams can be measured with a UBI1 Nanomechanical 
Test Instrument (HYSITRON, Inc., Minneapolis, MN, USA). The continuous stiff-
ness measurement technique explains the contact stiffness, hardness, elastic modu-
lus and creep resistance (Obradovic et al. 2017). Nanoindentation reduced modulus 
(E) and hardness (H) are defined by the following equations:

	 E =
1dP
2dh A

p
	 (16.7)

	
H =

Pmax
A 	

(16.8)

16.9  �Applications of Starch-Based Foam in Field of Food 
Biotech

Nearly 500 billion USD are constituted by packaging and containers. This makes up 
about 29.5% of municipal solid wastes in United States. The development of renew-
able/sustainable plastics is perceived by the industry as a hedge against the prospect 
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that traditional plastics will be much more costly in the future as the petroleum 
prices go on increasing. The sustainability movement is further seen as a positive 
development for plastic processors since it will drive further innovation and a new 
generation of materials with properties more comparable to commodity plastics. 
In the last few years starch-based polymers were one of the most common biopoly-
mers discussed in reference to sustainability. Broadening the spectrum of sustain-
ability by increasing renewable content and decreasing the overall weight of 
traditional plastic used has been the main concern in the recent years. Broadening 
the scope of sustainability has helped balance the need for providing affordable 
packaging today while stimulating investment in research to develop more sustain-
able alternatives for tomorrow (Glenn et al. 2014).

The field of application of starch-based polymers in food-contact articles includes 
plates, drinking cups, salad cups, disposable cutlery, straws, stirrers, lids, overwraps 
and containers for food at fast food establishments. These articles will be in contact 
with aqueous, acidic and fatty foods that may be maintained at or below room tem-
perature. These may also be heated at temperature as high as 60 °C and brought 
down to room temperature or below. Biopolymers, especially starch-based poly-
mers have garnered increasing attention in the recent years due to their recyclable 
and environment-friendly nature. Also, their physical, chemical, optical and 
mechanical properties can be relatively easily tailored through polymer architec-
ture. Therefore, as a consequence, starch-based polymers can be compared to other 
synthetic polymers used in food packaging such as PU, oriented PS (OPS) and 
polyethylene terephthalate (PET).

The most commonly used starch-based polymers in food packaging is TPS 
(Gutiérrez and González 2016, 2017; Gutiérrez et al. 2016a, b; Gutiérrez et al. 
2016a, b; Medina Jaramillo et  al. 2016; Gutiérrez and Álvarez 2016). Castillo 
et al. (2017) developed a prototype package at laboratory scale from active biode-
gradable films based on corn TPS and Cs oligomers (CsO). It was demonstrated 
that the antimicrobial agent migrated from active films to aqueous simulant media 
due to the intrinsic characteristics of CsO (low molecular weight and degree of 
polymerization), the nature of the matrix and the microstructure, and the physico-
chemical properties of the media. It was also shown that CsO diffusion was not 
conditioned by the acidity of the simulant media in the pH studied range, high-
lighting the potentiality of using this antimicrobial agent for a wide variety of 
foods. Cannarsi et  al. (2005) also demonstrated that two biodegradable films 
based on starch (one polyester/starch blend and one blend of 3 biodegradable/
biobased polyesters, Novamont, Italy) could be used to replace PVC films to pack 
fresh cut beef steaks.

Starch can be transformed also into a foamed material using water steam, 
replacing the PS foam as packaging material. It can be pressed into trays or dispos-
able dishes and dissolves in water leaving a non-toxic solution, consumed by micro-
bic environment in about 10 days giving only water and CO2 as by-products. Avella 
et al. (2005) prepared starch/clay nanocomposite films which could be used in food 
packaging sector.
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16.10  �Future of Starch-Based Foams: Nanotechnology 
in Food Packaging Applications

Major issues associated with biodegradable polymers are including the following: 
performance, processing and low cost and problems due to performance and process-
ing. Specifically, brittleness, low heat distortion temperature, high gas, high vapor 
permeability, poor resistance to protracted processing operations has altogether 
strongly limited the application of biodegradable polymers. The application of nano-
technology to these biodegradable polymers can offer new opportunities to improve 
the cost-effectiveness and properties of these materials. Nanotechnology can be used 
to improve the taste and texture of food and to produce packaging that keeps fresh 
product (Bratovčić et al. 2015).

Nanotechnology is generally defined as the development of structures with at 
least one dimension in nanometer length scale (10−9 m) and their utilization. Such 
structures are called nanocomposites and could exhibit changes in the properties of 
the materials or develop new properties and exhibit novel phenomena. To achieve 
that, a good interaction between the polymer matrix (continuous phase) and the 
nanofiller (discontinuous phase) is desirable (Ghanbarzadeh et al. 2015). When bio-
plastics are mixed with clay nanoparticles (NPs), the resulting nanocomposites 
exhibit excellent barrier properties as compared with the pure bioplastics, which after 
their functional life can be composted (Bracone et al. 2016; Gutiérrez et al. 2017). 
Other nanomaterials can also be utilized including NPs, nanofibers and nanowhis-
kers. The clay has a distinct morphology that contains at least one dimension on the 
nanoscale. Clay nanocomposites have been developed for use in a variety of food 
packaging applications and have achieved success in the market (Malathi et al. 2014; 
Gutiérrez and Alvarez 2018; Merino et al. 2018; Toro-Márquez et al. 2018).

Nanotechnology-enabled food packaging can be divided into two different key 
points: improved packaging, where nanomaterials are mixed into the polymer matrix 
to improve the gas barrier properties such as polymer/clay nanocomposites and 
“active packaging”, where the NPs interact directly with the food or the environment 
to allow a better protection of the food, such as silver NPs as potent antimicrobial 
agents (Carbone et al. 2016).

Polymer nanocomposite food packaging material with antimicrobial properties 
is particularly useful because of the high surface-to-volume ratio of nanofillers. This 
property also improves the surface reactivity of nanosized antimicrobial agents 
compared to their bulk counterparts, which allows them able to inactivate or kill 
microorganisms. The properties such as mechanical, barrier, optical, thermal, bio-
degradation, antimicrobial and other functional properties are found in polymer 
nanocomposites for the packaging applications (Shankar and Rhim 2016).

Nanotechnology can result in production of novel products. Nanoscale fillers 
have been integrated with the polymer matrix to form “nanocomposite materials”. 
As far as starch-based foams are concerned, their methods involving nanofillers or 
nano-reinforcement, i.e. layered silicates (clays), nanocelluloses and nanohydroxy-
apatite have been applied to form nanocomposite foams. It has been reported that 
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addition of organoclays (Cloisite) results in the formation of extruded starch-based 
foams with improved cell density, smaller cell size and better uniformity of cells 
(Insert reference). This has shown that the organoclays acted as nucleation sites for 
cell formation during extrusion of the foam.

It has also been reported that addition of kaolin can potentially improve about 
five times the impact strength of the biomaterial and reduces the water absorption 
ability of the starch-based foams. In addition, the thermal stability of the clay-filled 
foams can be improved by an increase in the initial degradation temperatures and a 
reduction in the percentage of mass loss.

The choice of the type of clay or the step of modification is fundamental for a 
better performance of the nanocomposite foam. It has been demonstrated, however, 
that with the appropriate processing conditions, the production of clay structures 
intercalated and exfoliated in the biocomposite foams could be obtained, regardless 
of the type of clay. The foams with adequate clay dispersions reveal a substantial 
increase in the foam strength, around ten times higher than the control starch-based 
foam, without any reduction in the elongation. In the case of foam incorporating 
microfibrillated cellulose (MFC), it has been found that the addition of 40% by 
weight of MFC can increase the compressibility and water resistance of the 
amylopectin-based foam (Dufresne and Castaño 2017). This work also revealed that 
the strong interactions between bacterial cellulose (BC) and the starch matrix give 
rise to an exceptional dispersion of BC within the matrix. It is evident that the 
addition of BC could decrease the water absorption capacities of the starch-based 
foams. Surprisingly, the foams integrated with the BC films revealed considerably 
higher elongations (30–37%) compared to the control foam.

The main advantages of NP, such as CuO, which are very sensitive to copper 
compounds in human tissues compared to other metals and the antimicrobial effect 
of NPs, even at very low concentrations, allow its possible use in hospital environ-
ments (Ashjari et al. 2018).

It has also been found that the cellulose nanofibers integrated in starch scaffolds 
can potentially increase cell attachment and cell proliferation for use in tissue engi-
neering application involving cartilage (Zheng et al. 2015). Conclusively, there is an 
optimum range of nanofiller addition in every foam system, relying on the nature of 
each composite and its components.

Montmorillonite is hydrated alumina-silicate layered clay. This clay has a struc-
ture that restricts the gas permeation due to the large aspect ratio. In order to obtain 
the polymer composite improvements, small percentage of clay can be integrated in 
the polymer matrix. This process is called solid layer dispersion in polymers and 
involves two main steps: intercalation and exfoliation.

In exfoliation, the clay particles release from the system and are dispersed in the 
matrix polymer with no significant particle interactions. This results in layers of 
nanoclay in the form of polymer structural matrix. Integration of the dispersed clay 
layers into the polymer matrix improves substantially the overall mechanical strength 
and barrier properties of the (Rhim and Kim 2014). In some cases, these nanopoly-
mer composites have superior properties to the traditionally cast polymer, including 
higher heat resistance. Polymer nanocomposites are developed by dispersing a filler 
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material into NPs that form flat platelets. These platelets are furthermore distributed 
into a polymer matrix forming multiple parallel layers forcing gases to flow through 
the polymer in a turbulent path, creating a complex. More tortuosity in the polymer 
structure will allow much lower load levels than traditional fillers to obtain a favor-
able performance (Gutiérrez and Álvarez 2017). Generally, the addition levels of 
nanofillers are <5%, having a significant impact on the weight reduction of nano-
composite films. This dispersion process results in higher aspect ratio and surface 
area resulting in higher performance polymers than the conventional ones. The incor-
poration of nanosized fiber also increases the matrix filler interaction that adds to the 
mechanical reinforcement of the film (Salehudina et al. 2013). Such films can thus 
potentially be converted into an effective packaging material to improve the food 
quality, safety and performance.

In addition to nanotechnology, in recent years a new technology known as cold 
plasma technology has emerged. This has enormous potential in food packaging. 
Although, it was originally developed to increase the surface energy of polymers, 
improving adhesion and printability, it has recently emerged as a powerful tool for 
decontaminating the surface of foodstuffs and food packaging materials (Pankaj 
et al. 2014).

16.11  �Conclusion

As environmental concerns about global waste problems increase, this motivates 
global interests in the production of ecological products from renewable resources. 
Starch based foams have emerged as PU replacements and the development in this 
field aims to improve the drawbacks of the starch itself. In this chapter, conventional 
and biopolymeric foams, and especially starch-based foams and their mixtures, 
were discussed and how the latter is a more sustainable alternative compared to PU 
and PS foams for food packaging applications. This work showed detailed informa-
tion on the various methods of polymer processing based on starch. One of the most 
common foaming production methods is extrusion, which is suitable for film and 
foam-shaped articles. This can be useful for the application where weight is of high 
priority, such as packaging for transport. The hot mold baking/compression tech-
nique can be used to produce articles that are preferred in well-molded shapes, such 
as disposable containers and foam trays. Thick cell walls with high strength and 
rigidity can be manufactured by a microwave foaming process. The freeze-drying 
and solvent exchange method can be used when uniform cells with cell connectivity 
are required as a scaffolding of drug delivery systems. Finally, the newly designed 
fluid extrusion technology can be used to make a wide range of foam structures of 
desired properties.

Starch has been widely used as an alternative for PU foams. But the exclusive use 
of starch is not usually adequate due to its numerous disadvantages, such as low 
water resistance, low flexibility and low resistance, as well as high brittleness and 
many others. Several ideas have been proposed and tested to overcome this problem. 
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The strength and flexibility of the starch-based polymers can be improved by using 
starch blends. The problem of low resistance polymers can be solved by using mod-
ified starches or mixing with more hydrophobic polymers, such as PLA, latex, soy 
protein, poly (3-hydroxybutyrate-hydroxyvalerate). The mechanical properties of 
the starch foams and products can be improved by adding different types of fillers 
into the foam. Several types of natural fibers have been used, which will produce 
desirable results. In addition, nanotechnology has opened new windows to the 
development of starch-based foams. Due to the nanometric size effect, various prop-
erties of the foams have been shown to be effectively improved at low filler content. 
The success and continuity in the development of starch-based foams will make 
possible many more of their new applications.
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Chapter 17
Coatings in the Postharvest

María Roberta Ansorena and Alejandra G. Ponce

Abstract  The development of new edible coatings (ECs) with improved function-
ality and performance for fresh and minimally processed fruits and vegetables is 
one of the challenges of the postharvest industry. This technique has been successful 
not only in reducing water loss and delaying senescence, but also in increasing the 
antimicrobial properties of the coated product. The new generation of ECs is spe-
cially designed to allow the incorporation and/or controlled release of antioxidants, 
vitamins, nutraceuticals and natural antimicrobial agents by means of the applica-
tion of promising technologies such as nanoencapsulation and layer-by-layer (LbL) 
assembly. This review analyzes the maintenance of postharvest quality through the 
application of new ECs on fresh products that cover the use of nanoemulsions, 
nanoparticles, nanofibers and LbL as techniques to form active edible coatings and 
films.

Keywords  Edible coatings · IV gama · Micro and nanoencapsulation

17.1  �Introduction

Production and consumption of minimally processed foods is gaining popularity 
(Saberi and Golding 2018). In this context, fresh-cut fruits and vegetables are being 
welcomed by the consumers due to the desire for new and natural products and 
change in life style of the consumers (Yousuf and Srivastava 2015). Due to growing 
consumer preferences for ready-to-use foods, the economic importance of the fresh 
fruit industry is becoming increasingly significant. The main aim of the fresh-cut 
technology is to provide consumers with a convenient and fresh like product having 
desirable nutritional and sensory quality.
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There are numerous factors which limit the quality and shelf-life of fresh-cut 
products. Quality of fresh-cut products can be affected both by internal factors 
including morphological, physiological, and biochemical defense mechanisms, 
type of fruit, genotype, stress-induced senescence programs and external factors 
representing environmental situations such as storage temperature, humidity, sharp-
ness of cutting-knife and chemical treatments (Hodges and Toivonen 2008). 
Figure 17.1 represents a general flow sheet for fresh-cut processing of fruits and 
vegetables (Yousuf et al. 2018).

Fig. 17.1  General flow 
diagram of fresh-cut 
processing for fruits and 
vegetables with film/
coating application
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Food scientists are involved in the development of new technologies that can 
improve the quality and quantity of fresh products in order to meet the expectations 
of consumers. Different technologies including irradiation with gamma rays, sur-
face treatments by means of coating, modified atmosphere packaging (MAP) to 
maintain the appropriate concentration of gas around the cut surface, controlled 
atmosphere to delay the softening of the fruit, chemical treatments such as calcium 
dives at low temperatures has been investigated to reduce harmful changes such as 
microbial growth, drying and discoloration (Mantilla et al. 2013; Lamikanra and 
Watson 2004). Denoya et al. (2015), studied the effect of high-pressure processing 
on preservation of fresh-cut peaches and concluded that high pressure processing in 
combination with vacuum packaging could preserve fresh-cut peaches. The concept 
of biopreservation has also been attempted for fresh-cut fruits and vegetables (Qadri 
et al. 2015).

Coating is considered as a convenient and safe method and is therefore, more and 
more concerned in food industry (Mantilla et al. 2013). It is a promising technology 
to preserve the quality and to prolong shelf-life of fresh fruits and vegetables.

Through this chapter, an attempt has been made to highlight, update and compile 
the scientific literature available on emerging technology of edible coating (EC) in 
context to horticultural crops.

17.2  �Edible Coating Technology: In the Context 
of Horticultural Crops

Fruits and vegetables remain as living tissues up until the time they are consumed 
fresh, cooked for consumption, or processed for preservation. Controlling respira-
tion of these living tissues would improve storability and extend shelf life of fresh 
products a certain level of respiration activity is required to prevent plant tissues 
from senescing and dying. Minimally processed products such as fresh-cut fruits 
and vegetables are essentially wounded tissues, leading directly to tissue softening 
and browning discoloration on cut surfaces (Fig. 17.1). The intensity of the wound 
response is affected by a number of factors, including species and variety, O2 and 
carbon dioxide (CO2) concentrations, water vapor pressure, and the presence of 
inhibitors (Brecht et al. 2004). The concept of using ECs to extend shelf life of fresh 
and minimally processed products and protect them from harmful environmental 
effects has been emphasized based on the need for high quality and the demand for 
minimal food processing and storage technologies. ECs have demonstrated the 
capability of improving food quality and prolonging shelf life of fresh products by 
regulating the transfer of moisture, oxygen, CO2, aroma and taste compounds in a 
food system (Gutiérrez and Álvarez 2017).
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ECs indicate the application of commercial food grade waxes or films to protect 
the loss of natural glossiness during the postharvest period. The best part of the EC 
is that these are edible, healthy and biodegradable in nature, unlike other chemical 
postharvest treatments which leave a residue (Brecht et al. 2004).

ECs may also be used to advantage on processed fruits and vegetables for 
improving structural integrity of frozen fruits and vegetables and preventing mois-
ture absorption and oxidation of freeze-dried fruits or vegetables (Baker and 
Nisperos-Carriedo 1994; Baldwin and Baker 2002; Olivas et al. 2007; Park 2005). 
ECs can also contain functional ingredients such as antioxidants, antimicrobials, 
nutrients and flavors to further improve food stability, quality, functionality and 
safety (Krochta 1992; Krochta 1997; Debeaufort et  al. 1998; Min and Krochta 
2005; Gutiérrez 2017a; 2018).

Fruits or vegetables are usually coated by dipping in or spraying with a range of 
edible materials, so that a semipermeable membrane is formed on the surface for 
suppressing respiration, controlling moisture loss and providing other functions 
(Ukai et al. 1976; Thompson 2010). A variety of edible materials, including lipids, 
polysaccharides and proteins, alone or in combinations, have been formulated to 
product ECs (Ukai et al. 1976; Kester and Fennema 1986). Lipid-based coatings 
made of acetylated monoglycerides, waxes (beeswax, carnauba, candelilla, paraffin, 
and rice bran), and surfactants were the 1st successful ones on whole fruits and 
vegetables (Paredes-Lopez et al. 1974; Lawrence and Iyengar 1983; Warth 1986), 
used for reducing surface abrasion during handling and serving as moisture barrier 
(Hardenburg 1967). Colloidal suspensions of oils or waxes dispersed in water were 
typical early fruit-coating formulations.

Appropriately formulated ECs can be utilized for most foods to meet challenges 
associated with stable quality, market safety, nutritional value and economic pro-
duction cost. Regarding the fresh product industry, the potential benefits of using 
ECs include (Fig. 17.2): 

Fig. 17.2  Functional properties of an edible coating on fresh fruits and vegetables
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17.3  �Recent Advances in the Development of Coatings 
in the Postharvest

ECs also called “environment friendly coatings”, are thin layers of edible sub-
stances, applied to product surface, that do not pose any harm if consumed at con-
centrations effective for maintaining product quality (Dhall 2013). Maintenance of 
horticultural products by application of ECs based on plant extracts (ECPE) is nec-
essary (Murmu and Mishra 2018; Tesfay and Magwaza 2017). Application of ani-
mal extracts is hindered by their limited acceptance by consumers with allergens for 
animal food, religious beliefs that do not encourage consumption of animal prod-
ucts and their probability of forming impermeable layers due to a waxy nature 
(Oms-Oliu et al. 2010; Shiekh et al. 2013). The nature of ECPE is usually based on 
extracts obtained from plants regarded healthy for human consumption such as 
fruit, herbs, or spices with high antioxidant and antimicrobial properties (Florez-
López et al. 2016). Therefore, there are probable medicinal benefits from their con-
sumption (Gutiérrez 2017a).

In the last decade, numerous studies have been carried out to develop ECs of fruit 
and vegetables. Many review manuscripts have also been published in the literature 
(Table 17.1).

Advances in the procedures used during the development of coatings have led to 
the introduction of multiple approaches such as nano-coatings (coatings with their 
thickness in nanometers), compounds (mixture of hydrocolloids and lipids), differ-
ent extraction solvents (alcohol, water or acids) and multilayer system in which the 
application of the coating is modified by a layer of active substances such as antimi-
crobials, flavoring agents, antioxidants or emulsifiers (Ponce et al. 2008; Campos 
et al. 2011; Florez-López et al. 2016; Valencia-Chamorro et al. 2011 Ansorena et al. 
2011; Moreira et al. 2011; Tomadoni et al. 2018).

Although coatings have been used successfully for decades in the fresh plant 
products industry, some coatings such as Becox wax and diphenylamine are known 
to be harmful to consumers. Even though the coatings have the desired characteris-
tics to control the quality and antimicrobial activities, there is a need to know the 
risks to the health of the consumer associated with said post-harvest treatments, 
therefore, the need for the study of ECs (Dhall 2013; Ncama et al. 2018). The main 
aim of the fresh-cut technology is to provide consumers with a convenient and fresh 
like product having desirable nutritional and sensory quality. Coating is considered 
as a convenient and safe method and is therefore, more and more concerned in food 
industry (Mantilla et al. 2013; Ansorena et al. 2011; Moreira et al. 2011; Tomadoni 
et  al. 2018). It is a promising technology to preserve the quality and to prolong 
shelf-life of fresh fruits and vegetables.

Edible films and coatings are synthesized from substances having film forming 
properties. Throughout manufacturing, film and coating substances are dissolve in 
water, alcohol and combination of water and alcohol solvents. Various types of 
colorants, antimicrobial agents, flavors and plasticizers can be fused in this system. 
To obtain highly effective coatings, solution is synthesized and dried at a precise 
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temperature and relative humidity. Adjusting the pH or heating the solutions can be 
accomplished for the particular polymer to enable dispersion. In food processing, 
film/coating solutions can be applied to food by various strategies inclusive of 
dipping, spraying, brushing and panning accompanied with the aid of drying 
(Hassan et al. 2018).

The success of an EC for meeting the specific needs of fresh and minimally pro-
cessed fruits and vegetables strongly depends on its barrier property to moisture, 
oxygen, and CO2, which in turn depends on the chemical composition and structure 
of the coating-forming polymers, the characteristics of the products and the storage 

Table 17.1  Previous literature reviews of edible coatings application on fresh fruits and vegetables

Topic References

Plant-based edible coatings for managing postharvest quality of fresh 
horticultural produce: A review

Ncama et al. (2018)

Edible coating technology for extending market life of horticultural 
produce

Prasad et al. (2018)

Recent developments in shelf-life extension of fresh-cut fruits and 
vegetables by application of different edible coatings: A review

Yousuf et al. (2018)

Bio-based and environmentally benign coatings Tiwari et al. (2016)
Perspectives on utilization of edible coatings and nano-laminate 
coatings for extension of postharvest storage of fruits and vegetables

Florez-López et al. 
(2016)

Advances in edible coatings for fresh fruits and vegetables: a review Dhall (2013)
Chitosan based edible films and coatings: A review Elsabee and Abdou 

(2013)
Chitosan as a novel edible coating for fresh fruits Shiekh et al. (2013)
Application of chitosan-based coating in fruit and vegetable 
preservation: A review

Duan and Zhang 
(2013)

Development of edible films and coatings with antimicrobial activity Campos et al. (2011)
Antimicrobial edible films and coatings for fresh and minimally 
processed fruits and vegetables: A review

Valencia-Chamorro 
et al. (2011)

Edible films and coatings: Structures, active functions and trends in 
their use

Falguera et al. (2011)

Use of essential oils in bioactive edible coatings: A review Sanchez-Gonzalez 
(2016)

Edible coatings as carriers of food additives on fresh-cut fruits and 
vegetables

Raybaudi-Massilia 
et al. (2010)

Edible films and coatings for fruits and vegetables Olivas and Barbosa-
Cánovas (2009)

Edible coatings to incorporate active ingredients to fresh-cut fruits: A 
review

Rojas-Graü et al. 
(2009a)

Recent advances in edible coatings for fresh and minimally processed 
fruits

Vargas et al. (2008)

Edible films and coatings: Characteristics and properties Bourtoom (2008)
Applications of chitosan for improvement of quality and shelf life of 
foods: A review

No et al. (2007)

Innovations in the development and application of edible coatings for 
fresh and minimally processed fruits and vegetables

Lin and Zhao (2007)
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conditions. Several ECs made from cellulose, casein, zein, soy protein and chitosan 
(Cs) have shown such desirable characteristics on fresh products: good barrier prop-
erties, odorless, tasteless and transparent (Álvarez et  al. 2017; 2018). However, 
commercial success is still limited. Challenges in the ECs targeted for fruits and 
vegetables may include: (1) limited moisture-barrier properties of the hydrophilic 
nature of most EC materials, (2) variable oxygen and CO2-barrier properties due to 
poor temperature and relative humidity control in the storage, transportation, and 
marketing of fruits and vegetables, (3) unfavorable storage environment induced by 
improper gas barrier property of some coating materials, (4) inefficient coating cov-
erage and poor coating adhesion between coating layer and the surface of fruits and 
vegetables and (5) adverse sensory effect from exogenous flavor imparted by some 
of the coating materials. Major quality deteriorations involved in fresh products are 
via mass transfer phenomena, including moisture adsorption, oxygen invasion, fla-
vor loss, undesirable odor absorption, and the migration of packaging components 
into the food. Therefore, permeation, absorption, and diffusion into water, oxygen 
and CO2 are among the most important functional properties of any EC applied to 
fruits and vegetable (Lin and Zhao 2007).

Several studies have been reported in which antimicrobial agents are applied to a 
variety of ECs to extend the shelf-life of fresh-cut fruits. Brasil et al. (2012) e.g. 
evaluated the incorporation of cinnamaldehyde into Cs and pectin coatings on 
papaya. Salinas-Roca et al. (2016) evaluated the incorporation of mallic acid into 
alginate coatings on mango, combined with light pulses. In addition, the incorpora-
tion of essential oils into alginate EC reduced the microbial growth in fresh-cut 
pineapple (Azarakhsh et al. 2013) and in fresh-cut apples (Rojas-Graü et al. 2007).

Reviews focussing on the literature for the application of plant-based ECs are 
limited. The commercial limitation of ECs could be associated with a lack of con-
nection between research and legislative issues affecting their acceptance in the 
market. Future perspectives will be drawn for increasing the accuracy in production 
of ECs in attempt to improve their effectiveness in the market (Ncama et al. 2018).

17.4  �Nanotechnology in Edible Films and Coatings

Nanotechnology is a multidisciplinary technological and scientific field that under-
goes rapid development. Size reduction to the nanometer scale (10−9 m) may funda-
mentally modify compounds’ physical, chemical, and biological properties resulting 
in new application potential (Ayala-Zavala et al. 2014; Viacava et al. 2017). The 
potential benefits of nanomaterials in the food industry are tremendous and cover 
many aspects such as food safety, nanosensors, nutrients delivery systems, bioavail-
ability, new materials for pathogen detection and packaging materials (Duran and 
Marcato 2013; Bracone et al. 2016; Pereda et al. 2017; Ponce et al. 2017; Gutiérrez 
et  al. 2017). In the following sections are presented various nanotechnology 
approaches in the field of edible films and ECs.
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17.4.1  �Nanoemulsions

Nanoemulsions are used in the food sector, mainly as a method to disperse lipo-
philic active ingredients in an aqueous media (Mason et al. 2006; Lorenzo et al. 
2018). They present unique physic chemical and functional characteristics like 
supreme kinetic stability and clear or translucent appearance that make them com-
patible as delivery systems mainly in drinks and beverages (Duncan 2011). Edible 
films and ECs based on nanoemulsion containing solutions can be utilized (Mason 
et al. 2006).

Essential oils are the most common active agents encapsulated into nanoemulsi-
fied edible films and ECs (Gutiérrez et al. 2008). They have proven to be effective 
natural antimicrobial agents and gained particular interest due to their ecofriendly 
properties, relative safety and acceptance by consumers (Burt 2004). Edible films 
and edible coatings with nanoemulsified essential oils are mainly applied on fruits 
and vegetables in order to inhibit or prevent microbial growth (Donsì et al. 2015; 
Kim et al. 2013; Salvia-Trujillo et al. 2015; Sessa et al. 2015; Severino et al. 2014, 
2015). Sessa et al. (2015) e.g. encapsulated nanoemulsified lemon, mandarin, oreg-
ano, and clove essential oils to modified Cs ECs and examined their antimicrobial 
effect. The combined use of nanoemulsified lemon essential oil with a modified Cs 
showed a remarkable in vitro antimicrobial activity. Salvia-Trujillo et  al. (2015) 
studied the effect of alginate ECs with several concentrations of nanoemulsified 
lemongrass essential oil (LEO) on the bacterial growth on fresh-cut Fuji apples. 
Comparison of alginate coatings with coarse-emulsified and nanoemulsified LEO 
showed that coatings with nanoemulsified LEO exhibited a faster and greater inac-
tivation of Escherichia coli.

Incorporation of essential oils to EFs and ECs in a nanoemulsion form can also 
reduce their sensory impact. In addition, the nanoemulsion method of encapsulation 
enables to minimize the essential oil concentration required for antimicrobial activ-
ity by increasing its accessibility (Duran and Marcato 2013).

17.4.2  �Layer-by-Layer Edible Films and Coatings

The Layer-by-Layer (LbL) technique is an approach that originated from materials 
science and is based on the alternate deposition of various polymers to products 
multilayers with controlled properties (Decher 1997). Due to a nanometer scale 
buildup, the approach facilitates a delicate and precise tuning of the materials’ 
features.

It is especially valuable due to its potential abilities to control and manipulate 
material properties and incorporate a wide range of functional biomolecules without 
substantial loss of their biological functions (Hammond 2012).

The LbL approach has entered the field of food nanotechnology relatively 
recently (Weiss et al. 2006). Since then, multilayered EFs and ECs have demonstrated 
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their abilities to improve food safety and quality (Dhall 2013). The majority of mul-
tilayered EFs and ECs developed for food products are applied on fruit and vegeta-
bles, whole or fresh-cut (Vargas et al. 2008). Frequently such LbL edible films and 
ECs consist of oppositely charged polyelectrolytes and are applied by utilizing the 
electrostatic deposition method.

The LbL films/coatings have already been reported as an effective drug delivery 
biomedical system that allows controlling the release of functional biomolecules 
without substantial loss of their bioactivity through manipulating film/coating’s 
properties (Jiang and Li 2009; Wang and Sain 2007; Zhong et al. 2007).

Another approach for encapsulating active agents in LbL edible films and ECs 
involves the formation of an inclusion complex (IC) with the active agent (guest 
molecule) using cyclodextrins. An IC improves the solubility of an active agent, 
controls its volatility and protects its bioactivity. In case of active agents with domi-
nant flavors such as essential oils, an IC may mask undesired organoleptic effects 
(Brasil et al. 2012; Mantilla et al. 2013; Martiñon et al. 2014; Sipahi et al. 2013). 
Wen et  al. (2016) demonstrated that polyvinyl alcohol/cinnamon essential oil/ 
β-cyclodextrin (PVA/CEO/β-CD) antimicrobial nanofibrous film can effectively 
prolong the shelf-life of strawberry, indicating its potential for the application in 
active food packaging.

17.4.3  �Nanoparticles

The possibility to improve the performances of polymers for food packaging by 
adding nanoparticles (NPs) has led to the development of a variety of polymer nano-
materials (Brody 2007; De Abreu et al. 2007; Kotsilkova et al. 2007; Duncan 2011). 
Incorporation of nanometric-sized particles was found to improve physical, optical 
and mechanical properties of edible films and coatings (Acevedo-Fani et al. 2015). 
NPs incorporated into edible films and coatings can also serve as delivery systems 
for active agents (Rojas-Graü et al. 2009a, b). This has led to the development of a 
variety of NPs reinforced edible films and coatings, also termed as “nanocompos-
ites” which typically contain up to 5% w/w NPs.

NPs can often be produced from food-grade biopolymers such as polysaccha-
rides and proteins or natural bioactive compounds such as curcumin and solid lipids. 
The majority of biopolymeric NPs in edible films and coatings are based on poly-
saccharides such as Cs and cellulose derivatives. Cs is also well known for its anti-
microbial activity against a wide variety of microorganisms (Gutiérrez 2017b). 
Several works have studied the effect of Cs NPs’ addition to the mechanical, and 
water vapor and oxygen permeability properties of several coatings and films 
(Lorevice et al. 2012; Martelli et al. 2013; Pilon et al. 2014; Antoniou et al. 2015). 
Solid lipid NPs (SLNs) are lipid colloidal submicronic systems that have been 
developed to encapsulate and deliver lipophilic functional components.
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17.5  �Bioactive Packaging

Bioactive packaging is the novel packaging technology that alters the package or 
coating in a way so as to have positive effect on consumer’s health (Majid et  al.  
2018). Various techniques known to retain characteristic properties of biopolymers 
and employed in this novel packaging approach include enzyme encapsulation, 
nanoencapsulation, microencapsulation and enzyme immobilization. Keeping in 
view the required functional properties of particular bioactive components, func-
tional or bioactive packaging has the potential to maintain bioactive substances in 
desired proportions until their controlled or fast diffusion within the packed food 
during its storage or prior to its consumption (Lopez-Rubio et al. 2004). Process of 
bioactive packaging technology is implemented via (1) utilization of biodegradable 
packaging materials for the release of functional or bioactive components, (2) encap-
sulating bio active ingredients into the foods or to the packaging materials and (3) 
introducing packaging materials exhibiting enzyme activity and capable of trans-
forming some food components in order to deliver health benefits. The development 
of such packaging systems exerting health promotion effect involves the concept of 
marine oils, prebiotics, probiotics, encapsulated vitamins, phytochemicals, lactose 
free foods, bioavailable flavonoids and many more will boost the packaging industry 
in near future because of growing human health consciousness (Lagaron 2005).
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Chapter 18
Trends in the Manufacture of Coatings 
in the Postharvest Conservation of Fruits 
and Vegetables

Loveleen Sharma, Alok Saxena, and Tanushree Maity

Abstract  The deterioration of perishable commodities, such as fresh fruits and 
vegetables, is a major problem which results in a shorter shelf life with a compro-
mised nutritional quality. Several techniques can be used to minimize the spoilage, 
such as the use of pesticides and fungicides during pre- harvest conditions, posthar-
vest storage conditions at low temperature, the application of edible coatings along 
with chemical additives or natural plant extracts and different nanotechnological 
techniques such as the development of nanocapsules or multilayer systems, etc. 
Recently, the use of natural plant extracts or essential oils in edible coatings have 
been in trend. Polysaccharide-based edible films and coatings such as chitosan (Cs), 
alginate, starch; protein based edible films and coatings such as caseinate, whey 
protein isolates and lipid-based edible films and coatings such as beeswax, etc. have 
been used with the incorporation of plant extracts such as pomegranate peel extract, 
pineapple extract or incorporation of essential oils such as cinnamon oil, citrus oil, 
etc. to enhance the overall quality of the fruits or vegetables. In chapter the benefits 
of utilizing this technique in fresh fruits and vegetables contributing to a longer 
shelf life will be analyzed.

Keywords  Active packaging · Edible polymers · Modified atmosphere

18.1  �Introduction

The deterioration of fresh fruits and vegetables is a serious concern which results in 
a shorter shelf life with a compromised nutritional quality. Micro-organisms, 
insects, pre and post-harvest conditions during transportation and storage are 
responsible for the maximum losses in quality and quantity of fresh fruits and veg-
etables. Minimally processed fruits and vegetables are the main growing segments 
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in retail food market. Due to the convenience in service and consumption, the 
demand for fresh-cut products in the market is increasing day by day. However, 
metabolic activities, such as the delocalization of enzymes, the increase in respira-
tion rate increases due to peeling and cutting, lead to deterioration of products such 
as browning, softening, microbial growth and off-flavour (Gutiérrez 2019). The 
development of edible coatings based on biodegradable materials for fruits and veg-
etables have exhibited favourable results in improving the shelf life of fresh prod-
ucts (Pavlath and Orts 2009; Álvarez et al. 2018). Edible coatings can be considered 
as an alternative to modified atmosphere storage to increase the postharvest life of 
fresh fruits and vegetables due to similar storage effects (Park 1999).

Edible coatings are a thin layer of edible material which can be applied directly 
on the food surface and provide a barrier against moisture, oxygen and solute move-
ment of food (Pavlath and Orts 2009). Edible coatings can be prepared from protein, 
polysaccharides and lipids, alone or in combination (Álvarez et al. 2017; Garrido 
et al. 2018). Edible coatings have appeared as a substitute for synthetic plastic for 
food applications and have received appreciable attention in recent years because of 
their benefits over synthetic films (Herniou--Julien et  al. 2019; Gutiérrez et  al. 
2019). Coatings are developed from renewable and edible ingredients, so it is antici-
pated that they will degrade more quickly than polymeric materials. Edible coatings 
can also be utilized to enhance the organoleptic properties of packaged foods, as 
long as they contain different components such as flavourings, colourings and 
sweetening agents (Saberi and Golding 2018). As edible coatings are generally con-
sumed with food products, therefore, the material used in edible coatings should be 
Generally Recognized as Safe (GRAS) and must comply with the regulations 
(Bracone et al. 2016; Gutiérrez et al. 2017).

The main role of edible coatings is to restrict migration of oxygen, carbon diox-
ide (CO2), moisture, or any other solute materials. The coating should also act as a 
carrier of different food additives such as antioxidants or antimicrobials, and 
decrease the decay without any change in the quality of the food product (López-
Córdoba 2018).

The functional properties of coatings are improved by the addition of different 
additives to produce a biodegradable active packaging material (Gutiérrez 2017a, 
2018a). Substantial research has been conducted to test natural active compounds as 
an alternative to synthetic ones, mainly due to safety concerns associated with syn-
thetic active compounds (Gimenez et al. 2012).

18.2  �Applications and Functions to Preserve Quality 
of Fruits and Vegetables

The most recent coating applications are for fruits and vegetables, to reduce mois-
ture loss, prevent weight loss, and improve appearance and to reduce gas transfer 
rates (Shah et al. 2016; de Aquino et al. 2015; Talens et al. 2012; Riberio et al. 2007; 
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Gutiérrez and Álvarez 2017; Tapia-Blácido et  al. 2018). Fruits and vegetables 
respire, where cells consume oxygen and produce CO2. Fruits also produce ethylene 
responsible for ripening and senescence. The shelf life of fruits and vegetables can 
be improved by storage in controlled or modified atmospheres of relatively low 
oxygen and high CO2 content, which slows respiration rates and reduces ethylene 
production and ripening process. Coatings can have a similar effect to controlled 
and modified storages, depending on their formulations. The coatings decrease the 
gas permeability, developing an internal atmosphere of increased CO2 and decreased 
oxygen concentration (Ansorena et al. 2018). The organoleptic properties of pack-
aged foods can also be modified with edible coatings by incorporating different 
compounds (flavourings, colourings, and sweetening agents) (Gutiérrez and Álvarez 
2016). Coatings can act as carriers of many functional ingredients and enhance the 
shelf life of processed foods by inhibiting microbial deterioration, flavours, rancid-
ity, enzymatic browning, off flavours etc. (Álvarez et al. 2017). These ingredients 
may include antimicrobial agents, antioxidants, spices, colorants and nutraceuticals 
(Salmieri and Lacroix 2006; Tapia et al. 2013; Gutiérrez et al. 2016a, b). The con-
cept of bio preservation by coatings has also been adopted (Nair et al. 2018a). The 
use of natural plant extract such as pomegranate peel extract (PPE) with chitosan 
(Cs) and alginate enhanced the quality of the guava fruit and increased the shelf life 
up to 20 days at low temperature storage (Tables 18.1, 18.2 and 18.3).

Table 18.1  Effect of edible coatings with different antimicrobials applied on various fruits or 
vegetables

Functional 
ingredients Coating material Product Major effect Reference

Lemongrass 
oil

Chitosan (Cs) and 
Tween

Grape 
berries

Improved microbiological 
safety against Salmonella

Oh et al. 
(2017)

Lemongrass 
oil

Sodium alginate Fuji 
apples

Exhibited a faster and 
greater inactivation of 
Escherichia coli during 
storage

Salvia-
Trujillo et al. 
(2015)

Citral and 
Eugenol

Sodium alginate and 
pectin

Raspberry Edible coatings enriched 
with citral and eugenol were 
effective in reducing 
microbial spoilage

Guerreiro 
et al. (2015)

Thyme 
essential oil

Cs and Gelatin Black 
reddish

Exhibited strong 
antimicrobial activity on the 
growth of L. monocytogenes 
during storage

Jovanović 
et al. (2016)

Alginate Clove oil Apples Inhibited growth of E. coli in 
the first week of storage

Rojas-Grau 
et al. (2008)

Pectin Transglutaminase-
crosslinked whey 
protein

Carrots Coating decreased food 
weight loss and prevented 
the microbial growth

Marquez 
et al. (2017)

Lemongrass 
oil

Cs and Tween Grape 
berries

Improved microbiological 
safety against Salmonella

Oh et al. 
(2017)
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18.3  �Components of Edible Coatings

The main components of edible coatings are polymers, proteins and polysaccha-
rides (Sandhu et al. 2017). Sometimes, coatings made from waxes and resins, with 
inclusion of polymers to form either bilayer or composite coatings have been used 
(Sharma et al. 2018). Apart from polymers and waxes, other ingredients also have 
prime role in the development of coatings. Plasticizers such as propylene glycol, 
glycerol, or sorbitol are added to control the flexibility and viscosity of the coatings 
(Gutiérrez et al. 2015a, b). Most coatings are made up of solvent, ordinarily water 
or aqueous alcohol (Bai et al. 2003; Hagenmaier 2004; Riberio et al. 2007).

Table 18.2  Effect of edible coatings with anti-browning agents and antioxidants applied on 
various fruits and vegetables

Functional 
ingredients Coating material Commodity Effect Reference

Ferulic acid Soy protein Fresh cut 
apples

Coatings prevent weight 
loss and control firmness.

Álvarez 
et al. 
(2017)

Ascorbic acid and 
citric acid

Sodium alginate 
and pectin

Apples Coatings and anti-browning 
agents maintained most 
quality attributes.

Guerreiro 
et al. 
(2017)

N-acetylcysteine 
and glutathione

Alginate and 
gellan

Fresh cut 
pear

Prevented browning for 2 
weeks without affecting 
firmness of fruit wedges.

Oms-Oliu 
et al. 
(2008)

Potassium sorbate, 
sodium benzoate 
and nisin

Pectin Persimmon 
slices

Microbial growth, colour, 
firmness, polyphenol 
oxidase (PPO) activity, 
visual quality and overall 
sensory flavour were 
maintained during storage.

Sanchís 
et al. 
(2016)

Calcium and 
ascorbic acid

Carboxymethyl 
cellulose

Fresh cut 
apples

Combination of CMC and 
AA controled surface 
browning and maintained 
total antioxidant, vitamin C 
and fruit quality attributes 
during storage.

Saba and 
Sogvar 
(2016)

Green tea extract Chitosan Fresh walnut 
kernel

Coating provided effective 
inhibition of lipid oxidation.

Sabaghi 
et al. 
(2015)

Tea polyphenols Alginate Chinese 
winter 
jujube

The decline of total 
chlorophylls content, 
ascorbic acid and total 
phenol content was delayed.

Zhang 
et al. 
(2016)
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18.4  �Protein Based Coatings

The properties of the proteins made them an exceptional material for the develop-
ment of coatings (Garrido et al. 2018). Proteins are polymers made up of distinct 
amino acid sequences and molecular structure. The structures (secondary, tertiary 
and quaternary) of proteins can be easily altered to ameliorate the protein configu-
ration and protein interactions, which results in coating formation. Different fac-
tors affecting the interactions during coating formations, such as the interaction 
between proteins and small molecules, which include water, plasticizer, lipids, 
waxes and other additives, physical treatments and enzymatic treatments, effect 
the mechanical and barrier properties of the coatings (Park et al. 2002). Protein 
coating materials can be obtained from various plant or animal sources. The dif-
ferent proteins, such as corn and wheat based, casein, whey proteins are described 
below:

Table 18.3  Effect of edible coatings with different plant extracts applied on various fruits and 
vegetables

Functional 
ingredient Coating material Commodity Major effect Reference

Pomegranate 
peel extract

Alginate and 
chitosan (Cs)

Capsicum Antifungal activity against 
strains of Colletotrichum 
gloeosporioides

Nair et al. 
(2018a)

Pomegranate 
peel extract

Alginate and Cs Guava Prolongation in shelf life of 
fruit up to 20 days

Nair et al. 
(2018b)

Pomegranate 
peel extract

Cs and locust 
bean gum

Oranges Inhibition in growth of P. 
digitatum

Kharchoufi 
et al. (2018).

Enhancement in bio-control 
efficacy

Moringa plant 
extract

Carboxyl 
methycellulose

Avocado Reduced rate of ripening 
and inhibition in the growth 
of postharvest pathogens

Tesfay et al. 
(2017)

Green tea 
extracts

Alginate-oleic 
acid

Strawberries 
and raspberries

Exhibited anti-viral 
activities against murine 
norovirus (MNV) and HAV

Falco et al. 
(2019)

Ginseng 
extract

Guar gum Sweet cherries Improvement in the nutrient 
content and quality of 
cherries

Dong and 
Wang (2018)

Lotus leaf 
extract

Sodium alginate 
and starch

Fresh goji Exhibit inhibitory effect on 
microbial growth and 
reduced weight loss during 
storage

Fan et al. 
(2019)

Prolong shelf life.
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18.4.1  �Zein Based Edible Coatings

Maize or corn (Zea mays) is one of the most important food and industrial crops. 
Zein is a protein and a biopolymer from corn and can be converted into biodegrad-
able plastics due to its unique properties (Biswas et al. 2009; Tihminlioglu et al. 
2010). The group of alcohol-soluble proteins are found in the corn endosperm 
with a high content of non-polar amino acids, i.e. leucine, alanine and proline. 
Zein coatings are generally developed in alcohol or aqueous solutions of alcohol. 
A plasticizer is required in the development of zein-based coatings since they are 
extremely brittle after drying on surface of product. Plasticizer commonly used 
for preparation of zein coatings are glycerol, polyethylene glycol, polypropylene 
glycol and different fatty acids. Santos et  al. (2018) e.g. improved the storage 
stability of guava by the application of tannic acid-crosslinked zein coatings. Both 
the unmodified and modified coatings proved to be effective in extending the shelf 
life of guavas. The effect of coatings on visual appearance, weight loss, total sol-
ids and respiration rate of guava fruit stored at 23 °C was observed. The cross-
linking of zein with tannic acid improved the barrier properties of the protein and 
is responsible for the reduction of the gas exchange rate of coated guava fruits 
during storage.

18.4.2  �Whey Protein-Based Coating

Whey protein is the remaining portion in the milk serum after the cheese is manu-
factured (Ramos et al. 2012). Whey proteins are divided into two categories: whey 
protein concentrates and whey protein isolates, depending on their industrial use. 
The heat denaturation of whey protein is necessary for the formation of films. The 
heating improves the three-dimensional structure and exposes the internal SH and 
hydrophobic groups. Ramos et al. (2012) investigated the antimicrobial activity of 
whey protein films induced with various antimicrobial agents. Chito oligosaccha-
ride and lactic acid exhibited an antimicrobial effect against Gram –ve and Gram 
+ve bacteria. The surface of the coated cheese was more resistant to bacterial 
growth, whereas it was less effective against yeast and mould. In addition, effect of 
whey protein purity and glycerol content were studied by Ramos et al. (2013). The 
films were developed from whey protein concentrate and isolated from whey pro-
tein and glycerol at three different levels. The films were characterized in terms of 
molecular structure, as well as mechanical, thermal and barrier properties. It was 
observed that the whey protein films had good barrier and mechanical properties 
compared to the soy, zein and wheat protein films. Films plasticized at 40 and 50% 
glycerol exhibited overall better properties. The thermal properties were determined 
by differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA), 
which revealed that whey proteins exhibited excellent thermal properties and were 
comparable to synthetic films. Coatings prepared from transglutaminase-crosslinked 
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whey protein were found to be effective in enhancing the shelf life of fresh-cut 
apples, potatoes and carrots for up to 10 days and prevented the microbial growth 
(Marquez et al. 2017).

18.4.3  �Soy Protein-Based Coatings

Proteins from soy protein isolate (SPI) ranged from 200 to 600  kDa. Globulins 
(∼90%) are the main soy proteins, and are classified according to their sedimentation 
coefficients (Cho and Rhee 2004). A two-step process that included denaturing the 
protein by heat and then dehydrating the surface to prepare films from the soy protein 
isolate was carried out by Kokoszka et al. (2010). These authors found that the inter-
molecular interactions in the protein were unfolded, thus being linked by the forma-
tion of networks during drying. Alves et al. (2017) also showed that soy protein-based 
coatings with ferulic acid exhibited a significant improvement in the shelf-life of 
fresh-cut apples during seven days of storage at 10 °C. Zhang et al. (2018) studied 
the impact of soybean protein isolate (SPI)-Cs based edible coatings on the softening 
of apricot fruit during storage. Several parameters were studied, including weight 
loss, firmness, titrable acidity, soluble solid content (SSC) and nanostructural proper-
ties of pectin to analyse the effectiveness of coatings. The atomic force microscopy 
(AFM) and nanostructural properties indicated SPI-Cs coatings could inhibit pectin 
degradation and be effective in preserving the quality of apricoats.

18.4.4  �Sesame Protein-Based Coatings

Sesame flour has a wide range of use as a protein source or as an ingredient in the 
food industry. Sesame flour (protein content of 40–60%) and isolated protein have 
particularly high contents of methionine (2.4–4.0%) and total sulphur-containing 
amino acids (3.8–5.5%) (Saini et  al. 2018). Better barrier properties were deter-
mined by Sharma and Singh (2016) for films prepared from sesame protein as com-
pared to soy, peanut, whey and mung bean protein films. The effectiveness of the 
bilayer coating was also analyzed by Sharma et al. (2018) for coatings based on 
native sesame protein and organic acid crosslinked-sesame protein to enhance the 
quality and increase the shelf-life of fresh-cut pineapple. The cut pineapple fruit 
was coated by using a bilayer technique with a dipping method and stored in poly-
styrene trays for 15 days at 5 °C. The bilayer coatings based on native/crosslinked 
sesame protein and calcium chloride-pineapple juice extract exhibited an effect on 
the drip loss, the firmness, the titratable acidity (TA) and the colour of fresh-cut 
pineapple fruit as compared to noncoated samples. Coatings showed a non-
significant effect on the total sugars and the reducing sugars during the 15 days of 
storage. The coatings were effective in controlling microbial spoilage as total plate 
count was less for all coated samples compared to non-coated samples during 
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storage (Sharma et al. 2018). The biocomposite edible bi-layer coatings were also 
developed and analysed by Sharma et  al. (2019) from native/crosslinked sesame 
protein and mango puree with the addition of guar gum and calcium chloride to 
evaluate the shelf life stability of fresh-cut mango fruit for 15 days. These authors 
demonstrated that all the coatings evaluated had the potential to enhance the shelf 
life of fresh-cut mango fruit. The isolate of sesame protein cross-linked with organic 
acids can act as a better and cost-effective substitute for coatings obtained from 
other sources.

18.5  �Polysaccharide Based Edible Coatings

Polysaccharide based coatings are composed of starch, alginate, cellulose ethers, 
Cs, carrageenan, or pectin and have film forming abilities with solvents (Gutiérrez 
2018b, c). Coatings from polysaccharides impart excellent gas barrier properties 
due to presence of the polymer chains (Dehghani et al. 2018). The demand and use 
of polysaccharides have increased in recent years for the development of edible 
coatings, especially in the field of dairy, bakery, meat products, ready-to-eat meals, 
fresh and fresh-cut fruits and vegetables. The polysaccharides widely used in coat-
ing formulations are starch and cellulose derivatives, and other sources such as 
gums and pectin are also gaining importance (Suárez and Gutiérrez 2017).

18.5.1  �Cellulose and Derivatives

Cellulose materials are biodegradable; therefore, they have gained attention in 
recent decades as a prospective substitute for synthetic polymers (Gutiérrez and 
Alvarez 2017a). Regenerated cellulose films such as cellophane have not been used 
for food applications as compared to their synthetic counterparts due to poor water 
vapour permeability (WVR). While transparent cellulose films have shown gas bar-
rier properties in dry conditions and are comparable to low density polyethylene 
(LDPE) and high-density polyethylene (HDPE) films (Su et al. 2010). The main 
cellulose and cellulose derivatives used for the development of biodegradable/edi-
ble films are microcrystalline cellulose, nanocrystalline cellulose, microfibrillated 
and nanofibrillated cellulose, methylcellulose (MC), hydroxypropylcellulose 
(HPC), hydroxylpropyl methylcellulose (HPMC) and carboxy methyl cellulose.

The microcrystalline or nano-crystalline cellulose is developed by acid hydroly-
sis of native cellulose to disrupt the reactive crystalline regions like fine crystals. 
Microfibril and nanofibril cellulose is prepared by passing the native cellulose at 
high pressure and shear force. The carboxy, methoxy and hydroxypropyl groups 
also affect the physical and chemical properties of cellulose. Sayanjali et al. (2011) 
e.g. evaluated the antimicrobial and physical properties of edible coatings based 
on carboxymethyl cellulose containing potassium sorbate in fresh pistachios. 
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The antimicrobial effects were studied against Aspergillus species using an agar 
diffusion assay. The pistachios were coated with an antimicrobial film with three 
concentrations (1, 0.5 and 0.25/100 ml of film solution) of sorbate. All concentra-
tions did not show mould growth. WVP values were increased with the increase in 
the concentration of sorbate. Boumail et al. (2016) studied the effect of coatings on 
microbiological, sensorial and physico-chemical properties of pre-cut cauliflowers. 
The coatings were prepared from methylcellulose, maltodextrin and starch with 
antimicrobial formulations of citral extract, lactic acid and lemongrass essential oil. 
Six coatings containing different ratios of polysaccharides and antimicrobials were 
prepared and tested in vitro against Listeria monocytogenes. All the selected coat-
ings exhibited total in vitro inhibition of bacteria. Choi et al. (2016) evaluated the 
effect of HPMC-based edible coatings enriched with oregano and bergamot essen-
tial oils on the quality attributes of ‘Formosa’ plums. The coating at the 2% level 
was effective in decreasing the respiration rate, ethylene production, total weight 
loss and total cell count, compared to the plums treated with other coatings at 
23 ± 2 °C. In addition, 2% coated plum was firmer and exhibited less surface colour 
change than the control fruit at the end of storage.

18.5.2  �Starch and Derivatives

Starch is composed of amylose and amylopectin (Gutiérrez and Alvarez 2017b, c, d, 
e). Both are comprised of glucose but differ in size and shape. Amylose is a linear 
molecule with (1–4)-α-D bonds of glycosidic units. Amylopectin is a branched 
macromolecule with glucose units that are linked in a linear way with α (1 → 4) 
glycosidic bonds (Gutiérrez et  al. 2014). Branching takes place with α (1 →  6) 
bonds that are produced every 24–30 glucose units, emerging as a soluble molecule 
that can be quickly degraded as it has many endpoints to which enzymes can attach 
(Rodriguez et al. 2006). On the other hands, amylose contains very few α (1 → 6) 
bonds, or even none, which causes insolubility or slow hydrolysis of amylose.

Starch is a very common food hydrocolloid due to its low cost. The native and 
modified form of starch can provide a wide range of functional properties in coat-
ings. Tubers, legume, cereal grains and certain fruits contains up to 30–85% starch 
(dry basis) (Zobel and Stephen 2006). Starch exists as insoluble granules with a 
certain crystallinity and characteristic shape in its native state. The film-forming 
capacity and mechanical properties of aqueous native maize starches was evaluated 
by Palviainen et al. (2001). Saberi et al. (2016) recently optimized the physical and 
optical properties of coatings based on pea starch and guar gum. The effect of the 
processing variables (pea starch, guar gum and glycerol) on transparency, viscosity, 
solubility, moisture content, hunter parameters and total colour difference were 
determined. The linear effect of all three processing levels significantly influenced 
the response variables. The results showed that pea starch/guar gum films were suc-
cessfully produced and can be used more for food packaging purposes.
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18.5.3  �Pectin and Derivative-Based Coatings

Pectins are the group of polysaccharides present as the main component of all cell 
walls. Pectin is composed of (1–4) α-D-galacturonic acid units with single (1–2) 
α-L-rhamnose residues (Ridley et al. 2001). The galactouronic acid units contain 
the carboxyl groups, which are partly esterified by methyl groups. The degree of 
esterification (DE) represents the dispersion of the methylated groups along the 
polysaccharide chains, as well as the number of methyl esterified-galacturonic acid 
residues versus the total number of galacturonic acid units (Solvia-Fortuny et al. 
2012). Pectins to form gels with high methoxyl content require a low pH (2.5–3.5) 
and a minimum amount of SSC (55–88%) (Lopes da Silva and Rao 2006). Guerreiro 
et al. (2016) studied the effect of pectin and alginate-based coatings enriched with 
citral and eugenol essential oil on the capacity and the nutritional and sensory qual-
ity of the raspberry. Colour, firmness, SSC, weight loss, microbial growth, phenolic 
compounds (total phenolics, flavonoids, anthocyanins), sugars, organic acids, anti-
oxidant activity (TEAC and ORAC), acetaldehyde and CO2 production were deter-
mined during 0, 5, 10 and 15 days of storage. All the coatings were efficient to 
control the microbial spoilage of the food. The acceptability of the coated raspber-
ries was good up to 14 days, while control fruit were acceptable only until 7 days.

18.5.4  �Seaweed Extracts

18.5.4.1  �Alginates

Alginate is an attractive film-forming compound because of its non-toxicity, biode-
gradability, and low price (Vu and Won 2013). Several authors have studied their 
functional properties, suspension, thickening, stabilization, film formation, gel-
producing and emulsion-stabilizing (Dhanapal et al. 2016; Zactiti and Kieckbusch 
2006). Seaweed is broken into two pieces and stirred in a hot alkali solution to 
extract the alginate. The alginate is dissolved in this solution and extracted as 
sodium alginate. Lastly, alginate is separated by precipitation as alginic acid or cal-
cium alginate (McHugh 2003). Rojas-Grau et al. (2007) developed the apple puree-
alginate coatings as carriers of antimicrobials agents to enhance the shelf life of 
fresh cut apples. Lemongrass, oregano oil and vanillin incorporated into apple puree 
alginate edible coatings as antimicrobial agents and their effect was determined. All 
antimicrobial coatings significantly inhibited the growth of psychrophilic aerobes, 
yeasts and moulds (Table 18.2). Alginate based edible coatings with antibrowning 
agents were developed to maintain the sensory and antioxidant properties of fresh 
cut pears (Oms-Oliu et  al. 2008). N-acetylcysteine and glutathione were used as 
antibrowning agents. Both anti-browning agents inhibited the browning of fresh cut 
pears for 2 weeks and also reduced the microbial growth. An increase in the vitamin 
C content and polyphenols was observed in case of coated fresh cut pears as 
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compared to the non-coated sample. Azarakhsh et al. (2012) optimized the alginate-
gellan based edible coatings for fresh-cut pineapples. The influence of alginate-
based (sodium alginate 0–2% (w/v), glycerol 0–2% (w/v) and sunflower oil 0.025% 
(w/v)) and gellan-based (gellan 0–1% (w/v), glycerol 0–1% (w/v) and sunflower oil 
0.025% (w/v)) edible coatings on fresh-cut pineapple were studied by response sur-
face methodology (RSM). The authors concluded that the models were significant 
(p < 0.05) for all responses.

18.5.4.2  �Carrageenan Based Edible Coatings

Carrageenan has a great potentiality as a film-forming material because it consists of 
water-soluble polymers with a linear chain of partially sulphated galactans. The 
extraction of these sulphated polysaccharides can be carried out from the cell walls 
of various red seaweeds (Rhodophyceae) (Riberio et  al. 2007). Different types of 
carrageenans were extracted from different seaweeds. Carrageenan as edible coat-
ings have various applications on fresh and frozen meat, poultry and fish, sausage-
casings, dry solid foods, granulation coated powders and fatty foods (Lee 2003).

18.5.5  �Chitosan (Cs)

Chitosan (Cs) is developed by deacetylation of chitin, which is the main component 
of the exoskeleton of crustaceans, as well as a cell wall of green algae and fungi 
(Gutiérrez 2017b; Merino et al. 2018). Chitin is formed of β-1, 4 linked linear poly-
mers of 2-acetamido-2-deoxy-D-glucopyranosyl residues (Zhang et al. 2018). Cs 
has been used substantially as coating applications due to its film-forming proper-
ties. Cs is insoluble in water, so coatings from Cs are also insoluble in water and 
exhibit good wet tensile properties. Jafarizadeh et  al. (2011) evaluated and con-
cluded that the ripening process of banana by applying Cs-glycerol based coatings 
was delayed. RSM was used as an experimental design to optimize the concentra-
tions of Cs and glycerol for coating of Berangan banana (Musa sapientum cv. 
Berangan). The effects of main edible coating components, Cs (0.5–2.5%, w/w) 
and glycerol (0–2%, w/w) on the firmness, weight loss, total colour difference, TA 
and total soluble solids content (TSS) of coated banana were determined during 
10 days of storage at 26 ± 2 °C and 40–50% relative humidity (Jafarizadeh et al. 
2011). The results in this study exhibited that the Cs concentration appeared to be 
the most significant factor influencing all the variables, except for TSS. It was pre-
dicted that the optimal concentration of Cs and glycerol would be 2.02 and 0.18%, 
respectively. Guerra et al. (2016) developed edible composite coatings from Cs and 
Mentha (piperita L. or x villosa huds) essential oil and studied the effect on the 
appearance of mould in the postharvest and the quality of the table grape cv. Isabella. 
The effect of coatings on physicochemical and sensory characteristics of table 
grapes was also determined. The coatings were effective in delaying the mould 
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growth on table grapes. Parameters for colour and firmness were enhanced in coated 
fruits. Coatings did not significantly affect the physicochemical properties of the 
table grapes. Nair et al. (2018b) developed Cs and alginate coatings with pomegran-
ate peel extract (PPE) to evaluate the effectiveness on capsicum (Capsicum annuum 
L.). PPE contains polyphenols such as punicalagin, catechin and rutin and also 
exhibited antifungal activity against the fungal strain of Colletotrichum gloeospori-
oides. Cs and alginate coatings with PPE were effective to inhibit microbial growth, 
enhancing shelf life and maintaining the sensory properties up to 25 days at 10 °C 
(Nair et al. 2018b) (Table 18.3).

18.5.6  �Gums

Basil seed gum (BSG) is a typical gum which can be isolated from Ocimum basili-
cum L, a member of genus Ocimum. The extracted BSG as a hetero-polysaccharide 
is composed of two main fractions: commonly known as glucomannan (43%) along 
with highly branched arabinogalactan, as the hydrophobic fraction, and xylan 
(24.29%), the accountable part for its hydrophilic properties. The hydrophilic por-
tion can absorb water during soaking and swell in the mucilage due to the presence 
of a polysaccharide substance (Hosseini-Parvar et  al. 2010). Although BSG has 
various advantages, such as low production cost, high availability, extraction conve-
nience and hydrophilic properties, its applications in the food industry particularly 
for food packaging, are not well manifested (Hosseini-Parvar et al. 2010; Karimi 
and Kenari 2016). Hashemi et al. (2017) developed BSG based edible coatings con-
taining Origanum vulgare subsp. viride essential oil for the preservation of fresh cut 
apricots. The chemical attributes, the microbial load and the sensory characteristics 
of coated fresh cut apricot during cold storage at 4 °C for 8 days were determined. 
Among all treatments tested, the BSG + 6% essential oil was analysed as the most 
effective to reduce the microbial populations of apricot cuttings.

Xanthan gum (XG), produced as an exo-polysaccharide by Xanthomonas camp-
estris under unfavourable conditions, is a GRAS compound for use as an emulsifier 
or stabilizer. XG develops a highly viscous solution in hot or cold water at low con-
centration with excellent stability in a variable range of temperature and pH. It is 
stable to enzymatic degradation. In complex formulations it also accelerates particle 
suspension, even for a long time (Sworn and gum 2009). Sharma and Rao (2015) 
investigated the effect of XG-based edible coatings containing cinnamic acid on the 
quality of fresh cut pears. The coatings were effective to prevent the browning and 
extend the shelf life. The enrichment of cinnamic acid, as an antioxidant into 
XG-based edible coating exhibited a significant decline of ascorbic acid, retardation 
of oxidative browning, reduction of antioxidant capacity and degradation of total 
phenolic content compared to uncoated fresh-cut pears and coated with only XG. 
Zambrano-Zaragoza et  al. (2017) evaluated the effect of β-carotene release rate 
from nanocapsules incorporated XG coatings on physical and physicochemical 
properties of fresh cut melon. Coating formulations were prepared from XG alone, 
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XG combined with nanocapsules (Ncs/XG), XG combined with nanospheres (Nsp/
XG), nanocapsules (Ncs), and nanospheres (Nsp) and compared to untreated fresh-
cut melons in order to evaluate its preservation efficiency. The incorporation of 
β-carotene nanocapsules into a polysaccharide matrix improves the properties of the 
coatings, thereby increasing storage time to 21 days at 4 °C.

18.6  �Effect of Coatings on Whole and Fresh-Cut Fruits 
and Vegetables

The sensory, nutritional, textural and safety aspects are the basic parameters for the 
quality evaluation of fruits and vegetables. In this section, the effect of coatings with 
different plant extracts on whole and fresh-cut fruits, the effect on sensory and nutri-
tional properties and the effect on aroma and volatile components is discussed.

18.6.1  �Effect of Coatings With Different Plant Extracts Applied 
on Various Fruits and Vegetables

The addition of natural plant extracts in edible coatings and their application on differ-
ent fruits and vegetables is gaining popularity over the use of chemical preservatives. 
Aloui et  al. (2014) improved the overall quality of grapes with the application of 
alginate coatings enriched with grape seed extract. Tesfay et al. (2017) reported that 
Moringa leaf extract in carboxyl methyl cellulose-based coatings reduced the rate of 
ripening and inhibited the growth of postharvest pathogens. Nair et  al. (2018a, b) 
concluded that pomegranate peel extract-enriched alginate and Cs-based coatings act 
as antifungal against strains of Colletotrichum gloeosporioides in the case of capsi-
cum and prolong the shelf life of the guava fruit for up to 20 days. Kharchoufi et al. 
(2018) found that the pomegranate peel extract also inhibited the growth of Penicillium 
digitatum in oranges coated with Cs and locust bean gum. Foodborne diseases due to 
human enteric viruses, such as human norovirus (NOVs) and the hepatitis A virus 
(HAV) with the consumption of contaminated berries is a major concern for food 
safety. Falco et al. (2019) coated strawberries and raspberries with alginate-oleic acid 
and green tea extracts exhibiting anti-viral activities against NOVs and HAV.

18.6.2  �Effect on Sensory and Nutritional Properties Applied 
on Various Fruits and Vegetables

The effect of edible coatings and storage conditions on the sensory quality of fresh-
cut products has been scrutinized and colour is also one of the main quality attributes 
of fresh-cut fruits and vegetables that can change during storage. Browning is the 
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biggest concern in extending the shelf life of fresh-cut fruits, which greatly influ-
ences consumer acceptance. Appearance and freshness are used to judge the quality 
of whole and fresh-cut fruits and vegetables (Kader 2002). Anti-browning agents are 
being incorporated into edible coatings to inhibit browning, e.g. ferulic acid has been 
used to prevent browning in fresh-cut apples with the use of soy protein-based coat-
ings, which also reduced the weight loss and control firmness (Alves et al. 2017). 
According to Oms-oliu et al. (2008) N-acetyl cysteine and glutathione in alginate and 
gellan-based coatings also prevented browning for 2 weeks without affecting firm-
ness of fruit wedges in fresh-cut pears. Following Sanchís et al. (2016) potassium 
sorbate, sodium benzoate and nisin in pectin coatings prevent microbial growth, 
colour, firmness, polyphenol oxidase activity, visual quality and overall sensory 
flavour during storage in persimmon slices.

18.6.3  �Effect of Antimicrobial Coatings Applied on Various 
Fruits and Vegetables

The minimal processing steps and the elimination of the natural protection of fruits 
and vegetables are the main responsible for microbial spoilage. Cross-contamination 
during shredding and cutting operations, damaged tissues/plant tissues are also sus-
ceptible to pathogenic. Oh et  al. (2017) using Cs and sodium alginate coatings 
enriched with lemongrass oil improved microbial safety against Salmonella and 
exhibited the growth of E. coli during storage in grape berries and fuji apples. 
Guerreiro et al. (2015) reduced the microbial spoilage of raspberry during storage 
by using edible coatings based on alginate and pectin enriched with citral and euge-
nol. Jovanovic et al. (2016) achieved to strongly exhibit the antimicrobial activity on 
growth of L. monocytogenes during storage using Cs-based coatings containing 
thyme essential oil. Rojas-Grau et  al. (2008) concluded that alginate coatings 
enriched with clove oil were effective in inhibiting the growth of E. coli in the first 
week of storage.

18.7  �Conclusions

The development of innovative technologies to improve the quality and shelf life of 
post-harvest products is a subject of concern to the food industries. The use of bio-
degradable or edible packaging materials is opening a potential economic advan-
tage for farmers and agricultural processors. Bilayer or composite coatings should 
be developed in a similar way to synthetic packaging materials with excellent 
mechanical and barrier properties. It is necessary to adopt innovative techniques to 
preserve food safety, structural integrity and biodegradability of post-harvest food. 
The cost-effective edible materials could thus replace the synthetic polymers, as 
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well as improve the shelf life and nutritional value of whole and fresh-cut fruit and 
vegetables. For this reason, much of the research conducted in the area of food is 
currently concentrated and focused on this topic.
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Chapter 19
Development of Edible Coatings 
in the Preservation of Fruits 
and Vegetables

Sabina Galus

Abstract  Edible coatings are thin layers obtained from biopolymers (proteins, 
polysaccharides, lipids or combinations of these components) and are applied to 
food products. Some of its functions are to protect the product from physical, chem-
ical and biological deterioration during storage and distribution. Due to the problem 
related to losses of horticultural products caused by different factors, including 
postharvest spoilage due to high moisture content, edible coatings have been 
recently studied in order to enhance the quality of food products. The application of 
edible coatings on fresh fruits and vegetables has shown promising results in extend-
ing its shelf life and improving safety. This chapter aims to analyze the recent 
advances in the development of edible coatings in the postharvest.

Keywords  Biopolymers · Edible coatings · Postharvest

19.1  �Introduction

The use of edible coatings as protective layers on the food surface is not a recent 
approach, as they have been used for centuries in food production (Ansorena et al. 
2018). The first documented applications were documented in the twelfth century in 
China. In the twentieth century, different coatings to prevent the moisture loss from 
fruits and vegetables, as well as to add the bright effect were used (Hassan et al. 
2018). An edible coating is a thin layer formed directly on a food product, while the 
edible film is first formed as a self-supporting layer and can then be placed on a food 
product or between food components. Both structures are prepared from a liquid 
film-forming solution of edible materials which play a role as a structural matrix 
(polysaccharide, protein, lipid or different mixture of those components) (Saberi 
and Golding 2018). The main difference between them is the application technique: 
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the edible coating is applied by an immersing or spraying method, while the edible 
film is dried or molded and then applied as a separate layer or a wrap on the food 
product (Falguera et al. 2011).

Fruits and vegetables are horticultural products which are characterized as highly 
perishable products with a short shelf life, which constitutes a continuous challenge 
for the food industry, particularly in the regions where refrigerated storage is lim-
ited. Despite of different postharvest technologies which have been investigated and 
applied, many harvested fruits and vegetables are still wasted, thus adequate and 
advanced postharvest processing approaches are required. Therefore, the use of 
edible coatings as protective layers is the most desired approach in order to avoid or 
limit a waste problem by improving its quality acceptance. It can be observed that 
recent scientific studies are focused on the development of different edible coatings 
and their application to extend the shelf life of fresh of fresh fruits and vegetables, 
both whole and fresh-cut.

19.2  �Film-Forming Materials

Edible films and coatings are produced from edible polymers which are usually 
classified into three categories: hydrocolloids, lipids and their composites (Gutiérrez 
2018a). Table 19.1 summarizes the main materials used in the preparation of edible 
films and coatings. Hydrocolloids (polysaccharides and proteins) are the most 
widely used structural materials for edible materials (Valencia and do Amaral Sobral 
2018). They are more neutral, transparent and tasteless than those obtained from 
lipids, which are rather opaque. Edible films and coatings obtained from polysac-
charides or proteins are usually good oxygen barriers and provide good mechanical 
strength (Garrido et al. 2018). However, these materials are hydrophilic in nature, 
thus they are characterized as poor water vapor barriers. On the other hand, lipids 
(fats and oils) are excellent hydrophobic materials and a low water vapor permeabil-
ity. Nevertheless, the hydrophilic character of polysaccharide and protein-based 

Table 19.1  Main materials used in the preparation of edible films and coatings

Source Polysaccharides Proteins Lipids

Vegetable Cellulose and cellulose 
derivatives, starch, 
pectin, tara gum

Soy proteins, corn zein, 
wheat gluten

Vegetable oils, seed oils, nut 
oils, candelilla wax, carnauba 
wax, rice bran wax

Animal Chitosan Gelatin, milk proteins, 
collagen, egg proteins, 
myofibrillar proteins

Beeswax, shellac, fish oil

Seaweed 
extracts

Alginate, agar, 
carrageenan

– –

Microbial Pullulan, gellan gum, 
xanthan gum

– –

Note: – not found
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materials can be improved efficiently by incorporation of lipids (Galus and 
Kadzińska 2015). In recent studies on edible film-forming materials, the combina-
tion of different polysaccharides, proteins and/or lipids can be observed (Merino 
et al. 2019). The aim of these researches is to take advantages of properties of each 
component in order to obtain new coating materials with improved functional prop-
erties which depend on their miscibility and compatibility. Nonetheless, the new 
materials must be developed, characterized and analyzed. One of the examples can 
be fruit or/and vegetable purees, wastes or byproduct-based films and coatings usu-
ally prepared with the addition of hydrocolloid agents. Wang et al. (2011) observed 
that only one kind of hydrocolloid did not solve the problem of the poor mechanical 
strength of carrot films. The authors combined carboxylmethyl cellulose, corn 
starch and gelatin in order to improve functional properties of carrot puree films 
which can be suitable as wrappers or edible packaging for food products.

Among polysaccharides, proteins and lipids, additional compounds are usually 
needed in order to provide continuous and flexible structure of films and coatings 
(Álvarez et al. 2017). Plasticizers are used to limit negative characteristic such as 
fragility, brittleness or cracking. Polyols, oligosaccharides and lipids are different 
types of plasticizers used in edible materials prepared from hydrocolloids (Medina 
Jaramillo et  al. 2016). In addition, water plays a role as a plasticizer and effect 
many physical properties of films. Other components can also be added to enhance 
its functionality, including crosslinking agents, emulsifiers or reinforcers (Collazo-
Bigliardi et al. 2018). However, new research and recent publications on the pro-
duction of edible films and coatings are focused on different substances or 
compounds (antioxidants, antimicrobials, color or flavor agents, nutraceuticals) 
incorporated into film matrix to improve physical properties as well as to give a 
new function such as active and intelligent (A&I) packaging films (Bracone et al. 
2016; Gutiérrez 2018b).

The use of bioactive substances and biopolymers derived from agricultural 
byproducts or waste promotes the development of these environmentally friendly 
materials which can replace or at least limit the use of conventional plastics 
(Salgado et al. 2015). There is also a great research effort focused in developing 
and investigating the new film-forming materials, as well as the new processing 
systems, in order to optimize the composition, costs and functional properties of 
films and coatings.

19.3  �Factors that Affect the Practical Approaches of Edible 
Coatings Applications for Fruits and Vegetables

Edible coatings have been applied to fruits and vegetables in order to provide a 
semi-permeable barrier to water vapor and other gases, which reduces weight loss 
and extends the shelf life of them. Fruits and vegetables are obtained from different 
parts of the plant and are characterized as highly heterogeneous products in terms of 
tissue structure, stage of development or metabolic rate. Therefore, the application 
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of edible coatings can be designed for fresh, minimally processed horticultural 
products or other processed horticultural products. In general, many factors must be 
considered when designing coatings for fruits and vegetables, such as shape, size, 
maturity stage, tissue structure, porosity, juiciness, turgidity, surface texture, firm-
ness, metabolic activity, processing, packaging and storage conditions.

These aforementioned factors affect the selection of the adequate edible material 
and the application technique (Montero-Calderón et al. 2016). The applications of 
edible coatings for the development of horticultural products with improved quality 
and prolonged shelf life can be designed for different approaches, including the 
modification of the internal atmosphere, the control of the mass transfer properties, 
the inhibition of spoilage microorganisms, the reduction of oxidative reactions and 
the improvement of the texture properties or gloss and shine on its surface (Gutiérrez 
and Álvarez 2017; Tapia-Blácido et al. 2018).

In recent times, the extensive review articles have focused on edible films and 
coatings for fruit and vegetable applications (Vargas et  al. 2008; Dhall 2013; 
Ghidelli and Pérez-Gago 2018; Yousuf et al. 2018). In this chapter, the most recent 
trends are summarized, with emphasis on the new formulations and applications of 
edible coatings, which are listed in Table 19.2.

19.4  �Advances in Edible Coatings for Fruits and Vegetable

For a long time, biopolymers were applied more in one-component coating formu-
lation, whose tendency is still observed. However, two-component and multicom-
ponent edible coatings provide improved functional properties. In this context, 
edible coatings based on sodium alginate and pectin were used by Silva et al. (2018) 
to preserve the quality of the minimally processed mangoes. Chitosan (Cs) is one of 
the promising materials that has been applied, either as a one-component coating or 
as a main polymer in the component structures, for many horticultural products due 
to the excellent film-forming ability and characteristics antimicrobial (Gutiérrez 
2017a; Paul et al. 2018). Ortiz-Duarte et al. (2019) observed that the respiration rate 
and the ethylene production of the fresh-cut melon were reduced after the Ag-Cs 
nanocomposite coating treatments. The coated samples also had better sensory 
quality with lower translucency and texture degradation after 13 days of storage at 
5 °C. Kharchoufi et al. (2018) incorporated the by-product pomegranate peel extract 
and the biocontrol agent into Cs and locus bean gum coating in order to control the 
growth of Penicillium digitatum and reduce the postharvest decay of oranges. The 
results of antifungal effectiveness showed the potential synergistic effect between 
the biocontrol agents and the natural bioactive compounds. Yan et  al. (2018) 
observed that a layer-by-layer edible coating based on Cs and carboxymethyl cel-
lulose was significantly effective in inhibiting the loss of fruit firmness and aroma 
volatiles of strawberry. The authors found, after an untargeted metabolomics analy-
sis, that the layer-by-layer application reduced the primary metabolite contents 
involved in the metabolism of carbohydrates, fatty acids and amino acids.
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Emulsified films and coatings have generally been investigated to provide a bet-
ter moisture barrier of the coated products. However, lipid-containing coatings, both 
coarse and nano emulsions, can be used for the delivery of valuable bioactive com-
pounds, such as antimicrobial agents, antioxidants, dyes, flavors or nutraceutical 
agents (Galus and Kadzińska 2015). Arnon-Rips et al. (2019) analyzed the encapsu-
lation of citral by utilizing coarse and nano emulsions using sunflower oil, which 
were integrated into Cs and carboxylmethyl cellulose coatings to be applied on 
melons. Both polysaccharides showed a good stabilizing effect in the formulation, 
however, the emulsions containing Cs were more stable. The nano emulsions were 
more stable, so the films obtained from these solutions were more organized and 
denser, with a greater water vapor barrier and mechanical resistance. The coatings 
based on nano emulsions applied to fresh-cut melons resulted in superior antimicro-
bial protection and improved appearance, as well as increased storage capacity. 
Nevertheless, the citrus aroma was significant in coated melons, which may limit 
their sensory acceptability, which indicates that the coating formulation analyzed 
would be more appropriate for citrus fruits. Thakur et al. (2019) managed to prolong 
the shelf life of banana for 12 days by applying starch-ι-carrageenan edible coatings 
containing sucrose fatty acid esters.

In the last decades, the incorporation of different natural compounds on the sur-
face of food products in solid state began, but a more exhaustive investigation in this 
area is still necessary to be applied such substances in the food industry. For exam-
ple, the extensive studies on the biological activity of rosemary extracts as an anti-
oxidant agent resulted in their approval as a food additive E 392 by the Directives 
2010/67/EU and 2010/69/EU (European Commission 2010a, b).

19.5  �Advances in the Combination of Methods to Extend 
the Shelf Life of Fruits and Vegetables

The extension of the shelf life of fruits and vegetables is necessary due to several 
aspects, such as market demand and the limitation of a global waste problem. 
Recently published studies have focused on new formulations of edible coatings, as 
well as on the use of the combination method in order to produce functional protec-
tive layers. In this context, copolymer coatings based on hydrolyzed poly (vinyl 
alcohol) and Cs with the addition of tannic acid were prepared by El-Dein et al. 
(2018) using a triple blend to maintain the quality of shelf life of the dates during 
commercialization. The film-forming solutions were further exposed to the 
γ-irradiation before casting or using them. The results obtained showed that the 
γ-irradiation and the addition of tannic acid increased the mechanical properties of 
the films and successfully prolonged the shelf life of the dates during the marketing 
period, from 1 week to 1 month with an acceptable freshness and quality. Muñoz-
Labrador et al. (2018) applied citrus pectin gels prepared by power ultrasound as 
edible coatings for fresh strawberries, resulting in a better fruit quality than control 
samples in terms of weight loss and color parameters.

19  Development of Edible Coatings in the Preservation of Fruits and Vegetables
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The application of edible coatings can be done by different methods, among 
them soaking, or immersion are the most popular. However, Soares et al. (2018) 
used vacuum impregnation as an alternative method to soak techniques in the appli-
cation of edible coatings of Cs and Cs/lauric acid on minimally processed pumpkin. 
The results showed that the vacuum impregnation method caused a greater incorpo-
ration of components, and more uniform and thicker coatings, meanwhile some 
important changes in pH, acidity, color and firmness indicated that this method led 
to larger changes in the properties of the pumpkin than the popular coating method. 
Todisco et al. (2018) analyzed the effect of the edible coating composition and the 
drying temperatures on the drying kinetics and the quality of the dried red guava. 
The authors obtained pectin-based coatings containing disintegrated guava by-
products and applied them to guava slices prior to hot-air drying. The coatings 
improved nutritional quality, by high carotenoid and total phenolic retentions, with-
out having an important impact on the drying times.

Salinas-Roca et al. (2018) evaluated the combined effect of pulsed light treat-
ment, alginate coating and malic acid dip on quality attributes of fresh-cut 
mango. These treatment combinations prevented fruit browning during storage 
and resulted in the highest radical scavenging activity, indicating that this novel 
processing system can preserve bioactive compounds of fresh-cut mango for 
14 days. Vivek and Subbarao (2018) observed that Cs coatings could delay the 
decomposition, both microbial and non-microbial, in fresh-cut kiwi treated in 
combination with ultrasound and sodium hypochloride, thus extending its shelf 
life for 10 days at 5 °C.

19.6  �New Coating Materials Testing for Applications 
to Fruits and Vegetables

Among the known biopolymers, new coating materials are being tested. In this con-
text, the different concentration of Aloe vera gel were used by Mubarak and Rao 
Engakanah (2017) as edible coating on to maintain the postharvest quality of wax 
applies. These authors observed that 100% Aloe vera is most effective in retaining 
the bioactive compounds of stored apples and also has a tendency to reduce weight 
loss and fruit firmness. Allegra et al. (2018) applied an edible coating extracted from 
cladodes of Opuntia ficus-indica on breba fig fruit which was effective in maintain-
ing the fruit fresh weight and fruit firmness. In addition, metabolic study showed 
that fig fruits exhibited important changes in primary metabolism as a result of coat-
ing treatment, including increased amounts of carbohydrates and most of the amino 
acids. Robles-Flores et al. (2018) developed new edible coatings from protein iso-
late and gum obtained from Cajanus cajan seeds to be applied to strawberries. The 
authors observed that coatings resulted in a reduction of the weight loss, the total 
soluble solid and the citrus consumption, while no sensory changes were obtained. 
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Shigematsu et al. (2018) developed alginate-based coatings containing sunflower 
oil and the probiotic culture Lactobacillus acidophilus to coat the minimally pro-
cessed carrot slices. The results showed that application of these coatings had some 
advantages, such as better preservation of moisture content and color. The incorpo-
ration of L. acidophilus to the film-forming emulsions reduced the metabolism of 
the minimally processed carrot slices. Alvarez et al. (2018) prepared sodium algi-
nate and Cs coatings incorporating different dietary fibers (apple fiber, orange fiber, 
inulin and oligofructose) in order to improve quality attributes of fresh blueberries. 
The results showed that the fiber-enriched Cs coatings allow the maintenance of 
freshness and the improve of the quality of blueberries as an innovative product with 
prebiotic potential and prolonged shelf life.

19.7  �Edible Coatings From Fruits and Vegetables

In recent years, different purees of fruits and vegetables, pulp, juice or extract have 
been used in the production of edible films and coatings. The components that are 
added to the biopolymers provide different bioactive compounds with nutritional 
value and can play an important role on factors such as color or taste, thus affecting 
the physical properties of the edible films or coatings (Gutiérrez 2017b). In addition, 
some operations applied during the processing of fruits or vegetables can generate 
high amounts of waste, which are not attractive and are underutilized due to low 
market values, and which can be used as raw material for the development of films 
and coatings edible. However, the reduction of losses sustained during post-harvest 
treatments is the subject of latest research, which are focused on the application of 
overproduced, by-products or residues as a new unconventional source in the prepa-
ration of edible packaging. In this context, Torres-León et al. (2018) used mango 
by-products (peel and seeds) for the formation of biodegradable coatings for fresh 
peaches. The mango films showed good properties of permeability, color, antioxi-
dants and greater hydrophobicity. The incorporation of antioxidants from extract of 
mango seed into film formulation, positively affected the surface properties. Fresh 
peaches coated with the solution containing mango peel and mango seed extract 
showed reduced ethylene and carbon dioxide production, as well as lower oxygen 
consumption compared to uncoated fruits. This study demonstrated the great poten-
tial of mango by-products in the production of low-cost biopackaging material and 
the longer shelf life of peaches. Nogueira et al. (2019) developed flexible films made 
from arrowroot starch and blackberry pulp. The obtained films provide the typical 
color and flavor of blackberry, bioactive compound and antioxidant capacity which 
may be attractive for some food applications. Rangel-Marrón et al. (2019) used a 
papaya puree as a base for the production of edible coatings containing alginate, 
glycerol and citric acid. The authors suggested that formulation obtained could be an 
alternative packaging system for different applications, e.g. sushi wraps or minimally 
processed fruits and vegetables with compatible colors.
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19.8  �Conclusions

The research and development (R&D) of edible coatings for fruits and vegetables 
has been intensified in recent decades, but its low presence in the market shows that 
future studies should be carried out. The benefits of edible coatings for horticultural 
products are numerous, but the most important should be highlighted as follows: 
reduction of weight loss, respiration rate and ethylene production, as well as the 
inhibition of the growth of microorganisms and the maintaining the content of active 
compounds. Therefore, the application of edible coatings for fruits and vegetables 
can positively affect the prolongation of the shelf life and, consequently, impact the 
economy of the food processes.
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Chapter 20
Smart and Active Edible Coatings Based 
on Biopolymers

Germán Ayala Valencia, Carla Giovana Luciano, 
and Alcilene R. Monteiro Fritz

Abstract  In the last years, new concepts for edible coatings have been developed 
as a response to the demands of modern society, as well as the industrial production 
trends toward fresh, safe, wholesome, mildly preserved, convenient and quality 
food products with a longer shelf life. In this way, smart and active edible coatings 
have been developed as food packaging for several products. Smart edible coatings 
are used to monitor and inform food conditions to consumers in real time whereas 
active edible coatings are used to increase the shelf life in foods. Smart and active 
edible coatings are manufactured using biopolymers as solid matrix to immobilize 
additives with specific properties (e.g. pH sensitive, antimicrobial and antioxidant 
properties, among others). Recently, layer-by-layer (L-b-L) technique has been 
used to manufacture composite edible coatings. This technique is based on the alter-
nate deposition of different biopolymers which enhance the physicochemical prop-
erties and activity of smart and active edible coatings. This chapter reviews the state 
of the art with regard to the use of L-b-L technique as well as the use of additives 
(including nanoparticles) to manufacture smart and active edible coatings. 
Especially, this chapter include information about the use of biopolymers for pro-
ducing edible coatings by L-b-L; the use of additives (biological and synthetic) and 
nanoparticles to manufacture smart and active edible coatings, as well as prospects 
and limitations in smart and active edible coatings.
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20.1  �Introduction

The greatest challenge of the food industry is the deterioration of food products due 
to microbial growth and oxidation reactions such as degradation, enzymatic brown-
ing, and oxidative rancidity. One alternative to reduce food deterioration is to use 
films or edible coatings (Álvarez et al. 2017; 2018). Edible coatings constitute thin 
layers of material which act as a barrier against physical, chemical, and biological 
contaminants, as well as against water vapor, oxygen and moisture (Eça et al. 2014).

Biopolymers are good candidates to manufacture edible coatings for food indus-
try (Valencia and Sobral 2018). In recent years, the development of novel 
biopolymer-based edible coatings containing smart and/or active additives has 
increased the shelf life of foods, improving food safety and quality as well as the 
convenience to consumers (Arnon-Rips and Poverenov 2018). Smart edible coat-
ings are used to monitor and inform the food conditions to consumers in real time 
whereas active edible coatings are used to increase the shelf life in foods (Bracone 
et al. 2016; Ghaani et al. 2016).

Edible coatings based on single material often cannot answer numerous food 
packaging requirements. An alternative to improve edible coating properties is to 
develop composite coatings by the alternate deposition of different biopolymers to 
produce an edible coating, this technique is called layer-by-layer (L-b-L) (Arnon-
Rips and Poverenov 2018).

This chapter aims to review the recent trends about the use of biopolymers to 
produce edible coatings by L-b-L; the use of additives (biological and synthetic) 
and nanoparticles to manufacture smart and active edible coatings, as well as pros-
pects and limitations in smart and active edible coatings.

20.2  �Application of L-b-L Technique to Manufacture Edible 
Coatings Based on Biopolymers

Edible coatings are mainly made from biodegradable polymers and are usually clas-
sified according to their structural material (Valencia and Sobral 2018). Currently, 
these coatings, based on several materials as proteins, lipids, polysaccharides or 
composites have been developed for their use as regular food packaging in an 
attempt to minimize damage to the environment caused by incorrect disposal of 
synthetic materials (Falguera et  al. 2011; Gutiérrez et  al. 2019; Herniou--Julien 
et al. 2019). The coatings with controlled release of active compounds is also of 
great interest. In this sense, nanostructured thin coatings have been well exploited, 
and they have showed a great potential. Far beyond the food industry, the applica-
tion of these coatings ranges from developing of molecular devices and sensors to 
pharmaceutical and biomedical materials, and several techniques have been devel-
oped to reach an ultrathin coating (Ariga et al. 2007; Radeva et al. 2006). So, during 
the past decades, nano-engineered materials development has been widely studied.
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According to Guzmán et al. (2017), functional materials built with bottom-up 
molecular or supramolecular assembly techniques gained attention, mainly because 
these techniques allow a great control over the composition and structure of the 
coatings, being much more accurate than bulk materials. So, this relatively new kind 
of manufacturing could enhance structural precision, which means an added-value 
for fields as design of functional biomaterials, biomedical engineering and biotech-
nology (McMahon et al. 2013; Richardson et al. 2016).

Among the techniques used to produce coatings, the traditional ones are 
Langmuir-Blodgett (LB) and the self-assembled monolayer (SAM) technique. 
However, these two proceedings have some restrictions, and they are not suitable 
for all the purposes. The LB technique is applicable on the production of multilayer 
coatings but needs some expensive devices and it is not appropriated to use on 
amphiphilic materials (Ariga et al. 2007; Fujii et al. 2010), while the SAM tech-
nique, although it can be applied to a wide range of substances, but is not proper for 
the manufacture of multilayer coatings (Love et al. 2005).

Another technique very studied in the past decades is the self-assembling, also 
known as L-b-L technique (Ban et al. 2018). This pervasive technique has received 
a growing interest, with an exponential growing number of publications, and it con-
sists on the formation of a multilayer coating through the sequential adsorption of 
complementary molecules (Ariga et al. 2007; Guzmán et al. 2017). As compared to 
the traditional techniques, as LB and SAM, this step-by-step (L-b-L) approach is an 
easy, not expensive, and versatile process for multilayer coating formation, that 
allows different types of materials to be incorporated in the coating structure, con-
sidering most of the biomaterials have charged sites on the surface that are assem-
bled by electrostatic interaction (Ariga et al. 2007; Srivastava and Kotov 2008). In 
addition, the equipment required to produce coatings by the L-b-L technique is 
simple and common to most laboratories, which makes this method even more 
attractive (Richardson et al. 2016).

In general, the L-b-L technique leads to the gradual growth of coatings with a 
very low thickness, involving the cyclical adsorption of opposite charge-materials 
onto specific substrates (Hu et al. 2017). Due to the specific features of the L-b-L 
assembly, a thin multilayer coating with a molecular level of thickness and compo-
sition control can be considered highly convenient to build (Kim et al. 2018a; Li 
et al. 2012; Richardson et al. 2016).

This process of multilayer formation was initially proposed by Iler (1966), 
describing the adsorption of opposite charge colloidal particles. In 1966, this author 
developed alternated layers of silica and alumina onto a smooth surface of a black 
plate glass, building layers of positively and negatively charged colloidal particles 
to form a coating. It was however only in 1992, that they arrived to develop a real 
multilayer coating by means of electrostatic opposite charge interaction. This author 
proved to be possible the deposition of polyelectrolytes on a substrate, ensuring 
coatings with well positioned individual bilayer, using electrostatic attraction as a 
driving force (Decher and Schmitt 1992). According to Decher and Schmitt (1992) 
also the use of polyelectrolytes is very advantageous in the manufacture of nano-
structured coatings, guaranteeing good adherence and high quality of the coating.
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The conventional L-b-L method for the production of coatings already has well-
established protocols, and this technique generally relies on easy methodologies. 
This technique has also multiple advantages, and is suitable for the application on 
different fields, as sensors, drug delivery systems, catalysis and energy storage and 
conversion (Ban et al. 2018; Xiang et al. 2012).

As advantages of L-b-L, the possibility of using a wide range of materials can be 
mentioned. Almost every charged material can be used, including especially water-
soluble proteins and polysaccharides, small organic molecules (natural or syn-
thetic), nanotubes, dyes, enzymes, peptides and polypeptides (Srivastava and Kotov 
2008; Xiao et al. 2016). Charged inorganic compounds (i.e. nanoparticles) are also 
suitable to be assembled by electrostatic adsorption (Murray and Kagan 2000). 
Besides, the possibility of precise thickness control in a nanoscale level, the immo-
bilization of different biomolecules within the layered structure, the controlled 
release of active compounds, the increase on the coating adherence on the hydro-
philic surface of the food, and a high defined control of the physicochemical proper-
ties, allow the L-b-L technique to be suitable to the formation of smart coatings that 
could be used for several functions and applications (Aloui and Khwaldia 2016; 
Lisdat 2017; Poverenov et al. 2014a; Sipahi et al. 2013; Srivastava and Kotov 2008). 
However, the conditions of this method must be well controlled, since some studies 
have proved that the result is highly influenced by the pH and salt concentration of 
the deposition solution, the concentration of the stratification material, the immer-
sion time, the washing parameters, the charges density, the molecular weight of the 
materials, and other variables can cause differences in coating growth (Dubas and 
Schlenoff 1999; Nascimento et al. 2018). As it was placed, the fast development of 
this assembling technique has brought a lot of benefits in different research areas. 
Even so, some authors have affirmed that the unique advantages of the L-b-L assem-
bling have not yet been fully exploited (Hu et al. 2017).

Although electrostatic interactions are the most exploited force studied in this 
technique, because it easily allows the construction of multilayer coatings with a 
high control (Hammond 2004). It is worth noting that there are other possible driv-
ing forces that can occur in the formation of L-b-L coatings. Assemblies based on 
ionic charge transfer (donor – acceptor interactions), coordinating bonding, hydro-
gen bonding, covalent attachment, biological recognition, and hydrophobic interac-
tions have also been vigorously investigated (Borges and Mano 2014; Srivastava 
and Kotov 2008).

In a typical L-b-L formation process, first, a treatment on the substrate surface is 
necessary in order to create a positive or negative charge. After that, the charged 
substrates are successively immersed into solutions containing small molecules with 
an opposite charge (Fig. 20.1) (Shutava et al. 2019). Following the deposition of one 
layer it is often necessary to wash the material in order to remove the excess of free 
anions or cations and avoid molecular complexation phenomena, before the deposi-
tion of the next layer. Such steps, besides avoiding the contamination of the follow-
ing adsorbing solutions, also allow the stabilization of the nanometric individual 
layers and the manufacture of coatings with fine and highly controlled compositions 
(Borges and Mano 2014). After repeated proceedings of dipping and wash, the 
coatings grow progressively on a linear or exponential manner on the substrate surface 
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(Hu et al. 2017; Tan et al. 2003). According to Richardson et al. (2016), depending 
on the process, L-b-L buildup can be achieved by different deposition methods, 
among which the dip-coating, spin-coating, spraying and perfusion can be high-
lighted, and despite these coatings are frequently used on planar surfaces, it is also 
possible to be applied on porous substrates, spheres and cylindrical structures.

L-b-L technique has been the target of several researches, mainly for perishable 
foods as minimally processed vegetables or fresh-cut fruits (Arnon-Rips and 
Poverenov 2018), considering that thin coatings showed to be promising in several 
fields. In fact, the L-b-L electrodeposition could be perfectly used to coat highly 
hydrophilic food systems (Vargas et al. 2008). In this sense, various reviews can be 
found that highlight the L-b-L assemblies. Some of them are cited in the sequence.

Chitosan (Cs) and carboxymethyl cellulose were studied to recover fresh straw-
berries by using the L-b-L technique by Ban et al. (2018). These authors analyzed 
the changes on the fruit proteins regarding different treatments and found some 
promising results, with 34 proteins regulated by the L-b-L coatings.

Poverenov et al. (2014b) investigated coatings based on the L-b-L electrostatic 
deposition of gelatin and Cs, and compared this method with coatings based on 
blends of these two biopolymers. These authors studied the blended and L-b-L com-
posite coatings on fresh-cut melon and concluded that the L-b-L coatings enhanced 
the water vapor permeability and had better elasticity and higher strength than the 
blended coatings. The L-b-L coatings presented also superior performance for the 
preservation of the melon texture.

A combination of alginate and Cs was also studied for the application in fresh-cut 
melons by using the L-b-L technique. In this case, the Cs was responsible for the 
reduction on the microbial contamination, and the alginate provided physical barrier 
in order to decrease the respiration rate (Poverenov et al. 2014a). The authors found 
that this technique provided a good adhesion of the coating on the melon matrix. The 
L-b-L coating improved also the gas exchange properties, suggesting that this simple 
method can improve quality and safety of food products (Poverenov et al. 2014a).

Moradi et al. (2015) produced L-b-L coatings based on pectin and Cs with the addi-
tion of lemon and peppermint essential oils in order to investigate the effectiveness of 
a multilayer edible coating to improve the quality and shelf-life of fish. The results 

Fig. 20.1  Formation of L-b-L structure by electrostatic interaction

20  Smart and Active Edible Coatings Based on Biopolymers



396

obtained in this work demonstrated that this technique is suitable to be used in 
antimicrobial release systems, and could properly delay the growth of spoilage micro-
organisms, extending the fish shelf life.

Radeva et al. (2006) manufactured coatings by using the L-b-L technique with 
Cs and carboxymethyl cellulose (CMC). According to these authors, an irregular 
growth of the layers was observed and concluded that the adsorption of the poly-
mers occurs only on the film surface, without diffusion inside and outside of the film 
bulk during deposition of each CMC/Cs bilayer.

Sipahi et al. (2013) studied the antimicrobial efficacy of L-b-L coatings in fresh-
cut watermelon based on natural antimicrobial properties of the coating components 
requires further investigation, as well as their implications of using L-b-L for over-
all product quality.

20.3  �Smart Edible Coatings

Smart edible coatings are self-adhesive labels attached to single packages which 
communicate the product’s status to end users by means of an “ON/OFF” switching 
function on the package in response to changes in external/internal stimuli (Ghaani 
et  al. 2016; Schaefer and Cheung 2018). Monitoring external/internal stimuli is 
used to inform the status of the product in term of its safety and quality by showing 
either food to be safe/unsafe or the freshness, ripeness or firmness (Pavelková 2013; 
Toro-Márquez et al. 2018). Smart edible coatings can thus contribute to improving 
HACCP (Hazard Analysis and Critical Control Points’) and QACCP (Quality 
Analysis and Critical Control Points’) systems (Biji et al. 2015).

Temperature and pH are the most important parameters that influence the shelf 
life of several foods (Biji et al. 2015; Wang et al. 2015b), therefore, most external/
internal stimuli are monitored by means controlling temperature, pH or a derivative 
substance associated with a chemical or biological process influenced by tempera-
ture or pH (e.g. nutrient degradation and microbial growth) (Ghaani et  al. 2016; 
Pavelková 2013; Schaefer and Cheung 2018; Wang et al. 2015b). Based on the prin-
ciple of monitoring external/internal stimuli, smart edible coatings can be divided 
into indicators, data carriers and sensors (Fig. 20.2) (Biji et al. 2015; Ghaani et al. 
2016; Wang et al. 2015b).

20.3.1  �Indicators

Indicator systems are used to detect the presence of a substance in a qualitative or 
semi-quantitative form (Ghaani et al. 2016). Usually, indicator systems express a 
visible response such as color changes due to the redox oxidation of a biological 
compound or a physical deformation (Pavelková 2013; Wang et al. 2015b). These 
indicators are:
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20.3.1.1  �Temperature Indicators (TIs)

TIs show whether foods have been cooled below or heated above a critical tempera-
ture, and has been associated to protein denaturation or microbial growth during 
freezing or defrosting processes (Vanderroost et al. 2014).

TIs use monomers during heat-sensitive polymerization such as acetylene groups 
(R1C ≡  C–C ≡  CR2) which are transformed into polydiacetylene (R1[C  =  C  – 
C = C]nR2), changing the color from red to blue when exposed to high temperature 
or radiation (Wang et al. 2015b). Azobenzene groups are also used with acetylene 
groups to manufacture TIs with reversibly or irreversibly color change in different 
temperature ranges (Wang et  al. 2015b). Other compounds containing acetylene 
group such as 5,7-dodecadiyn-1,12-diolbis(octadecyl urethane), 5,7-dodecadiyn-
1,12-diolbis(butoxycarbonyl urethane) and 2,4-hexadiyn-1,6-bis(alkylurea) are also 
used to manufacture smart edible coatings (Wang et al. 2015b).

Fresh-Check® and HEATmarker® from TempTime (New Jersey, USA) are 
some examples of smart edible coatings containing acetylene polymers. Fresh-
Check® label consists of a small circle of a polymer surrounded by a printed 
reference ring. The circle color changes gradually from light to dark as the package 
is exposed to high temperatures (Fig.  20.3a). Similar to Fresh-Check®, 

Fig. 20.2  Classification of smart edible coatings based on the principle of monitoring external/
internal stimuli. Adapted from Ghaani et al. (2016)
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HEATmarker® shows the color change of a light rectangular area with the heating 
(Pavelková 2013; Wang et al. 2015b). The main disadvantage of these materials is 
that polydiacetylene compounds pose a potential toxicity for food products, limiting 
future food packaging applications (Ghaani et al. 2016; Wang et al. 2015b).

Other TIs are based on glass transition (Tg) or melting (Tm) temperatures of the 
polymer in the label. Monitor Mark™ (St Paul, Minnesota, USA) is an example of 
temperature indicator based on Tg (Fig. 20.3b). In this label, a viscoelastic material 
(blue-dyed fatty acid ester) migrates into a porous film when exposed to tempera-
tures higher than Tg. The colorimetric response is the distance of the diffusion and 
depends on temperature, the diffusing polymer’s concentration and its Tg (Pavelková 
2013; Wang et al. 2015b). An example of TIs based on Tm is the Bump Mark, this 
smart edible coating is based on a smooth gelatin coating deposited on a bumpy 
plastic sheet. When the food is exposed to high temperatures, gelatin coating 
becomes a liquid system and the bumpy surface is revealed, indicating that the food 
should not be consumed (Brunel University London 2014).

Some researchers have developed TIs at laboratory scale using anthocyanins and 
chlorophyll as sensitive compounds to temperature changes. These smart edible 
coatings were manufactured using Cs as matrix and showed irreversible visual color 
changes for a temperature range between 40 and 70 °C (Maciel et al. 2012a, b).

a

b

c

Fig. 20.3  (a) Schematic illustration for Fresh-Check® label. (b) example of Monitor Mark™ 
label. (c) example of OnVu™ label. Adapted from Ghaani et al. (2016)
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20.3.1.2  �Time-Temperature Indicators (TTIs)

TTIs monitor temperature alterations over time, these labels use polymers or addi-
tives sensitive to light (photochromic), or even to oxygen which is monitored by 
means of redox reaction (Mohebi and Marquez 2015; Wang et al. 2015b).

TTIs based on photochromic compounds use spiropyran and spirooxazine com-
pounds sensitive to light. Spiropyran and spirooxazine are colorless, absorbing the 
light between 200 and 400 nm. These compounds become colorful between 500 and 
600 nm as a consequence of spiropyran and spirooxazine isomerization due to expo-
sure to light at a controlled temperature (Kreyenschmidt et al. 2010; Wang et al. 
2015b). The OnVu™ by Freshpoint (Switzerland) is the most popular smart edible 
coating based on photosensitive compounds (Fig.  20.3c), organic pigments, e.g. 
benzylpyridines, that change color, from blue to white with time at rates determined 
by temperature (Pavelková 2013).

Other TTIs used are the oxygen-sensitive compounds (redox reaction) such as 
anthraquinone and derivatives. The color of these compounds changes from uncol-
ored to beige, being influenced by time and temperature. However, anthraquinones 
are expensive and classified as potential toxic substances, being applied only in a 
limited temperature range (Galagan and Su 2008; Wang et al. 2015b).

The use of nanoparticles is a recent alternative to manufacture TTIs. Wang et al. 
(2017) added hydrogen tetrachloroaurate trihydrated in alginate-based coatings and 
observed that the color of coatings changed from grey to red with time of exposure 
at high temperature (40 °C). The color change in alginate-based coatings was due to 
the formation of gold nanoparticles (AuNPs) from hydrogen tetrachloroaurate tri-
hydrated, influenced by temperature and time. Several other examples of TTIs are 
still in the laboratory stage (Table  20.1), most researches have used enzymes as 
sensitive compounds to manufacture TTIs.

20.3.1.3  �Freshness Indicators (FIs)

FIs are smart devices that enable the monitoring of the quality of food products 
throughout distribution, storage and marketing. Most FIs are used to provide direct 
information on the product’s fresh quality such as seafood, fish, meat and fruits, this 
control is made by monitoring the microbial growth, chemical changes or gases 
involved in the ripening process (Ghaani et al. 2016; Mohebi and Marquez 2015).

ToxinGuard® (Toxin Alert, Canada) is an example of FIs for meat products, this 
label has antibodies printed on polyethylene edible coating which detects the pres-
ence of some microorganism such as Escherichia coli, Listeria monocytogenes, 
Salmonella spp., and Campylobacter spp. (Biji et al. 2015). Another example of FIs 
is SensorQ™ by Food Quality Sensor International (FQSI), this label has a green 
dye bromocresol immobilized on a polymeric edible coating. Bromocresol color 
change occurs when the amines interact with the label as a consequence of meat 
microbial deterioration (Fuertes et al. 2016).

20  Smart and Active Edible Coatings Based on Biopolymers



400

About the quality control of fresh fruit, RipeSense by RipSense™ and Ort 
Research is the first label that changes color to indicate the ripeness of the fruit. 
Initially, this label is red and then color changes to orange and finally yellow due to 
the label interaction with aroma components, ethylene and carbon dioxide produced 
during the ripening process (Fuertes et al. 2016; Ghaani et al. 2016).

Table 20.1  List of recent research focused on developing smart edible coatings

Classification Polymeric matrix Indicator Sensitive Reference

TTIs Corn starch/
iodine

Amylase Heat Brizio and Prentice 
(2015)

No matrix Urease/
carbamide

Wu et al. (2013)

No matrix Lipase/glycerol/
tributyrate

Wu et al. (2015)

Cellulose Clorophenol red Zabala et al. (2015)
Trilaurin/
tripalmitin

Lipase Tsironi et al. (2017)

FIs Agar/potato 
starch

Anthocyanin pH Choi et al. (2017)

Corn starch/
nanoclays

Gutiérrez (2018a); 
Gutiérrez and Alvarez 
(2018)

Plantain starch 
and flour

Gutiérrez (2017); 
Gutiérrez, Suniaga, 
Monsalve, & García 
(2016b)

Chitosan Halász and Csóka (2018); 
Zhang et al. (2014); 
Yoshida et al. (2014)

Starch/poly-vinyl 
alcohol

Liu et al. (2017);  
Zhai et al. (2017)

Chitosan/corn 
starch

Silva-Pereira et al. (2015)

Bacterial 
cellulose

Pourjavaher et al. (2017)

Corn starch Prietto et al. (2017)
Chitosan/agarose Wu et al. (2018)
Cassava starch Green tea/basil 

extracts
Medina-Jaramillo et al. 
(2017)

Chitosan/κ--
carrageenan

Curcumin Pereira and Andrade 
(2017); Liu et al. (2018)

GIs Ethylcellulose Anthocyanin/
poly-lysine

Carbon 
dioxide

Saliu and Della Pergola 
(2018)

Alginate Thionine Oxygen Vu and Won (2013)
Polyaniline Polyaniline Volatile basic 

nitrogen
Wang et al. (2018)

TTIs: time-temperature indicators; FIs: freshness indicators; GIs: gas indicators
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Several other examples of FIs are still in the laboratory stage (Table 20.1), most 
researches have been focused on the anthocyanin applications to manufacturing FIs. 
Anthocyanins are sensitive to light, oxygen and temperature, and can reduce 
mechanical properties in coatings. Some papers have thus studied the anthocyanin 
stabilization (Gutiérrez and Alvarez 2018; Gutiérrez et al. 2017b; Pourjavaher et al. 
2017) or the improving of physicochemical properties of biopolymers-based 
coatings (Ma et al. 2017), both using nanoparticles.

20.3.1.4  �Gas Indicators (GIs)

GIs are used principally to monitoring toxic gases produced from decomposing 
process of food packaged into containers and that can endanger the health of con-
sumers. Another application of GIs is to monitor the presence of oxygen and carbon 
dioxide levels, the first is important in vacuum packed foods, indicating that the 
package was sealed correctly or incorrectly, the second, for food packed under 
atmosphere modified (Fuertes et al. 2016; Ghaani et al. 2016).

GIs use redox dyes such as methylene blue, 2,6-dichloroindophenol, or 
N,N,N′,N′- tetramethyl-p-phenylenediamine combined with a reducing compound 
as reducing sugars and an alkaline compound as sodium hydroxide to guarantee the 
colorimetric response of label when exposed to the gas. Some commercial examples 
of GIs are Shelf Life Guard by UPM, Ageless Eye™ by Mitsubishi Gas Chemical 
Co., Vitalon® by Toagosei Chemical Inc., Freshilizer by Toppan Printing Co. and 
Tufflex GS by Sealed Air Ltd. (Ghaani et al. 2016). Some examples of GIs have 
been developed on the laboratory scale using ethylcellulose, alginate and polyani-
line as a sensitive compound when exposed to gases (Table 20.1).

Most information about smart packaging using TIs, TTIs, FIs and GIs can be 
found in the specialized literature (Biji et al. 2015; Fang et al. 2017; Fuertes et al. 
2016; Ghaani et al. 2016; Mohebi and Marquez 2015; Pavelková 2013; Purkayastha 
et al. 2017; Schaefer and Cheung 2018; Shukla et al. 2016; Wang et al. 2015b).

20.3.2  �Data Carriers

Data carriers are edible coatings that have automatic identification devices, these 
devises improve the information flow within the food supply chain (Ghaani et al. 
2016). Data carriers are rather intended for automatization, traceability, counterfeit 
protection or theft prevention, however, these systems do not communicate the 
product’s status to end users (McFarlane and Sheffi 2003). Data carriers can be clas-
sified in barcode and radio frequency identification (Fig. 20.2) (Fuertes et al. 2016; 
Ghaani et al. 2016).

Barcode is a pattern of parallel spaces and bars arranged to represent 13 digits of 
data. Commercially, edible coatings are integrated with one-dimensional barcode, 
this barcode can contain some general information about the product such as version 

20  Smart and Active Edible Coatings Based on Biopolymers



402

number, manufacturer, product type, among others (McFarlane and Sheffi 2003). 
Additional information can be added using a two-dimensional barcode (Ghaani 
et al. 2016; Schmidt et al. 2013).

Radio frequency identification (RFID) is a data carrier device used for support 
data information that can identify and locate a food product with a special tag that 
emits radio waves (Fuertes et al. 2016; Ghaani et al. 2016). Normally, RFID system 
are integrated by a tag having a microchip connected to a tiny antenna; a reader that 
emits and receives information in radio waves form; and a local network or web 
server that links the RFID hardware and enterprise applications (Bibi et al. 2017a; 
Ghaani et al. 2016).

RFID can be classified into two groups: passive and active. Passive RFID 
depends on the power supplied by the reader, whereas the active RFID is powered 
by an internal battery, which is used to run the microchip circuitry and to transmit 
a signal to the reader. A hybrid RFID is called as semi passive RFID, this data car-
rier uses a battery to maintain memory on the tag or to power the electronic system 
(Biji et al. 2015). As compared with barcode, RFID can be scanned automatically 
without human participation, in addition, RFID can be scanned in any orientation 
(McFarlane and Sheffi 2003).

Biopolymer-based coatings can be coupled in RFID systems, recently, Bibi et al. 
(2016; 2017b) manufactured coatings based on wheat gluten and observed that the 
electrical and dielectric properties of these materials were very relative humidity-
sensitive. The same authors concluded that the dependence of both, dielectric per-
mittivity and dielectric loss of wheat gluten coatings on relative humidity offered 
the possibility of using these materials for monitoring relative humidity in packaged 
food products.

Most information about smart packaging using barcode and RFID can be found 
in the specialized literature (Bibi et al. 2017a; Biji et al. 2015; Fuertes et al. 2016; 
Ghaani et al. 2016; McFarlane and Sheffi 2003; Mohebi and Marquez 2015; Schmidt 
et al. 2013).

20.3.3  �Sensors

sensors are used in liquid or gas phase to quantify a specific compound called analyte 
by means of a chemical or physical interaction between the analyte and the sensor 
(Fig. 20.2) (Biji et al. 2015; Ghaani et al. 2016). Sensors are analytical devices based 
on direct spatial coupling between a receptor and a signal transducer equipped with 
an electronic amplifier (Malhotra et al. 2005; Thévenot et al. 1999).

The receptor is the sensing part of the sensor where the surface chemistry occurs 
as a consequence of interaction between the receptor with a specific analyte 
(Fig. 20.4) (Ghaani et al. 2016). The transducer is the device that converts a chemi-
cal signal from the receptor into a quantifiable electrical signal (Fig.  20.4). 
Transducers can be classified as electrical, electrochemical, optical, thermal, acous-
tic and piezoelectric. Finally, the amplifier is used to increase the electrical signal 

G. A. Valencia et al.



403

that will be shown to end users by means of the software system (Fig.  20.4) 
(Malhotra et al. 2005; Thévenot et al. 1999).

Biosensors are sensors using a biological system as a receptor. These analytical 
devices have been applied immensely in food and defense processing industries, as 
well as in medical diagnostics, environmental monitoring and genetics (Malhotra 
et al. 2005). Generally, enzymes, antibodies, microorganisms, cell receptors, DNA, 
phage, tissues and biomimetic components have been used as receptors for the man-
ufacture of biosensors (Adley 2014; Malhotra et al. 2005). Enzyme-based biosen-
sors dominate the market. In food industry, these devices have been used to detect 
food borne pathogens, endotoxins, mycotoxins, pesticides, among others (Das et al. 
2014; Kim et al. 2018b; Lv et al. 2018; Puligundla et al. 2012; Rubab et al. 2018; 
Selvaraj et al. 2015; Silva et al. 2018; Vidal et al. 2013; Wang et al. 2013; Yang et al. 
2013; Ye et al. 2019).

Most enzyme-based biosensors are manufactured with biopolymers due to natu-
ral origin and their favorable interaction with living systems (Sawant 2017; 
Valencia and Sobral 2018). Biopolymers can be used for immobilization or attach-
ment of enzymes to the biosensor interface by means of physical entrapment. Devi 
et al. (2013), e.g. immobilized xanthine oxidase on Cs films for the detection of 
xanthine in fish meat. In other studies, Valencia et al. (2014b) and Teepoo et al. 
(2017) immobilized horseradish peroxidase in Cs and Cs-gelatin coatings, respec-
tively. The same authors concluded that these biosensors can be used to detect 
hydrogen peroxide in foods.

Nanoparticles can be used to manufacture biosensors, particularly, metal 
nanoparticles such as gold and iron nanoparticles are used for the immobilization of 
enzymes on the coating surface (Devi et  al. 2013; Valencia et  al. 2014b) or to 
increase the coating’s conductivity (Valencia et al. 2014a).

In general, biosensors have a promising future for the detection of food compo-
nents and contaminants in food matrices, however, some characteristics such as 
flexibility and miniaturization are necessaries to be incorporated in food packaging 
(Vanderroost et al. 2014). Most information about sensors and biosensors for food 
packaging can be found in the specialized literature (Adley 2014; Compagnone 
et al. 2017; Das et al. 2014; Sawant 2017; Silva et al. 2018; Vanderroost et al. 2014; 
Vidal et al. 2013; Ye et al. 2019).

Fig. 20.4  Schematic of a sensor
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20.4  �Active Edible Coatings

Active edible coatings are packages that have additives that absorb or release sub-
stances from the packaged food or the environment surrounding the food (Yildirim 
et al. 2018). Active packaging can be manufactured by the direct addition of additives 
during the manufacture of the packaging or by the coupling of labels, sachets or pads 
in a conventional packaging (Ahmed et al. 2017). In this section will be discussed 
about active edible coatings based on biopolymers, manufactured with active addi-
tives during processing. Other active packaging using labels, sachets or pads as active 
material will not be discussed in this section, but they are available in the specialized 
literature (Ahmed et al. 2017; Otoni et al. 2016; Yildirim et al. 2018).

Based on the principle of active additive, biopolymer-based coatings with active 
properties can be classified in two groups: active edible coatings with antimicrobial/
antioxidant properties and active edible coatings with scavenging properties.

20.4.1  �Active Edible Coatings With Antimicrobial/Antioxidant 
Properties

Spoilage and pathogenic microorganisms, as well as food oxidation, are of major 
concern regarding food quality deterioration. Generally, microbial growth and oxi-
dation of foods take place on the surface as a consequence of handling after process-
ing and presence of oxygen in the package headspace, respectively (Ahmed et al. 
2017; Gómez-Estaca et al. 2014).

An option to reduce microbial growth and increase oxidative stability in foods is 
to use edible coatings with antimicrobial/antioxidant properties. Edible coatings with 
antimicrobial properties are used to prolong the lag phase of microorganism, whereas 
edible coatings with antioxidant properties are used to control the oxygen level in 
foods in order to minimize lipid oxidation, microbial growth, discoloration, textural 
changes and production of off-flavors and toxic compounds (Ahmed et al. 2017).

Convectional additives with antimicrobial properties such as carbon dioxide, chlo-
rine dioxide, sulfites, nitrites, organic acids and antibiotics, as well as conventional 
additives with antioxidant properties such as hydroxytoluene (BHT) or butylated 
hydroxyanisole (BHA) have been used to manufacture edible coatings with antimi-
crobial or antioxidant properties, respectively (Ahmed et  al. 2017; Gómez-Estaca 
et al. 2014).

Toxicological problems from conventional additives cause great interest in the 
use of natural additives with antimicrobial/antioxidant properties in edible coatings 
(Boyaci et al. 2016). Hence, natural additives with antimicrobial/antioxidant prop-
erties obtained from plant source such as cinnamon (Abdollahzadeh et  al. 2018; 
Santos et al. 2016), clove (Echeverría et al. 2018), curcuma (Bitencourt et al. 2014), 
boldo-do-chile, guaraná (Bonilla et al. 2018; Bonilla and Sobral 2016, 2017, 2018), 
garlic (Pérez-Córdoba et  al. 2018), ginger (Noshirvani et  al. 2017), limonene 
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(Chen et al. 2018), olive pomace (Crizel et al. 2018), oregano (Oliveira et al. 2017) 
and rosemary (Piñeros-Hernandez et al. 2017); or obtained by microbial metabo-
lism such as nisin (Abdollahzadeh et al. 2018) and bacteriocins (Ahmad et al. 2017; 
Sidhu and Nehra 2017); or event enzymes (Boyaci et  al. 2016) and oligomers 
(Castillo et al. 2017) have been extensively studied in food packaging technology. 
The principal disadvantage is that these compounds are heat-sensitive, which 
reduces their active properties during the manufacture of edible coatings (Ahmed 
et al. 2017).

Nanoparticles are another type of additive recently used by their antimicrobial/
antioxidant properties in edible coatings. Particularly, silver (Abreu et  al. 2015; 
Ortega et al. 2017, copper (Saldías et al. 2018), laponite (Li et al. 2015), titanium 
dioxide (Siripatrawan and Kaewklin 2018; Xie and Hung 2018; Zhang et al. 2017) 
and zinc oxide (Abdollahzadeh et al. 2018) nanoparticles have shown antimicrobial 
and even antioxidant properties. Nanoparticles are also thermally stable and they 
can be applied in coextrusion, extrusion or injection molding process to manufac-
ture edible coatings (Ahmed et al. 2017).

20.4.2  �Active Edible Coatings With Scavenging Properties

Controlling the gas concentrations in the package headspace is one of the keys to 
extending the shelf life of foods. Basically, oxygen, carbon dioxide and ethylene 
(climacteric foods) are the gases to be controlled in the package (Ahmed et al. 2017; 
Wang et al. 2015a). As described in Sect. 20.4.1., oxygen can induce food oxidation. 
Other gases such as carbon dioxide (too high concentration) and ethylene can result 
in anaerobic respiration and maturation of fresh foods, respectively (Wang et  al. 
2015b). Edible coatings can be used to absorb oxygen and excess of carbon dioxide, 
as well as to suppress the negative effects of ethylene in foods.

Most edible coatings are manufactured containing metal particles as oxygen 
absorbent, however, these materials cannot come into direct contact with food. 
Non-metallic oxygen scavengers such as unsaturated fatty acids, ascorbic acid, 
enzymatic and dyes are still in the laboratory stage (Ahmed et al. 2017; Yildirim 
et al. 2018).

In the last years, some researchers have manufactured edible coatings to absorb 
carbon dioxide and scavenging of ethylene. Wang et al. (2015b) manufactured agar-
based edible coatings containing sodium carbonate (Na2CO3) and concluded that 
Na2CO3 did not alter carbon dioxide absorption in edible coating. Siripatrawan and 
Kaewklin (2018), Kaewklin et  al. (2018) and Xie and Hung (2018) showed that 
titanium dioxide can be activated by UV light in edible coatings based on Cs, cel-
lulose acetate, polycaprolactone and polylactic acid to scavenging ethylene in cli-
macteric fruits. When illuminated with UV light, the electrons on the titanium 
dioxide surface are promoted and react with oxygen in the package, producing O2

−  
and OH· which further oxidize ethylene to carbon dioxide and water as final products 
(Kaewklin et al. 2018).
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For more information on this topic, the following literature is recommended: 
Ahmed et al. (2017), Atarés and Chiralt (2016) Gómez-Estaca et al. (2014), Ribeiro-
Santos et al. (2017) and Yildirim et al. (2018).

20.5  �Prospects and Limitations in Smart and Active Edible 
Coatings

With the aim of improving the edible coatings, some authors have used additives to 
improve physicochemical properties as well as to add active properties in the same 
coating. Li et al. (2015), e.g. developed gelatin-based coatings with laponite and 
observed that mechanical properties, water vapor permeability and water solubility 
of the coatings were significantly improved with the increase of the laponite con-
centration. In addition, laponite impeded lipid oxidation and decomposition of meat 
protein during storage due to the barrier capability of laponite. Other authors have 
added additives to manufacture biopolymer-based coatings with smart and active 
properties (Gutiérrez et al. 2016a). So, Medina-Jaramillo et al. (2017) developed 
starch-based coatings containing natural extracts such as green tea and basil. These 
authors concluded that green tea and basil extracts have antioxidant properties due 
to the high phenolic content. The same extracts showed also color changes when 
exposed to acid and basic pH due to the presence of chlorophyll and carotenoids. 
Finally, Liu et  al. (2017) developed coatings based on starch/poly-vinyl alcohol 
containing anthocyanins and limonene and concluded that these coatings showed 
color changes between pH 1 and 14 as well as antimicrobial activity against Bacillus 
subtilis, Aspergillus niger and Staphylococcus aureus. The same authors concluded 
that the colorimetric and antimicrobial properties were due to the presence of antho-
cyanins and limonene in the coatings, respectively.

Regarding coating processing, the main disadvantage of edible coatings manu-
factured by L-b-L technique is the separation of layers. Recently, cold plasma has 
been used to increase the surface energy of polymers and biopolymers, enhancing 
adhesion and printing capacity in multilayer coatings (Pankaj et al. 2014). The 
cold plasma can also be used in biopolymer-based coating for the deposition of 
bioactive compounds, antimicrobials and barrier layers (Pankaj and Thomas 
2016). The design for scaling of industrial processes should be studied using the 
L-b-L technique.

About additives with smart and active properties, it is necessary to check if these 
compounds proposed in the literature are in GRAS list (Generally Recognized as 
Safe) (Gutiérrez et al. 2017a). Additional studies should be conducted on the migra-
tion, accumulation in biosystems, toxicity, genotoxicity and carcinogenicity effects 
of additives with smart and active properties in coatings (Gutiérrez et  al. 2019; 
Herniou--Julien et al. 2019). For that, it is necessary to quantify the specific migra-
tion limit permissible of each additive into foods (Valencia and Sobral 2018; 
Gutiérrez 2018b, c). Finally, it is necessary to study the encapsulation techniques to 
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reduce the migration of additives from edible coatings to foods as well as to control 
release of additives without altering the sensorial properties of foods (Chen et al. 
2018; Pérez-Córdoba et al. 2018).

20.6  �Conclusions

Biopolymer-based edible coatings are probably the future materials that will be 
used in food packaging industry, considering that several biopolymers can be used 
in manufacture process of edible coatings. It however is necessary to understand as 
biopolymer-based edible coatings can become materials with important characteris-
tics to food industry. L-b-L technique can be used to manufacture multilayer edible 
coatings containing additives from natural origin and nanoparticles with specific 
properties, opening a windows of news applications as smart and active packaging 
for food industry. Nonetheless, more studies must be addressed to understand: (i) 
layer separation in edible coatings manufactured by means of L-b-L technique, 
(ii) scalability of industrial processes using L-b-L technique, (iii) the migration of 
additives into drinks and foods as well as its risks associated with the potential 
ingestion of additives used to manufacture smart and active edible coatings.
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Chapter 21
Active Edible Coatings for Fresh Fruits 
and Vegetables

Swarajya Laxmi Nayak, Shruti Sethi, R. R. Sharma, and Uma Prajapati

Abstract  Fruits and vegetables are perishable products due to their high metabolic 
activities, water loss and susceptibility to pathogens. Thus, each year huge losses 
occur in horticultural products during handling and transportation. Various pre and 
postharvest treatments are available to attenuate these losses. Amongst these, use of 
edible coatings is a key means to enhance the storability of the product. The edible 
coatings are environment-friendly greener approach to mitigate the postharvest 
losses. Edible materials having suitable moisture and gas barrier properties are 
applied as a thin layer on the surface of the product to minimize the changes that 
occur due to biochemical processes. There is a paradigm shift in the development of 
coatings that are added with features such as improved functionality through incor-
poration of certain antimicrobials, texture enhancers and nutraceuticals. The use of 
active edible coatings is a novel approach to extend the shelf-life of the product by 
incorporating active ingredients into the polymer matrix, which can be consumed 
with the food, thus enhancing safety, and nutritional and sensory attributes. On the 
other hand, the smart edible packaging makes use of immobilized antimicrobial 
nanoparticles applied on the food surface to control the release of active ingredients 
that enhance the storage life of the product for desired duration. The materials used 
for the edible coating must be generally recognized as safe (GRAS) and must be 
approved by the FDA. The success of edible coatings for fresh products depends 
completely on the control of internal gas composition and ethanol fermentation, 
changes in color, firmness loss etc. This chapter will cover the recent advances in 
the development of coatings from different polymers incorporated with functional 
ingredients to improve quality and ease of use on fresh fruits and vegetables.
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21.1  �Introduction

Fruits and vegetables are a basket of nutrients required to keep ones’s body healthy. 
However, they are very perishable and are victim of many physical, physiological, 
biochemical and pathological deteriorations. These factors affect the commercial-
ization of the products resulting in huge economic losses (Gutiérrez et al. 2016). 
Since the purchase of any product depends on its aesthetic appeal, it must be attrac-
tive in terms of colour, firmness and the overall appearance. However, perishable 
horticultural products are prone to shrinkage, softening, colour change etc. during 
handling and storage. Of the several techniques to extend the shelf-life of fruits and 
vegetables, edible coatings have gained importance due to ease of use and fabrica-
tion according to the functional attribute desired. The application of these coatings 
on the product surface can be achieved by dipping, spraying or brushing. The coat-
ings adhere to the food surface and create a modified atmosphere that provides a 
barrier to oxygen, moisture and the movement of solutes (Gutiérrez and Álvarez 
2017; Tapia-Blácido et al. 2018). The eco-friendly polymer based edible coatings 
not only reduce the requirements of synthetic plastic packaging, but also uses the 
by-products of the food industry. The traditional use of edible coating was mainly 
focussed on minimizing water loss and delaying senescence through selective per-
meability to gases. However, the new generation of edible coatings is being spe-
cially designed to allow the incorporation and controlled release of nutraceuticals, 
antioxidants and natural antimicrobial agents through diverse fabrication techniques 
(Gutiérrez 2017, 2018a). These coatings are thin layers of edible material applied to 
the product surface and are used as an alternative to natural protective waxy coat-
ings (Ansorena et al. 2018).

21.2  �Historical Background of Edible Coatings

Edible coatings have been used for centuries to prevent the moisture migration, 
improve the food appearance and increase product shelf life. The use of wax coating 
on fruits by dipping is one of the oldest methods that was in vogue at the beginning 
of the twelfth century (Krochta and Mulder-Johnston 1997). The coating of citrus 
fruits with wax to retard desiccation was practiced in China in the twelfth and thir-
teenth centuries (Hardenburg 1967). In the 1930’s, hot-melt paraffin waxes were 
commercially used as edible coatings for apples and pears (Park 1999). Since 1980’s 
sucrose fatty acid esters (SFAEs), Semperfresh™, Tal Pro-long™, zein proteins are 
commercially used to coat fruits and vegetables, thus, the firmness, colour and 
weight during storage are retained (Dhall 2008). During fifteenth century, a protein-
based edible film called Yuba was traditionally used in Asia to improve the appear-
ance and preservation of some foods (Gennadios et  al. 1993). In the nineteenth 
century, to prevent oxidation and rancidity of dried nuts during storage, sucrose was 
applied as an edible protective coating. The more important application of edible 
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coatings so far concerns the use of an emulsion made of oil and waxes in water that 
is spread on fruits and vegetables to retard the moisture loss, improve their appear-
ance, in terms of colour and sheen, and slow down the softening and start of meali-
ness (Debeaufort et al. 1998).

21.3  �Functionality of Edible Coatings

As previously mentioned, edible coatings are thin layer of edible material that is 
applied to the product surface in addition to or as a replacement for natural protec-
tive waxy coatings, which provide a barrier against the movement of gas, moisture 
and solutes, and can be eaten along with the commodity (Dhall 2008). It is thus 
important that the composition of edible coatings must comply with food regula-
tions (Guilbert et al. 1995). A good quality of edible coatings should meet some 
important criteria such as moisture barrier, solute or gas barrier, water/lipid solubil-
ity, good mechanical characteristics, nontoxicity, etc. The effective use of coatings 
depends greatly on temperature, thickness, alkalinity, type of coating and condition 
of fruits or vegetables (Park et al. 1994).

In addition to improving shelf life of fruits and vegetables, edible coatings also 
impart functionality to the product. The improvement in sensory properties of food 
can also be achieved by using an edible coating containing either colourants, fla-
vours, anti-browning agents, antimicrobials and other functional substances, thereby 
making the products more attractive. Novel edible materials have been derived from 
many natural sources that are safe to use. Among all these applications, the use of 
edible coatings as active packaging stands out as a promising application for food 
packaging (Bracone et al. 2016). These are promising new approaches to extend the 
quality and shelf life of fruits and vegetables. Active packaging refers to the incor-
poration of additives into the package in order to maintain or extend the product 
quality and shelf life (Gutiérrez and Alvarez 2017a, b).

21.4  �Properties of Edible Coating

The properties of edible coating depend mainly on molecular structure rather than 
chemical constitution and molecular size. Material of any kind cannot be used for 
coating purposes. Arvanitoyannis and Gorris (1999) detail certain specific require-
ments, such as:

	1.	 It should not interfere with the quality of fruits and vegetables and should not 
impart an undesirable odour.

	2.	 The coating material should be water resistant.
	3.	 It should not reduce oxygen or build up excessive carbon dioxide to avoid anaer-

obic respiration.
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	4.	 It should have reduced water vapour permeability.
	5.	 It should improve mechanical handling properties and appearance, maintain 

structural integrity, carry active agents such as antioxidants, vitamins, etc. and 
retain volatile flavour compounds.

	6.	 It should be easily emulsifiable.
	7.	 Materials must be dissolved in all types of solvent such as water, alcohol or a 

mixture of other solvents.
	8.	 It must be economical.

21.5  �Composition of Edible Coatings

It is known that edible coatings improve the food quality, since they are selective 
barriers to oxygen uptake, moisture transfer and loss of volatile aromas and fla-
vours. The moisture barrier properties of edible coatings have been extensively 
studied by measuring their water vapour properties, because water plays a key role 
in spoilage reactions in foods. However, the barrier properties of edible coatings 
mainly depend on the material from which they are derived. Most of the edible coat-
ings are derived from natural polymers having film-forming ability, such as polysac-
charides, proteins and lipid (Álvarez et al. 2017). Edible coatings are produced from 
materials with film-forming ability. It includes polysaccharides such as cellulose, 
starch, chitin, chitosan (Cs), alginates, pectins etc., and proteins namely casein, 
whey protein, keratin, collagen, gelatin, soy protein, wheat gluten, corn-zein, peanut 
protein, cottonseed protein etc., lipids such as wax and oil-based coatings, mono-
glycerides, fatty acid resins and emulsions etc. (Gennadios et al. 1994; Gutiérrez 
and Alvarez 2017c; Gutiérrez 2018b; Merino et al. 2019). Their presence and abun-
dance determine the barrier properties of material regarding oxygen, water vapour 
and carbon dioxide transfer in food systems.

21.6  �Current Status and Recent Advances

Edible coatings are currently used in many food applications to improve handling, 
extend shelf life and modify appearance and flavour. It can be considered as a novel 
technique for carrying antimicrobials to the food surfaces of high moisture content, 
maintaining the flavour profile of foods with high aroma and retarding oxidation in 
intermediate and low moisture foods. Edible coatings also have the potential to 
maintain the quality of foods even after opening the package. There are multiple 
applications of edible coatings in the food industry. These include extending the 
shelf life of oxygen-sensitive foods, reducing packaging of whole and pre-cut fresh 
fruits and vegetables, extending product shelf life of frozen foods by reducing 
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moisture loss, respiration and colour change, avoiding oxidation, as well as preventing 
moisture, aroma or colour migration (Marín et  al. 2016). It is expected that the 
active packaging systems market has a promising future due to its integration in 
packaging materials or systems.

21.7  �Applications of Active Edible Coatings on Fruits 
and Vegetables

The uses of edible coatings made from polysaccharides, proteins, lipids and com-
posites containing several food additives, probiotics, antioxidants and oxidizing 
agents are discussed in this section. For some time, the main polysaccharides of 
interest for the coating fruits and vegetables have been cellulose, gums, starch, pec-
tin and Cs (Saberi and Golding 2018). Polysaccharide coatings have a poor mois-
ture barrier but have a good gas barrier and mechanical properties. Proteins from 
soy, milk, corn and wheat gluten are also used to prepare edible coatings (Garrido 
et al. 2018). Amongst them, zein is the only commercially produced protein used for 
such applications. Lipids such as bee wax, rice bran oil, paraffin wax and acetylated 
monoglycerides are also used in coating formulations. Lipids are hydrophobic and 
therefore, act as good moisture barriers. However, its mechanical properties are 
inferior to protein and polysaccharide-based films.

21.7.1  �Edible Coatings as Carriers of Flavour, Colourant 
and Texturizer

As previously outlined, edible coatings can maintain and deliver desirable concen-
trations of functional ingredients to improve the product quality. Edible coatings 
can be incorporated with flavours, seasonings, vitamins, colourants and other ben-
eficial plant-derived compounds. Table 21.1 briefly describes the use of edible coat-
ings as carriers of flavours, colourants and texturizers.

21.7.2  �Active Edible Coatings Carrying Nutraceuticals

Edible coatings also have the capacity to contain many active ingredients that could 
be used to enhance the nutritional and functional quality of food products (Gutiérrez 
and Álvarez 2016; Gutiérrez 2017). However, the integration of nutritional or nutra-
ceutical ingredients into coatings of foods (Table 21.2) has been reported only by 
few workers, though there is growing interest in this area.
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21.7.3  �Edible Coatings as Carrier for Probiotic Organisms

Probiotics are live microorganisms, which at a given concentration can confer health 
benefits to the host (Sanders 2008). Probiotics help to support the growth of benefi-
cial microorganisms, reduce potentially harmful bacteria and reinforce the body’s 
natural defence mechanisms. Table 21.3 describes the beneficial use of edible coat-
ings as carriers of probiotics in various fruits and vegetables. Such active packaging 
systems help to deliver novel health-enhanced products for the consumers.

Table 21.1  Application of active edible coatings for imparting desirable flavour, colour and 
textural attributes

Matrix used Applied on Concentration Effect References

Alginate Melon Calcium lactate 2% w/v Maintenance of 
firmness

Raybaudi-
Massilia et al. 
(2008)

Alginate Pineapple Calcium chloride 2% w/v Retention of 
internal liquids

Montero-
Calderon et al. 
(2008)

Alginate and 
gellan

Fuji apple 1% N-acetyl cysteine and 
glutathione mixed with 2% 
w/v alginate and 0.5% w/v 
gellan

Maintenance of 
a∗ value

Rojas-Graü 
et al. (2007)

Cs Raspberries Calcium gluconate 5% w/v Retention of 
textural quality

Han et al. 
(2004)

Whey protein 
concentrate

Apples Calcium chloride 1% (w/v) Retains 
firmness

Lee et al. 
(2003)

Table 21.2  Edible coatings as carriers of nutraceuticals

Produce
Coating 
used Ingredient

Quantity of 
application Effect References

Papaya Alginate Ascorbic acid Ascorbic acid @ 
1.0 (w/v)

Retention of 
ascorbic acid in 
the fruit

Tapia et al. 
(2008)

Apple, 
papaya

Alginate 
and 
gellan

Bifidobacterium 
lactis

Bifidobacterium 
lactis @ 2.0 (w/v)

Maintenance of 
fruit quality up to 
10 days during 
storage

Tapia et al. 
(2007)

Strawberries 
and 
raspberries

Cs-based 
coatings

Vitamin E Cs containing 
0.2% dl-α-
tocopheryl 
acetate

Delayed change 
in colour, 
titratable acidity 
and pH of the 
fruits during cold 
storage

Han et al. 
(2004)
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21.7.4  �Edible Coatings as Carrier of Antimicrobial Agents

Active compounds such as antimicrobials are incorporated into edible coatings to 
inhibit spoilage/pathogenic bacteria by maintaining effective concentrations of 
active compounds on food surfaces. There are several categories of antimicrobials 
that can potentially be incorporated into edible coatings: (1) organic acids, namely 
lactic, acetic, propionic, benzoic, sorbic, (2) fatty acid esters such as glyceryl mono-
laurate, (3) polypeptides such as peroxidase, lysozyme, lactoferrin, nisin, and (4) 
plant essential oils such as cinnamon, oregano, lemongrass and nitrites and sul-
phites, as listed in Table 21.4 (Álvarez et al. 2018). The incorporation of these anti-
microbials can help in delivering safe food.

21.7.5  �Active Edible Coatings Carrying Antioxidants

Antioxidants are free radical acceptors that delay, inhibit or interrupt the stage of 
propagation of autooxidation. These are used to protect against oxidative rancidity 
and enzymatic browning in fruits and vegetables. The incorporation of natural anti-
oxidants into edible coatings can improve their functionality and applicability in 
foods. A wide range of natural antioxidants such as essential oils and plant extracts, 
as well as pure compounds, such as α-tocopherol and ascorbic acid have been incor-
porated into edible coatings to improve their bioactive properties. Table 21.5 shows 
the beneficial effect of antioxidant-containing edible coatings. In addition, antioxi-
dants prevent the loss of vitamin C and the browning reactions, especially in the 
fresh-cut fruits and vegetables, thereby maintaining colour and improving the shelf-
life and acceptability of the commodity.

21.7.6  �Commercially Available Active Edible Coatings

Since the research on active edible coatings began, many products have been 
launched in the commercial market, which may or may not be specific to each prod-
uct. Table 21.6 gives some of these formulations of active edible coatings that are 
available in the market.

21.8  �Limitations for Use

Edible coatings are being developed with incorporation of active compounds such 
as antioxidants, antimicrobials, flavourings and nutraceuticals. Research is being 
done to maintain the mechanical properties, since they can be affected dramatically 

S. L. Nayak et al.
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with the incorporation of food grade additives. Therefore, the development of coat-
ings with improved mechanical, functional and barrier properties is an important 
task. One of the main obstacles is the cost, which restricts its application in high 
value products. In addition to the cost, other limiting factors for the commercial use 
of edible coatings are the lack of materials with the desired functionalities, the 
investment cost for the installation of coating equipment, the strictness of the regu-
lations and the difficulty of the production process. Despite these limitations, the 
food industry is looking for edible coatings that can be used in a broad spectrum of 
foods to add value to their products, increase product shelf life and/or reduce pack-
aging. There is also a trend to develop new generation edible coatings which release 
active compounds using nanotechnological solutions such as nanoencapsulation 
and multilayer systems.

21.9  �Regulatory Status for the Use of Edible Coatings

Since edible coatings are an integral part of the edible portion of food products, they 
should follow all required regulations pertinent to food ingredients. To maintain 
product safety and quality, all components, as well as functional additives should be 
food-grade and non-toxic materials. In addition, all process facilities should be 
acceptable for food processing and should strictly comply with current Good 
Manufacturing Practice (GMP). Acceptable ingredients for use in edible coatings 
should be Generally Recognized As Safe (GRAS), and used within any limitations 
specified by the Food and Drug Administration (FDA). According to the European 
Directive (1998) the ingredients that can be incorporated into the formulation of 
edible coatings are arabic and karaya gum, pectins, shellac, beeswax, candelilla 
wax, carnauba wax, lecithin, polysorbates, fatty acids and fatty acid salts. On the 
other hand, the FDA mentions other additives used as components of protective 
coatings applied to fresh fruits and vegetables such as morpholine, polydextrose, 
sorbitan monostearate, SFAEs, cocoa butter and castor oil (Vargas et al. 2008).

Table 21.6  Commercially available active edible coatings

Coating Composition

Semperfresh™ Sucrose esters with high proportion of short chain unsaturated fatty acid esters, 
sodium salts of CMC and mixed mono and diglycerides

Prolong Mixture of sucrose fatty acid esters, sodium CMC and mono and diglycerides
Tal prolong Mixture of sucrose fatty acid esters, sodium CMC and mono and diglycerides
Nature-seal™ Cellulose-based edible coating
Nu-coatFlo,
Ban-seel

Sucrose esters of fatty acids and sodium salt of CMC

FreshSeal™ Polyvinyl alcohol, starch and surfactant
Citrashine Sucrose ester and wax
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21.10  �Conclusion

The trend of packaging research worldwide should be directed to produce active 
edible coatings that are affordable and can maintain high quality, wholesome, fresh-
like products. These coatings are promising in postharvest management and will 
receive more attention in the near future. Natural ingredients have great potential for 
use as additives in edible coatings without the adverse effects associated with chem-
ical preservatives. Future research should encourage additional studies to overcome 
the above limitations.
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Chapter 22
Active, Eco-Friendly and Edible Coatings 
in the Post-Harvest – A Critical Discussion

Alcilene R. Monteiro Fritz, Jéssica de Matos Fonseca, 
Thalles Canton Trevisol, Cristiane Fagundes, and Germán Ayala Valencia

Abstract  Many researches about edible coating and applications on food have 
been developed during centuries. Beeswax was one of the first applications of edible 
coatings on apple and citrus fruits to prevent water loss and maintain the appearance 
of fruits in 12th and 13th centuries. Beyond the beewax, paraffin, carnauba and oils 
were also used as coating materials until the mid-twentieth century. In the 1930s, 
hot-melt paraffin waxes were marketed as edible coatings of fresh apples and pears. 
The studies showed only a comparison between the fruits with and without cover, 
but a prolongation in the conservation of the fruits with coating was observed. Thus, 
in the 1980s, several attempts were made to develop other materials that could be 
used to coat fresh fruits and vegetables to increase their shelf life. Research with 
natural biopolymers such as protein, starch, chitosan, whey protein, cellulose, lipids 
and others have made considerable progress in the development of fruit and vegeta-
ble coating. Thus, this chapter will discuss advances in edible coatings for whole 
and fresh cut fruits and vegetables. The positive and negative effect of the coating 
on physiology products such as repining, respiration rates, sugar, antioxidants, 
organic acid, texture and color enhancers. In addition, recent advances in the incor-
poration of food additives into coating solutions, composite coatings, coating appli-
cation techniques and stages, as well as and ecotoxicity of coatings will be addressed 
in the present review.
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22.1  �Introduction

Fruits and vegetables are essential food in the human diet, mainly against obesity 
and prevent diseases such as diabetes and certain types of cancer. However, the 
consumption of fruits and vegetables is lower than that recommended by the World 
Health Organization (WHO) in many continents, such as Africa and North and 
South America. The low intake of fruits and vegetables is among the top 10 risk 
factors that contribute to early mortality, according to the evidence presented in the 
World Health Report 2003. On the other hand, around 1.3 billion tons of food are 
wasted or lost globally per year (Gustavsson et  al. 2011), this includes 35% for 
fruits and vegetables in many countries, even in retail and consumption. The largest 
investments in research (around 95%) in the last 30 years have focused on increas-
ing productivity and only 5% have been directed to reduce losses (Kader and Rolle 
2004; Kader 2005; Kitinoja and AlHassan 2012).

Among the techniques proposed to reduce post-harvest loss are rapid cooling 
(remote control of field heat), product cleaning, sorting, sanitization, packaging, stor-
age and distribution under refrigeration, designate Good Manufacture Practice (GMP), 
etc. Because fruits and vegetables are highly perishable, there are other alternatives 
available in the market and in the research phase such as fresh-cut processing, active 
and passive modified atmosphere and edible coating with and without bioactive com-
pounds (Charles et al. 2003; Fagundes et al. 2015; Guerreiro et al. 2015a; Mohammadi 
et al. 2015; D’Aquino et al. 2016; Youssef et al. 2017; Gutiérrez 2017, 2018a).

The edible coating, active or not, are alternatives to reduce post-harvest loss and at 
the same time to prolong the shelf life of fresh and processed fruits and vegetables, 
beyond the other food products. In addition, active edible coatings using different 
active compounds such as essential oils (EOs) and emulsions have been tested such as 
added polymorphic curcumin within coatings (Sanphui et al. 2011), coatings from tur-
meric starch with naturally occurring curcumin have also been studied as active and 
friendly coatings on Foods (Tosati et al. 2017, 2018). In addition, nanotechnology has 
recently been applied to the fabrication of biocomposite coatings (Gutiérrez 2018b).

The positive and negative effects of coating on the physiology of products such 
as repining, respiration rates, sugar, antioxidants, organic acid, texture and color 
enhancers are important to select the most appropriate for each product.

Most of the recent advances in the development of edible coatings is the incorpo-
ration of active food additives in the coating solutions, composite coatings, coating-
application techniques and stages, as well as in the coating ecotoxicity that will be 
treated in the present chapter.

22.2  �Edible Coatings on Fruits and Vegetables: Effects 
and Interactions

Fresh fruits remain alive after harvest, so that respiration and transpiration occur 
during storage and, consequently, induce water loss and texture (Kader 2005). For 
this reason, some requirements to minimize the metabolic activities of the fruits and 
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vegetables, such as barrier/permeability to gas and low temperature are required. 
However, due to the complexity of these products and the interactions between the 
coating and fruits and vegetables, more studies are required. The following sections, 
recent investigations on edible coating on whole and minimally processed fruits and 
vegetables are addressed.

22.3  �Coating Application Techniques

Although edible coatings have been a target of study for decades, their functions such 
as the appearance enhancer (shiny skin), functional properties or preservatives can 
only be achieved when the coating application techniques are used properly. A suit-
able choice of these techniques will ensure that the active coating properties cause 
the desired benefit effect in all regions of the fruit and vegetables covered. This selec-
tion is based on the characteristics of the food, physicochemical and rheological 
properties of the coating (density, viscosity, surface tension), thickness coating 
required, and drying technology used (Andrade et  al. 2012). The coating process 
consists in wetting the food surface with a coating solution followed by the adhesion 
stage, in which the coating solution penetrates the skin of fruits and vegetables. Thus, 
the high affinity between the coating solution and the food surface is essential to 
facilitate the spreadability of the coating on the surface, thus decreasing the time 
required for this procedure (Mittal 1977). Dipping, brushing, spraying, panning and 
fluidized bed are well-known coating application techniques (Askari et  al. 2006; 
Bourtoom 2008; Galus and Kadzińska 2015; Youssef et al. 2017), while electrostatic 
spraying is a technique that has been used recently (Zhong et al. 2014). A schematic 
representation for each coating-application technique is shown in Fig.  22.1 and 
Table 22.1 presents studies using several techniques of coating application on whole 
or fresh-cut fruits and vegetables.

22.3.1  �Dipping

Dipping is the most common laboratory-scale technique for coating foods due to its 
easy application, good coverage on food with an irregular surface, as well as being 
a cheap process compared to others techniques (Youssef et al. 2017). This method 
consists in immersing the fruit or vegetable into a tank that contains the coating 
solution (Fig. 22.1a). Some process parameters of the dipping technique are type of 
the solvent, temperature and viscosity of the coating solution, immersion and with-
draw speed, dipping repetition and immersion time (Ahmadian-Yazdi et al. 2016; 
Yang et al. 2018). Despite the practicality of this method, some disadvantages can 
be highlighted: dilution of the coating solution, the residual accumulation of coating 
materials and the possible growth of microorganisms into dipping immersion tank 
(Youssef et al. 2017).
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To enhance the retention, uniformity and adherence of the coating solution, vac-
uum impregnation have been proposed to coat fruits and vegetables (Vargas et al. 
2009). This method is performed by dipping the product into the coating solution, 
withdraw the food and drain the excess of solution, due to pressure changes, the 
fluid imprisoned in the food pores is exchanged by the external coating liquid. 
Various factors can influence the coating efficiency: duration of the vacuum period, 
vacuum pressure and atmospheric restoration time. In addition to its advantages, 
literature still lacks of studies to perform coating on food materials using this tech-
nique (Senturk Parreidt et al. 2018; Soares et al. 2018).

22.3.2  �Brushing

Brushing is a simple technique that involves application of coatings on foods using 
a paint brusher (Poverenov et  al. 2014) (Fig. 22.1b) or a brushing equipment 
(Nussinovitch et al. 2017), which can be used to polish the food surface (e.g. wax 
application).

Fig. 22.1  Schematic representation of coating application techniques for fruits and vegetables: 
dipping (a), brushing (b), spray coating (c), electrospraying (d), panning (e) and fluidized bed (f). 
Figures (d) and (e, f) (based on Andrade et al. (2012); Khan et al. (2017) and Andrade et al. (2012))
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22.3.3  �Spray Coating

Spray coating consists in a random and stochastic process, in which droplets are 
deposited on heated substrate surface using an atomizer or spray nozzle to atomize 
the liquids (Fig. 22.1c). The droplets can be dried, solidified individually or coalesce 
before solidification to form a thin solid layer (Huang et al. 2018). This technique 
offers advantages such as thickness control, homogenous coating and the possibility 
of multilayer applications that prevent contamination of the coating solution 
(Youssef et al. 2017). However, the drop generation (fluid behavior) is specific to 
each coating solution, which may require a different design of the atomizers, thus 
increasing costs. The main parameters of the process that must be controlled in an 
atomization are aperture size of atomizer nozzle, coating solution temperature (in 
let), gas flow and spray speed (Lee et al. 2011).

22.3.4  �Electrospraying

Electrospraying is a simple and quick technique for coating and is adequate for the 
application of liquid coatings of food, since it is a hydrodynamic electrostatic atom-
ization process with the ability to produce sub-micrometric droplets (Khan et al. 
2017). In this process, coating solution is forced to pass through the nozzle con-
nected to high-voltage source, and then this solution is electrostatically charged 
(Fig. 22.1d). This electrostatic force is sufficient to overcome the surface tension of 
the liquid, breaking the liquid jet into sub-micrometric droplets (atomization) 
(Peretto et al. 2017). A shear stress is generated during the break of coating solution, 
forming an aerosol cone, where the droplets repel each other avoiding their coales-
cence. These charged droplets are attracted by a grounded surface that leads to their 
discharge as well (Khan et al. 2017). The greatest advantage of the electrospraying 
is the improvement of the distribution of the coating on food surface and its low cost 
(Khan et al. 2013, 2014).

22.3.5  �Panning

Pan coating is a technique used to apply a thin or thick successive layer, especially 
sugar syrup, on the candies. The coatings produced by panning can be of three 
types: soft panning, hard panning and chocolate panning. Soft panning consists in 
wetting the food particle into sugar syrup and dusting with sugar of other powder on 
surface food. This process is more used for candies as jujubes. On the other hand, in 
hard panning, food as gumballs, peanuts and chocolate candies are coated by the 
successive layers of the sugar syrup. The first layer is dried, so that other coatings 
are applied, resulting in a dense and compact cover. Lastly, chocolate panning 
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consists of applying a chocolate layer around food like raisins, nuts, almonds and 
malt balls (Nieto 2009). The equipment for performing pan coating is composed by 
a rotating pan (Fig. 22.1e), where the coating solution is ladled or sprayed, so that 
the deposited food is uniformly coated. Forced air and high or environment tem-
perature can be applied to dry the edible coating (Andrade et al. 2012).

22.3.6  �Fluidized Bed

Fluidized bed is a technique originally developed by the pharmaceutical industry 
and nowadays its application was extended to food products such as peanuts (Lin 
and Krochta 2006). Although it is a costly technique, fluidized bed enables the use 
of lower surfactant concentrations than other coating application techniques such as 
dipping and panning (Andrade et  al. 2012). This method typically consists in a 
spraying a coating solution or suspension onto food surface using a set of nozzles 
on the surface of the fluidized powders, thus forming a shell structure (Fig. 22.1f) 
(Lin and Krochta 2006). Fluidized beds can be classified into three different types: 
top spray, bottom spray and rotating fluidized bed, with the top-spray configuration 
being the more used by the food industries due to its higher performance. In this 
case, fluidization will occur when an upward fluid flow through a particle bed 
reaches enough current velocity capable to keep the particles without carrying them 
along the flow. The size of the particles generated by the fluidized bed is greater than 
100 μm due to a higher aggregation or an insufficient stable fluidization state of 
smaller powder particles in the conventional fluidized bed (Andrade et al. 2012).

22.4  �Influence of the Edible Coating on the Physicochemical 
Properties and Physiology of Whole and Fresh-Cut 
Fruits and Vegetables

The interest in the development of coatings based on biodegradable materials has 
increased mainly due to the demand for high quality food and environmental con-
cerns about the disposal of non-renewable materials.

The amount of discarded packaging material has increased every year. Less than 
5% of all plastics are recycling, which leads to a high accumulation of plastics in the 
environment. In addition, increasing consumer concerns about food safety led to the 
development of biodegradable, edible and renewable coatings suitable for food and 
nonfood packaging applications (Sutherland et al. 2010).

The prolongation of the shelf life of fresh-cut fruits and vegetables using edible 
coatings has attracted great interest, especially when using environmentally friendly 
and biodegradable materials (Álvarez et al. 2017; 2018). Several researchers have 
reported on the application of edible coatings to preserve fruits and vegetables 
(Zhang et al. 2018).
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Fruits and vegetables are very perishable. During transportation and post-harvest 
storage these products undergo deterioration due to physiological reactions such as 
respiration, ethylene production and senescence. These reactions are directly related 
to storage conditions such as temperature, humidity and gas atmosphere. According 
to the physiological nature, the chemical composition and surface structure of fruits 
and vegetables, microbiological growth, as well as loss of water, texture, color and 
nutrients can occur during the post-harvest of the product (Yan et al. 2019; Thakur 
et al. 2018a).

Although the cooling temperature is the main method used for the storage and 
prolongation of fruits and vegetables, this technology has not been enough to extend 
the shelf life of the most perishable vegetables. Others alternatives have thus been 
studied to achieve this goal, including the use of edible coatings (Chen et al. 2014).

Studies have been shown to significantly reduce water loss at most temperatures 
and storage times in coated vegetables (see Table 22.1). Several edible coatings 
have been studied to coat whole and fresh-cut fruits and vegetables (Table 22.1). 
Fruit coatings began in the twelfth centuries with the application of Chinese wax. 
Nowadays, the basic ingredients of the coatings are lipids, polysaccharides and 
proteins. The extension of its shelf life depends on the interactions between coat-
ings and fresh products. The influence of polysaccharide-based coatings, e.g. on 
weight loss is probably associated with the existence of hydroxyl groups that cre-
ate hydrogen bonds within the coating matrix and with the cuticle in the shell. 
Alginate is another polysaccharide that is also used as an edible coating, since it 
has colloidal properties and can form insoluble polymers due to the cross-linking 
with calcium, thus preserving the cell wall of fruits and vegetables (Jiang 2013). 
Firmness is related with the non-degradation of the insoluble protopectins that 
maintain the cell wall. Thus, edible coating on fruits and vegetables probably 
delays the depolymerization of pectin due the reduction of O2 and the high CO2 
concentration, which inhibits the activity the enzymes (Lin and Zhao 2007; Kumar 
and Sethi 2018).

The increase of the respiratory rate during the fruit ripening may be due to the 
enlargement of the stomata pores, through the ripening process leads the fruit to 
consume more oxygen (Thakur et al. 2018b). The use of edible coatings can create 
a modified atmosphere on the fruit surface with low concentrations of O2 and CO2, 
thus reducing the respiratory rate. The semi permeability of the membrane in the 
coated fruit reduces metabolic gas exchanges (O2 and CO2) through the coating, 
resulting in a deceleration in metabolic activity, including the effectiveness of oxi-
dizing enzymes (Tesfay and Magwaza 2017). The reduction in the levels of ethylene 
production in fruits with edible coatings means that the coating provides an effec-
tive selective barrier of gases between the fruits and the surrounding atmosphere 
(Fig.  22.2). The semi-anaerobic conditions formed within the fruit can cause a 
reduced catalytic activity of 1-aminocyclopropane-1-carboxylic acid (ACC) oxi-
dase, so that the ethylene production is effectively maintained by the coated fruit 
during storage (Deng et al. 2017). In addition, edible coating can suppress the meta-
bolic activities that eventually led to the inhibition of anthocyanin synthesis and 
delayed the color development (Valero et al. 2013).
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Tosati et  al. (2015) carried out coatings of hydroxyl propyl methylcellulose 
(HPMC) to regulate the permeability to CO2 and O2 and respiration rate in coated 
cherry tomatoes (Lycopersicon esculentum). Cherry tomatoes coated with HPMC 
showed a lower respiration rate than uncoated tomatoes. A similar effect was also 
observed when decreasing temperature and O2 consumption.

22.5  �Active Edible Coating on Whole and Fresh-Cut Fruits 
and Vegetables: Physico-Chemical and Antimicrobial 
Properties and Respiration Rate in Response 
to the Interactions Between the Coating 
and the Products

The active edible coating is a type of coating that when it comes into contact with 
food changes the conditions of food and coating. Among the active compounds 
incorporated into coating by dipping are substances that avoid the development of 
fungal, microorganism or mold without modifying the sensory quality of the prod-
ucts, they also improve functional activities such as antioxidants, color and increase 
their shelf life (Eça et al. 2014; Kumari et al. 2017).

These advances in the active coating for fruits and vegetables in the literature 
(Table 22.1) are due to the growth of consumers of fresh and minimally processed 
products, during the last three decades in retail market. However, undesirable 
reactions such as browning, whiteness and water loss have limited their shelf life. 
To minimize the reactions of chemical, microbial and enzymatic deterioration, 
active edible coating with added bioactive compounds is an alternative to delay 

Fig. 22.2  Schematic representation of gas exchanges through coating for Pitanga (Eugenia uni-
flora L.) and the properties of the coating activity on the fruit surface
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these reactions and extend the storage time these products (Robles-Sánchez et al. 
2013; Azarakhsh et  al. 2014; Kumari et  al. 2017). Active edible coatings on the 
whole or fresh-cut products also reduce moisture loss and solute migration, respira-
tion rate and, consequently physiological disorders (Galgano et al. 2015). However, 
active compounds may not be compatible with the sensory characteristic of whole 
or fresh-cut products.

22.6  �Influence of the Active Edible Coating on Quality 
Parameters in Fruits and Vegetables

22.6.1  �Physicochemical Properties

Ascorbic acid (AA) and citric acid (CA) are the natural antimicrobial antibowning 
agents of low cost that have been used in dipping coatings and have been applied 
on minimally processed fruits and vegetables (Robles-Sánchez et  al. 2013; 
Raybaudi-Massilia et al. 2015; Uranga et al. 2019). In addition, both agents can 
provide nutrients associated with them such as calcium and vitamin D from coat-
ings to fresh-cut products (Raybaudi-Massilia et al. 2015). AA and CA delay the 
browning because they inhibit the action of polyphenol oxidase, reducing o-qui-
nones to diphenols. In this sense, the antimicrobial peptides (curcuminoids) from 
Curcuman longa and monoterpernes and sesquiterpenes from the EO have found 
many applications, including food preservation, since they can be incorporated 
into material packages or edibles coating to maintain the safety and quality of 
whole and fresh-cut fruits and vegetables (Antunes et al. 2012; Espitia et al. 2012, 
2013). These bioactives can modify the structure of the biopolymers and improve 
their functionality and applicability (Eça et al. 2014). Table 22.1 shows the sum-
mary of the bioactive compounds added into edible coating on whole and fresh-cut 
fruits and vegetables in the last 5 years.

Eça et al. (2014) summarized coatings containing natural antioxidant from dif-
ferent matrices to improve the functionality and applicability on fresh-cut fruits. 
Zambrano-Zaragoza et  al. (2017) incorporated nano sphere (Nsp) and nano cap-
sules (Ncs) of β-carotene in xanthan gum coating made by dipping coating on fresh-
cut melon (var. cantaloupe). The physicochemical properties from coated melon 
samples were better than uncoated samples. However, the water loss was lower for 
the coating samples containing Nsp and Ncs compared to the control and the coated 
samples without active compounds. Rojas-Graü et  al. (2008) also observed that 
edible coating based on polysaccharide managed to reduce water loss from fresh-
cut Fuji apple slices. Moreira et al. (2014) incorporated β-cyclodestrin and antimi-
crobial trans-cinnam aldehyde microencapsulated into chitosan (Cs) coating 
obtained by dipping to be applied to fresh-cut melon. Multilayer coating on fresh-
cut melon and wrapped using polypropylene (Ziploc, Saran wrap and cheesecloth) 
helped to reduce loss of juice from melon samples and maintained its firmness for 
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15 days at 4 °C. The authors also reported that crosslinking of Cs and pectin with 
CaCl2 prevented the water exudation from the coated melon samples. In fact, the 
maintenance of water content in the fresh products has been the most important 
requirement of the edible coatings. Mohammadi et al. (2015) coated fresh cucum-
bers with Cs nanoparticles loaded with Cinnamomum zeylanicum EO (CEO-CsN). 
It was reported in this study a lower weight loss in the CEO-CsN coated cucumbers 
compared to the uncoated samples or the samples without CEO. At least the shelf 
life of the cucumbers was prolonged for 12 days more than the control.

Alginate and pectin-based biopolymer coatings containing citral and eugenol 
were used by Guerreiro et al. (2017) to coat ‘Bravo de Esmolfe’ fresh-cut apples. 
The coated fresh fruits were treated in combination with three antibrowning agents: 
sodium chlorite, AA and CA. All antibrowning agents used were effective for all 
coated samples. However, samples submerged in AA and coated with alginate were 
more effective. The best results based on physicochemical and sensory quality were 
those combining alginate (1.0%)/eugenol (0.1%) plus AA. Probably, at this concen-
tration, the contribution of the edible coating was more effective for the integrity of 
the tissue and the stiffness of the cell wall of the fresh-cut apples than the other 
formulations. Guerreiro et al. (2015) used the same formulations but without anti-
browning agents to coat fresh-cut raspberries and strawberries. The best covers in 
terms of sensory attributes were obtained by using 2% alginate/0.5% citral. Rinaudo 
(2014) at least prepared twelve coating formulations based on alginate and pectin to 
coat whole apples, strawberries and raspberries. The best results were obtained 
using alginate coatings. This is possibly due to the ability to form crosslinked hydro-
gels in the presence of CaCl2. However, due to the high sensitivity of the raspberry 
to the softening, the coating crosslinked from alginate and CaCl2 could not avoid the 
moisturizing effect of the fruits.

More recently, the use of nanocomposite coatings has emerged as a new alterna-
tive to reduce the loss of postharvest. Barikloo and Ahmadi (2018) produced a nano-
composite packaging made from polypropylene and polyolefin elastomer with the 
addition of nanoclays for the conservation of strawberries with and without Cs coat-
ing. The weight loss was lower for the Cs-coated strawberries using the package 
with nanocomposites for 10 days, stored at 4 °C and 25 °C compared to the control 
samples. The results showed that the used obstacle technique: low temperature, 
nanocomposite packaging and Cs coating, allowed to reduce the loss of weight and 
maintain the color and firmness of the fruit from the first day of storage. The authors 
also concluded that the use of nanocomposite packaging in combination with Cs 
coatings resulted in the prolongation of the shelf life of strawberries in terms of 
physical, chemical and mechanical properties.

The use of edible coatings in conjunction with non-thermal technologies are 
being used as obstacle technologies to increase the shelf life of fruits and vegeta-
bles. Moreira et al. (2015) studied apple fiber-enriched gellan-gum prebiotic coat-
ings on fresh-cut apples, together with the application of pulsed light. The authors 
concluded that the combined technologies contributed to extend the shelf life of 
fresh-cut apples. A positive synergistic effect on the extension of the useful life of 
whole mangoes was obtained by Salinas-Roca et al. (2016) using malic acid (MA)-
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crosslinked alginate coatings obtained by dipping and then treated with pulsed light. 
The results in this study showed that the combination of both technologies allows to 
guarantee the quality and safety of fresh-cut mango during storage.

22.6.2  �Effectivity of the Active Compounds Into Edible 
Coating for Food Safety

Mohammadi et al. (2016) evaluated CsN edible coatings containing Zataria multi-
flora EO on cucumbers in order to avoid the development of mold: Phytophthora 
drechsleri. The results in this study showed that the percentage of molded cucum-
bers without coating was 97.73% versus 3.25% and 10.95%, for the CEO-CsN and 
CsN-coated cucumbers, respectively, for 21 days at 10 °C.

Salvia-Trujillo et  al. (2015) studied edible coatings based on sodium alginate 
loaded with conventional emulsion and nanoemulsion of lemon grass EO (LEO) to 
inactivate Escherichia coli on fresh-cut Fuji apples. Samples coated with sodium 
alginate without LEO reduced the microbial count from 106 CFU/g to 0.8 log unit. 
While samples coated with solutions containing 0.5 or 1.0% LEO inactivated E. 
coli. However, the nanoemulsion-loaded coating was more effective during storage 
for 2 weeks more than the conventional emulsion. Probably, the nano size of the oil 
drop penetrates faster than the micro size of the oil in fresh-cut apples and, conse-
quently, into the bacterial cell.

Alginate and pectin based coatings, with added citral and eugenol were used on 
fresh-cut Arbutus unedo L. (Guerreiro et al. 2015c), raspberries (Guerreiro et al. 
2015b) and strawberries (Guerreiro et  al. 2015a), submerged separately in anti-
browning agents: sodium chlorite, AA and CA. A greater effectiveness was obtained 
against aerobic mesophilic and psychrophilic bacteria, molds and yeasts using 
alginate-based coatings containing 0.2% eugenol 0.2% on Arbutus unedo. The citral 
or eugenol-loaded alginate/protein-based coatings applied on raspberry showed to 
be effective against mold and yeasts more than mesophilic aerobic microorganism. 
However, strawberry samples coated with alginate and pectin containing citral or 
eugenol EOs reduced mesophilic aerobic microorganism counts.

In recent years, functional edible biopolymer coatings with added silver nanopar-
ticles (AgNPs) have been used on fruits and vegetables to improve the properties of 
these materials. Ortiz-Duarte et  al. (2019) evaluated the effect of the Cs coating 
containing Ag nanocomposites on fresh-cut melon. The AgNP-loaded Cs coatings 
increased the antimicrobial activity against Gram-positive and Gram-negative bac-
teria compared to the samples only coated with Cs. It was also observed that the 
AgNP-loaded Cs coatings had greater antimicrobial activity than Cs coatings con-
taining other metal ions.

Active edible coating has proven to be effective for the conversation of whole 
and minimally processed fruits and vegetables, since the interactions between 
the coatings and the products can act positively on the physicochemical attributes of 
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the food and the inhibition of microbial growth. In addition, factors such as respiration 
rate and ethylene production are reduced during the postharvest of fruits and vege-
tables with the application of these edible coatings, thus increasing the shelf life of 
the food and reducing post-harvest losses. In summary, the main active coatings 
have been developed from the addition of metallic nanoparticles or EOs (Bracone 
et al. 2016; Gutiérrez et al. 2017).

22.6.3  �Effect of Active Edible Coatings on the Respiration 
Rate of Fruits and Vegetables

Fruits and vegetables continue to live and breathe after the harvest. This process 
consumes O2 and produces ethylene and CO2, which accelerate the food ripening, 
thus reducing the shelf life of fruits and vegetables during storage. It is thus impor-
tant and crucial to optimize the composition and properties of edible coatings in 
order to inhibit physiological changes (mainly loss of water and texture) associated 
with the exchange of gases during the respiration of stored fruits and vegetables 
(Fonseca et al. 2003; Baldwin 1994; Tosati et al. 2015; Gutiérrez and Álvarez 2017). 
Edible coatings in general lead to the obtaining of modified atmospheres within 
fruits and vegetables, thus positively affecting fruit and vegetable attributes such as 
flavor, firmness, color, texture, water loss, antioxidant compounds, sugars, organics 
acids, among others (Zambrano-Zaragoza et al. 2017; Baldwin 1994).

A higher respiration rate leads to a faster loss of some major components of fruits 
and vegetables such as acids, sugars and vitamins. The respiration process can also 
be minimized using low temperatures in order to reduce the metabolic process of 
the vegetable food and consequently the production of CO2 and ethylene is reduced. 
It is very frequent, for this reason, that many research studies have been carried out 
applying edible coatings on fruits and vegetables at low storage temperature (around 
5 °C). Fagundes et al. (2013) showed that the respiration rate of fresh-cut apples 
treated with 2.0% AA and 1.0% CaCl2 decreased when stored at 2 °C, 5 °C and 7 °C 
and under modified passive atmosphere. The authors also observed a significant 
reduction (p ≤ 0.05) in factors indicative of decomposition by respiration in fresh-
cut apples by applying lower temperatures during storage. However, the reduction 
of storage temperature is not enough to decrease the respiration rate and ethylene 
production to prolong the shelf life of these products.

Zambrano-Zaragoza et al. (2017) reported a greater reduction in oxygen pro-
duction from fresh-cut melon samples coated with xanthan gum with and without 
β-carotene Ncs. The β-carotene Ncs/xanthan gum-coated samples nonetheless 
showed the best results in terms of reducing of the oxygen rate by 49% compared 
to the controls (without coating). In general, the respiration rate of minimally pro-
cessed products increased due to the stress caused by the cutting of whole fruits or 
vegetables.

Salvia-Trujillo et al. (2015) developed sodium alginate-based coatings containing 
emulsions and nanoemulsions of lemongrass EO (LEO) to coat Fuji apples. In this 
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study, a reduction in respiration rate was observed by using emulsions and nano-
emulsions containing 0.5% and 1% LEO. However, samples containing 0.1% emul-
sion or nanoemulsion without LEO increased the respiration rate in the fruit 
compared to the uncoated samples. According to the authors, probably the increase 
in the respiration rate in this case was due to a higher carbohydrate content available 
from the biopolymer coating, which can be metabolized during respiration.

The effectiveness of edible coatings on respiration, in terms of O2 and CO2 of 
fruits and vegetables, can be attributed to a lower gas permeability through the coat-
ing on the food surface. However, the properties of the active compounds within the 
biopolymer coatings can also influence gas diffusion and respiration. Figure 22.2 
represents as an example the possible interactions that are given during transport 
phenomena in Pitanga (Eugenia uniflora L.) Brazilian fruits coated with edible bio-
polymers containing active compounds.

22.7  �Migration of the Active Compounds from Coatings 
toward Food

Other important parameters of the coatings are the surface energy between the 
coating and the food surface, the interactions between the bioactive compounds 
and the polymer matrices, as well as the migration of the bioactive compounds 
from the coating to the food (Gutiérrez and González 2016, 2017; Gutiérrez et al. 
2016; 2018; Herniou--Julien et al. 2019; Gutiérrez et al. 2019). According to Aloui 
and Khwaldia (2016), these coatings can release active compounds at controlled 
rates, which has allowed maintaining the quality and safety of fruits and vegetables 
during storage, and prolonging the shelf life of them. However, the released amount 
of the active compound must be controlled to achieve the desired effect. Figure 22.3 
shows that the simulated release in vivo (Fig. 22.3a) and in vitro (Fig. 22.3b, simu-
lant of foods) of the active compounds from the coating to the foods (e.g. Pitanga 
Brazilian fruit) depends on the type of coating material and the properties of the 
active compounds used. Nonetheless, parameters such as temperature, humidity, 
food composition (pH, lipid content and water content) and transport phenomena 
that occur within the coating are parameters that should also be considered in the 
studies. In this sense, the release rate of active compounds is a critical factor for 
food safety and quality.

A limitation of the use of active compounds into edible coatings is the alteration 
of the sensory characteristics of fruits and vegetables (or foods in general), bringing 
consequently the potential rejection of products from consumers. Murmu and 
Mishra (2018) evaluated the effect of edible coating based on gum Arabic and 
sodium caseinate containing different cinnamon and lemongrass EO concentrations 
on the physicochemical and antioxidant properties of stored whole guava. Good 
results were obtained at least during 35 days of storage by using the coatings con-
taining 2% of both EOs in this study. However, these authors did not evaluate the 
diffusion kinetics of the EOs within the coatings to the food. In contrast, Mohammadi 
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et al. (2015) evaluated the CEO release kinetics from Cs edible coatings to a simu-
lant medium such as ethanol. The authors initially observed a rapid diffusion of the 
CEO contained into the coatings to the similar medium, which was then sustained. 
However, these authors did not quantify the active compounds migrated from coat-
ing to food.

The release rate of carvacrol from zein/polylactic acid (PLA) fibers in an aque-
ous solution of ethanol (80 v/v) and in chloroform/N,N-Dimethyl formamide (9.1, 
v/v), respectively, were determined by Altan et  al. (2018) using headspace gas 
chromatography-mass spectrometry (GC-MS). An initial burst release was observed 
followed by sustained release of carvacrol for both fibers. However, the zein fibers 
allowed a faster release of the carvacrol compared to the analogous fiber made of 
PLA. The migration mechanism was also investigated by Mohammadi et al. (2015) 
on CEO-loaded Cs nanoparticles, which were used to improve the shelf life of 
cucumber during cold storage.

The release rate of the active compounds must initially be rapid in order to inhibit 
microbial growth, since the microorganism count may increase before the antimicro-
bials penetrate the cell. However, the release rate of the active compound should not 
be so rapid as to increase the susceptibility of cross-contamination on the food sur-
face. A burst release of the active compound should thus be initially given for the 
purpose of controlling the microbiological growth followed by a controlled and sus-
tained release step of the active compound to regulate and maintain the minimum 
inhibitory concentration on target microorganism on the food surface (Uz and 
Altınkaya 2011; Altan et  al. 2018). Other recent studies evaluating the effect of 
various edible coatings containing active compounds applied to different fruits and 

Fig. 22.3  Schematic representation of in vivo (a) and in vitro (b) tests of the migration of active 
compounds from coating to food or simulating fluid
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vegetables are highlighted in Table 22.1. However, the literature reported until 2018 
in the web of science database, google academics, science direct and Research Gate, 
does not register studies carried out until now evaluating the in vivo migration rate of 
active compounds. For this reason, more studies should be conducted in this line.

22.8  �Active Edible Coating Toxicity

Since the materials used for the coating of fruits or vegetables must have food qual-
ity and be edible (Dhall 2013). It has been assumed that the materials used for the 
development mainly of composite coatings also have the same quality. However, 
many studies have highlighted concerns related to the toxicity of compounds added 
to biopolymer coatings (Gutiérrez 2018c; 2019; Herniou--Julien et al. 2019).

As can be seen in Table 22.1, the natural extracts and the OEs have managed to 
prolong the shelf life of the food through its use in edible coatings. In addition, these 
active compounds have been classified as generally recognized as safe (GRAS). 
However, their application does not indicate the limit of toxicity when applied to 
food preservation. According to Acevedo-Fani et al. (2017) EOs and plant extracts 
can cause toxicological effects due to the “potential ability to interact with the 
human cellular membranes, in the same way that EOs acts on microbial mem-
branes”. Sánchez-González et al. (2011) reported some applications of these bioac-
tive molecules in edible coatings, however, these compounds showed cytotoxicity, 
oral toxicity and skin allergies in in vivo studies.

Other in vivo studies have suggested mucosal irritation, vomiting, epigastric 
pain, when these substances are used in high concentrations (Riordan et al. 2002). 
Therefore, more studies are necessary to evaluate the maximum allowed quantities 
where EOs incorporating edible coatings do not cause damage or risk of toxicity or 
allergies to consumers.

The use of emerging nanotechnologies applied to food has taken place due to the 
greater reactivity of the compounds used, as well as the better bioavailability and 
mass transfer of them (Acevedo-Fani et  al. 2017). Despite these advantages, the 
nanotoxicology of these materials is a worrying topic, since very little is known 
about the bioaccumulation of them, mainly during prolonged contact. Several fac-
tors can influence the toxicity of a nanomaterial (chemical composition, structure, 
reactivity, etc.), being necessary to take it into account when applying an edible 
coating (Acevedo-Fani et al. 2017). Divya et al. (2018) e.g. demonstrated that the Cs 
nanoparticles presented possible antifungal and antioxidant activity as coating 
agents. However, a cytotoxic effect was also observed in a dose-dependent effect 
against fibroblast cells.

Other nanoparticles frequently used in the coating materials are the AgNPs 
(An et  al. 2008; Costa et  al. 2012; Jiang et  al. 2013; Ortiz-Duarte et  al. 2019). 
However, Ag ions also have toxicity against the animal cells depending on the con-
centration, and few studies have investigated their effects on flora, fauna or the 
environment (Marchiore et  al. 2017). Hadrup and Lam (2014) reviewed the oral 
toxicity of AgNPs on the human body. The authors detailed aspects of their digestion, 
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organ influence and excretion. They have described that this metal seems to be 
distributed in all the organs investigated and presents a dose-dependence toxicity, 
causing weight loss and even death in animals. It is known that some nanoparticles 
(when eaten) can cross epithelial cells and interact or be bioaccumulated in various 
organs (Acevedo-Fani et al. 2017). In this sense, a consensus should be reached in 
the scientific community with the aim of making more effort in the study of the true 
potentials of the active compounds into the “edible coatings” in terms of the risks to 
consumers. Another important fact that must be considered is the environmental 
impact of the use of additives in the coating materials. Can an antimicrobial coating 
material influence the degradability of a fruit or vegetable? Given that concerns 
about nanotoxicology have been highlighted in recent years, what is the impact of 
the use of nanomaterials on edible coatings and on the environment? These ques-
tions have not yet been answered and should be studied in the future to evaluate 
which problems can improve the fauna and flora.

22.9  �Remarks and Conclusions

The use of edible coatings to extend the shelf life of fruits and vegetables has been 
demonstrated for many years through scientific studies that indicate that the appli-
cation of these materials allows to maintain the quality and safety of these products, 
thus reducing post-harvest losses. However, the new alternatives in coatings applied 
to food is directed to the use of nanocomposite materials, which can lead to the 
development of active, intelligent or functional packaging. Nonetheless, these com-
posite materials could lead to problems of unintentional migration of substances on 
food, bringing as a potential consequence the migration of potentially toxic nano-
substances for consumer sand even placing the compostability of the material at 
risk. For this reason, more studies aimed at analyzing the toxicity and migration of 
nanocomposites should be developed in the future with the purpose of their applica-
tion at the industrial level.
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Chapter 23
Chitosan Mono- and Bilayer Edible 
Coatings for Preserving Postharvest 
Quality of Fresh Fruit

Margherita Modesti, Luigi Zampella, and Milena Petriccione

Abstract  Edible coatings have been widely used to improve the storability and 
quality of fruit during postharvest life. Chitosan (Cs)-based coatings are considered 
the best and safest edible and biological coatings for different types of fruits, due to 
their lack of toxicity, biodegradability, film-forming properties and antimicrobial 
action. Mono- and bilayer Cs coatings affect postharvest fruit quality and influence 
the level of oxidative stress in fresh fruits by controlling their physiological, bio-
chemical and structural changes involved in degenerative processes correlated 
with fruit ripening and senescence. This chapter discusses the use of different 
mono- and multilayer Cs-based coatings to improve qualitative traits and control the 
postharvest oxidative stress on several fruits.

Keywords  Antimicrobial · Oxidative stress

23.1  �Introduction

In the supply chain of fresh fruits and vegetables, losses and wastes take place at 
different levels from farm to table (Porat et al. 2018). Many of them, which occur 
during postharvest handling, storage and processing, as a consequence many inves-
tigations in recent years have been developed with the objective of obtaining differ-
ent strategies to reduce the post-harvest qualitative decay in fruits and vegetables 
(Brasil and Siddiqui 2018). Edible coatings represent an attractive and valid tool to 
prolong the postharvest life of fresh and ready-to-eat fruits, demonstrating good 
safety and optimum performance (Ali et al. 2018; Álvarez et al. 2018). A mono- or 
bi-layer edible coating, is that edible, thin and transparent material, formed directly 
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on fruit surface, thus providing a good and selective barrier to control the atmosphere 
composition within the fruit, delay metabolic processes and slow down microbial 
growth (Gutiérrez and Álvarez 2017; Hassan et al. 2018).

Biopolymers are widely used to make edible coatings due to their biocompat-
ibility, biodegradability, low toxicity, easy availability and low cost (Garrison et al. 
2016; Gutiérrez 2018; Ncama et al. 2018). Polysaccharides are primarily utilized as 
renewable biopolymers that have an important role in the biosphere, in fact, they are 
the structural elements of plants and animals (Thakur and Thakur 2016). The poly-
saccharides have an ordered and very compact hydrogen bond network structure 
with hydrophilic nature, the mains ones tested to realize edible coatings are Cs, 
starch, alginates, pullulan and xanthan (Pérez-Gago and Rhim 2014; Gutiérrez 2017; 
Álvarez et al. 2017).

23.2  �Cs: Structure and Functions

Cs is a linear copolymer of β-1,4-linked D-glucosamine and N-acetyl-D- glucosamine, 
at commercial level with this term are indicated different heterogeneous polymers 
with several molecular weight (Mw), viscosity, degree of deacetylation and pKa 
(Merino et al. 2018b; Merino et al. 2019a, 2019b). Cs is a deacetylated derivate of 
chitin obtained from bioproduct of shellfish industry waste or the cell walls of some 
microorganisms and fungi used as functional materials applicable in different fields 
(Romanazzi et al. 2018).

Several studies have shown that the use of concentrations of aqueous acid solu-
tion (acetic, nitric, hydrochloric, perchloric and phosphoric acid) allows to obtain 
the complete Cs dispersion and influences their physical or antimicrobial proper-
ties (Lodhi et al. 2014; Fernandez-Saiz et al. 2009). Due to its chemical nature, a 
complete solubilization of Cs in acidic water (pKa smaller than 6.2), occurs when 
it reaches a maximum degree of protonation with a stoichiometry [AcOH]/
[Chit-NH2] = 0.6 (Rinaudo et al. 1999). Low pH values of Cs solution also improve 
its antimicrobial effectiveness, facilitating the electrostatic bonds between anionic 
carboxyl and phosphate groups of bacterial surface and positive amino (-NH2) 
groups of Cs leading to the alteration of membrane properties and leakage of 
intracellular constituents of the microorganisms (Romanazzi et al. 2017; Merino 
et al. 2018a).

Mw of Cs influences the thickness of coating and the film-forming properties: 
coatings obtained with high Mw Cs are thicker compared to low Mw one (Jongsri 
et al. 2016). Antimicrobial property of Cs is also correlated to its Mw and degree of 
acetylation (DA), indeed, Cs polymer with lower Mw and DA has been shown to 
have a greater efficacy in controlling the rate of microbial growth (Sharma et al. 
2016). Iriti and Faoro (2009) also suggested that a Cs concentration threshold allows 
to switch the induction of programmed cell death into cytotoxicity in cell host.

Cs has a low toxicity and, due to this property, is the first compound approved by 
European Union for plant protection (Reg. EU 2014/563) (Romanazzi et al. 2018).
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23.3  �Monolayer Cs-Based Coatings

Cs-based coatings are considered the best edible and biologically safe preservative 
coatings for different types of fruits, due to their lack of toxicity, biodegradability, 
film-forming properties and antimicrobial action (Ali et al. 2018; Romanazzi et al. 
2018). This coating can form a semipermeable film on fruit surface, which act as a 
mechanical barrier that protects fruits from pathogen infection, as well as is an exog-
enous elicitor of host-defense responses (Bautista-Baños et  al. 2006; Meng et  al. 
2008). Cs coating can also carry functional ingredients and active substances with 
antimicrobial, antioxidant and antibrowning properties, as well as dyes, nutrients that 
can increase the nutritional values and the stability of fruit during postharvest life 
(Saberi and Golding 2018).

23.3.1  �Influence of Ripening Process on Cs Coated Fruit

Cs coatings delay ripening process by modifying the endogenous gas exchange 
such as CO2, O2 and C2H4, which affect the respiration rate in several fruits such as 
guava (Silva et al. 2018), mango (Silva et al. 2017), strawberry (Eshghi et al. 2014; 
Velickova et al. 2013; El Ghaouth et al. 1991), plum (Liu et al. 2014), peach (Li and 
Yu 2000), pear (Zheng et al. 1996), apple (Hu and Zou 1998; Zheng et al. 1996; 
Gardesh et al. 2016), table grape (Gao et al. 2013), thus improving the properties of 
these fruits during storage. The addition of several components in Cs-based coating 
such as peel pomegranate extract, nano-montmorillonite, lauroyl arginate ethyl, 
olive-waste extracts, lacquer wax, quinoa and soybean protein, sunflower oil can 
regulate gas barrier properties, stability, water-vapor sensitivity and restrict CO2 
production and utilization of O2 in Cs-coated guava, apple, tangerine, blueberry, 
kiwifruit, apricot and table grape fruits (Abugoch et al. 2016; Hu et al. 2019; Khalifa 
et al. 2017; Nair et al. 2018; Sun et al. 2018; Xu et al. 2018; Zhang et al. 2018; 
Zhidong et al. 2018).

According to Silva et al. (2017), the slowdown of ripening process in Cs-coated 
fruit was accompanied by reprogramming of the carbon metabolism which controls 
the sugar levels, while a reduction in respiration rate could be due to a delay of 
senescence process (Ali et al. 2011). In Cs coated fruits, the reduction in respiration 
rate is due to some changes occurring in metabolic pathways such glycolysis and 
tricarboxylic acid cycle, as well as oxidative phosphorylation which lead to a low 
level in the ATP production and the beginning of anaerobic metabolism (Van Dongen 
et al. 2011; Silva et al. 2017).

The analysis carried out by scanning electron microscope has also shown 
that Cs coating smoothened the fruit pericarp by closing the lenticels, slowing 
down respiration and transpiration processes (Kumar et al. 2017; Dong et al. 2004). 
The partial blockage of the pores on pericarp in Cs-coated fruit has delayed and 
suppressed the onset of the respiratory peak (Eum et al. 2009; Kumar et al. 2017; 
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Velickova et al. 2013). Cs coating combined by low temperature contributes to 
reduce ethylene evolution rate during storage (Silva et  al. 2017; 2018; Kumar 
et al. 2017; Li and Yu 2000).

Polyelectrolyte-macroion complex between Cs and cellulose nanocrystals 
(CH-CNCs) have been used to reduce hydrophobicity and increase the stability of 
the coating, while its properties are improved in terms of gas barrier, water vapor 
permeability and antibacterial and antioxidant properties.

Deng et al. (2018) demonstrated that CNC-Pickering oil-in-water emulsion sys-
tem (CH-PCNCs) is a more stable system than CNC surfactant-stabilized emulsion 
(CH-CNC) and reinforces the Cs matrix, so the coating of fruits can be used to 
extend the postharvest storability during long term cold storage under high relative 
moisture of pears cv. Bartlett (Deng et al. 2017a, b; 2018). To guarantee a good pro-
tection of the fruit, a wetting of the coating on the entire surface of the fruit should 
be spread homogeneously. The surface wetting properties were investigated by Jung 
et al. (2016) on Cs coatings in contact with fruits, using contact angle determina-
tions. The resulting coatings (CH-PCNC) showed a better wetting, i.e. low contact 
angle values were observed (~34.7°) compared to CH-CNC suspension (~38.1°) 
(Deng et al. 2018). In addition, CH-PCNC coating displayed lower surface tension 
values (∼30.3 mN/m) compared to the critical tension of the fruit surface, suggest-
ing a good wetting capacity and adhesion of the coatings onto the pear surfaces 
(Deng et al. 2018).

23.3.2  �Physico-Chemical and Nutraceutical Features in Cs 
Coated Fruit

Cs-based coatings mainly exert their effects on several physiological processes that 
control the most important qualitative parameters such as total soluble solid content 
(TSS), titratable acidity (TA), firmness and nutraceutical compounds during fruit 
storage (Hassan et al. 2018). Taste is a fundamental trait in the consumer accept-
ability in stored fruit, influenced by the ratio between TSS and TA (Xin et al. 2017). 
Firmness is also another important attribute that influences the fruit quality during 
postharvest life, and it is judged and evaluated by consumers in the overall accep-
tance of fruits (Silva et al. 2018; Ali et al. 2011).

During fruit postharvest life, the TA losses could be due to the use of organic 
acids as substrates in the respiratory metabolism in the stored fruit, while TSS 
increase could be attributed to different factors, as well as breakdown of starch into 
sugar, decrease in respiration rate, hydrolysis of cell wall polysaccharides and 
increase of dry matter due to water loss (Petriccione et al. 2015a). Several studies 
have shown that Cs-based coatings slow down the changes related to ripening pro-
cess, delaying the TSS increase and TA losses in stored fruit such as apricot (Zhang 
et al. 2018), tangerine (Xu et al. 2018), guava (Silva et al. 2018), kiwifruit (Hu et al. 
2019), mango (Jongsri et al. 2017; Cissé et al. 2015), cherimoya (Liu et al. 2016), 

M. Modesti et al.



469

plum (Liu et al. 2014; Kumar et al. 2017), sweet cherry (Petriccione et al. 2015a), 
loquat (Petriccione et al. 2015b) and strawberry (Petriccione et al. 2015c; Treviño-
Garza et al. 2015).

Cs coatings reduce the loss of firmness as reported by several studies in different 
fruit crops (Silva et al. 2017; 2018; Hong et al. 2012; Ali et al. 2011; Zhu et al. 2008; 
Abugoch et al. 2016; Drevinskas et al. 2017). Furthermore, Cs Mw influences TSS, 
TA and firmness as demonstrated by Jongsri et al. (2016) in mango fruit during cold 
storage at 25 °C for 15 days. High Mw Cs gives the best performance compared to 
medium or low Mw ones, improving these qualitative traits at the end of storage 
(Jongsri et al. 2016).

Fruit softening is due to the structural and non-structural modifications of carbo-
hydrates in the cell walls during the ripening process, which causes the decline of 
the mechanical strength of the cell walls and cell-to-cell adhesion (Valero and 
Serrano 2010). Polygalacturonase (PG) and pectin methyl esterase (PME), cell 
wall-hydrolyzing enzymes, induce a modification of the pectin during fruit ripening 
(Ali et al. 2004). Loss of firmness could also be due to the cell turgor loss induced 
by transpiration (Mannozzi et al. 2018). Xin et al. (2017) showed that the firmest 
coated samples were those treated with a combination of Cs and nano-SiOx, which 
showed the least weight loss, suggesting that the reaffirmation of Chinese cherries 
occurred with low levels of weight loss, while softening was observed simultaneously 
with greater weight loss. These results agree with another study carried out by 
Paniagua et al. (2013) which displayed that moisture loss is the main cause of firmness 
changes during postharvest storage of blueberries.

Kumar et al. (2017) found a retention of firmness (∼78%) in Cs-coated plum 
fruit, suggesting that coating induces changes in metabolic and enzymatic activities 
and, consequently, slows down the degradation process of cell wall components in 
the plums. Suppression of respiration rate in Cs-coated fruits could be a factor 
responsible to the reduction of PME enzyme activity, involved in cell wall degradation, 
during plum storage.

Valero et  al. (2013) reported an enhancement in the activity of hydrolyzing 
enzymes followed by CO2 production in climacteric fruit. Such findings have also 
been reported in Cs containing montmorillonite and lauroyl arginate ethyl (CML)-
treated berries where the lower PG and PME enzyme activities were attributed to 
the inhibition of CO2 production by CML (Sun et al. 2018). In agreement with these 
findings, the changes in pectin, PME and PG were accompanied by a dramatic 
decrease in protopectin content, and an increase in water-soluble pectin (WSP) in 
Cs-coated fruit, which is correlated with the increased PME and PG activities 
(Hu et al. 2019; Liu et al. 2016).

Jongsri et al. (2017) found that a coating obtained with Cs (1%) and combined 
with spermidine (0.1 ppm) significantly inhibited the increase in soluble pectin con-
tent and retained fruit firmness. This agrees to the results obtained by Liu et  al. 
(2016), where the synergistic effects of a combined-coating, obtained by citric acid 
(20 mM) and Cs (1%), delayed the softening of cherimoya fruit stored at 15 °C for 
10 days. This treatment also significantly inhibited the expression of genes related 
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to the cell wall, including xyloglucan endotransglucosylase, PGs and expansins, 
with different patterns in the isoforms of these genes during storage.

Fruits are an important and rich source of nutraceutical compounds that play a 
fundamental role in disease prevention and health promotion (Kerch 2015; 
Septembre-Malaterre et al. 2018). In the last years, new processes and soft tech-
nologies have been developed to maintain high levels of bioactive compounds in 
stored fruit. Cs-coated plums maintained higher ascorbic acid and polyphenols 
levels throughout the storage period and displayed a high antioxidant activity com-
pared to uncoated fruit (Kumar et al. 2017). It has been also reported the same trend 
with respect to total phenols in Cs-coated grapes (Sánchez-González et al. 2011) 
and to ascorbic acid content in ascorbic acid-Cs and citric acid-Cs coated plums, 
pomegranate and cherimoya fruits, respectively (Liu et al. 2014; 2016; Ozdemir and 
Gökmen 2017). It has also been observed in Cs coated plums that the suppression 
of respiratory activity allows to slow down the anthocyanin’s synthesis, associated 
with postharvest ripening (Kumar et al. 2017; Liu et al. 2014).

A slower decrease in bioactive compounds content, such as ascorbic acid, 
polyphenols, anthocyanins and flavonoids was observed during storage in sweet 
cherry, loquat, kiwifruit, litchi, guava, pomegranate and strawberry fruits coated 
with Cs (Kaya et al. 2016; Khalifa et al. 2016; Petriccione et al. 2015a, b, c; Kumari 
et al. 2015; Munhuweyi et al. 2017; Jiang et al. 2018; Nair et al. 2018).

Higher content of ascorbic acid could be due to the low oxygen permeability in 
Cs-coated fruits, which led to the inhibition of the activity of enzymes involved in 
acid ascorbic oxidation (Kumar et  al. 2017). Cs-based coating was found to be 
effective in restricting the losses of ascorbic acid on different fruits such as guava 
(Nair et al. 2018) and papaya (Ali et al. 2011), tangerine (Xu et al. 2018) or stimu-
lating the resveratrol production in table grape (Freitas et al. 2015). A higher anti-
oxidant activity was also revealed in Cs-coated fruit during storage (Nair et al. 2018; 
Munhuweyi et al. 2017; Khalifa et al. 2016).

23.3.3  �Antimicrobial Features in Cs Coated Fruit

In last years, different strategies have been applied to contain postharvest decay 
caused by several species of bacteria and fungi. In the management of postharvest 
diseases is needed to contain the contaminations that take place on the fruit surfaces, 
the application of coatings with antimicrobial properties could be more effective 
because the added antimicrobials or the own matrix of Cs can be released gradually 
and have a high degree of selectivity (Grande-Tovara et al. 2018).

Cs can provoke the defenses of the host, which has been studied, monitoring the 
activities of the enzymes involved in the defense mechanisms, analyzing in turn the 
expression of the genes by means of a quantitative real-time polymerase chain reac-
tion and evaluating more recently RNA-Seq in Cs-coated fruits (Romanazzi et al. 
2018). Antimicrobial properties of Cs-based coatings have been widely analyzed by 
several authors through many in-vitro and in-vivo experiments against a wide range 
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of plant pathogens. Cs coating is an alternative way of controlling microbial diseases, 
thus reducing the use of chemical compounds in the management of plant diseases 
and the levels of their residue onto fruits (Romanazzi et al. 2018).

Conflicting results have been obtained related to the correlations between the 
influence of Cs Mw and its antimicrobial activity (Romanazzi et al. 2017). Cs with 
low (LMWC, 3.4–51.3 kDa) and high Mw (HMWC, 136.8–342.0 kDa) showed dif-
ferent and particular levels of effectiveness against gray mold (Botrytis cinerea) of 
kiwifruit. LMWC significantly inhibited the development of gray mold, spore ger-
mination and mycelial growth compared to HMWC.  This could be due to their 
greater ability to penetrate the cell walls of kiwifruit epidermal peel tissues and 
increase the expression levels of plant defense genes (Hua et al. 2019). Similarly, 
LMWC has greater antifungal activity than HMWC against Penicillium italicum 
due to its greater capacity to damage the calcium gradient required for cellular 
homeostasis and fungal surviva (Lee et al. 2016). Other studies confirmed a higher 
antifungal activity of LMWC against Candida spp. and Fusarium oxysporium and 
of HMWC against Alternaria solani and Aspergillus niger (Kulikov et  al. 2014; 
Younes et  al. 2014). Drevinskas et  al. (2017) also displayed that Cs with Mws 
ranged from 28 to 1671 kDa had higher antibacterial activities than lower Mw Cs 
oligomers (Mws in range 1–22 kDa) and their effectiveness of inhibit the bacteria 
growth depended on the tested bacteria species (Drevinskas et al. 2017). Cs gener-
ally exerts a stronger antimicrobial action against the most sensitive yeasts and 
molds, followed by Gram-positive and Gram-negative bacteria (Grande-Tovara 
et al. 2018; Romanazzi et al. 2018).

Following Darolt et al. (2016) Cs-based coatings have only a preventive effect but 
not curative against the blue mold caused by P. expansum of apples cv. Fuji. Metabolic 
pathways involved in controlling blue mold decay in Cs-coated apples have been 
analyzed by two-dimensional electrophoresis followed mass spectrometry analysis. 
Changes of protein expression profiles revealed 20 differentially expressed proteins 
involved in defense responses, carbohydrate metabolism and energy production that 
could increase the resistance to pathogen infection in Cs-coated apples (Li et al. 2015). 
Cs coating inhibited P. expansum growth in jujube fruit as a function of concentration, 
which caused the initial collapse of the fungi plasma membrane, followed by its 
gradual disruption after treatment (Wang et al. 2014).

de Oliveira et al. (2014) extracted Cs from cell walls structural components of 
Cunninghamella elegans UCP 542 has been applied as a coating on the table grape 
(Vitis labrusca L.) cv. Isabella to control the B. cinerea and P. expansum growth in 
stored fruit at room or cold temperature.

Cs has been used as a carrier for the incorporation of microorganisms, such as 
bacteria, yeast and fungi, improving their survival rate in coated fruits. In the last 
years, yeasts have been regarded as biocontrol agents for the control of postharvest 
diseases of fruits and vegetables (Guimarães et al. 2018). Pichia membranaefaciens 
combined with Cs in coated citrus showed a synergic effect which inhibited the 
C. gloesporioides growth and induced morphological and structural changes of the 
pathogen (Zhou et al. 2016). In the same way, using an antagonist bacteria such as 
Bacillus subtilis ABS-S14 in Cs-based coating improved the protection against 
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P. digitatum Sacc. inhibiting fungi growth and stimulating the defense mechanisms 
of plant in citrus fruit (Waewthongrak et al. 2015).

Several studies have shown that adding elicitors to Cs-based coating can improve 
the ability to inhibit the development of fungal diseases in several fruits (Romanazzi 
et al. 2018). Jongsri et al. (2017) demonstrated a synergistic effect of Cs (1%) and 
spermidine (0.1 ppm) combination on mango ‘Nam Dok Mai’ fruit in the inhibition 
of the development of anthracnose disease caused by Colletotrichum gloeosporioi-
des, respect to each individual component. Spermidine induced the enzyme activi-
ties such as chitinase, β-1,3-glucanase and peroxidase that participate in the defense 
mechanisms of the plant. Preharvest Cs-g-salicylic acid treatment in table grapes 
(Vitis vinifera L. ‘Yongyou 1′) reduced the B. cinerea incidence in grape berries 
during storage at 0 °C for 42 days. A significant increase in phenylalanine ammonia 
lyase (PAL), chitinase, and β-1,3-glucanase activities and a higher TPC content 
were observed in CTS-g-SA-coated berries. These findings suggested that chitinase 
and β-1,3-glucanase contribute to lytic degradation of cell walls of fungi, while PAL 
participates in the synthesis of phenolic compounds with antifungal activity (Shen 
and Yang 2017).

Bacteriocins are active proteins with bactericidal activity against food spoiling 
bacteria and are considered as safe additives for food preservation (Sidhu and 
Nehra 2017). Aguayo et  al. (2016) tested enterocin AS-48 to evaluate its anti-
Listeria activity in Cs-coated fresh-cut apples inoculated with five L. monocyto-
genes strains. The addition of Bacteriocin of Cs did not significantly improve the 
antilisterial activity compared to Cs itself, probably due to the same load of two 
compounds competing for the binding sites on the bacteria. The addition of EDTA 
(20 mM) in combination with enterocin AS-48 (40 μg/ml) improved the inactiva-
tion of L. monocytogenes strains in Cs-coated apples, reducing viable counts 
below detection levels during storage early (Aguayo et al. 2016). Cs-based coat-
ing has also been used to stabilize the antimicrobial activity of lactoperoxidase 
system (LPOS) to extend the postharvest preservation of mangoes that inhibit 
the microbial growth of Phomopsis, C. gloeosporioides strains and L. diplodia 
(Cissé et al. 2015).

In last years, essential oils (EOs) have received great attention for their antimi-
crobial properties and have also been incorporated into Cs-based coatings due to 
their low potential to induce microorganisms’ resistance (Yuan et al. 2016). The 
EO are several compounds produced during secondary metabolism of plant 
including terpenes and terpenoids, and rarely nitrogen- and sulfur-containing 
compounds, coumarins and homologues of phenylpropanoids (Nazzaro et  al. 
2017). Antimicrobial features of the EOs could be mainly attributed to the most 
abundant compounds together to synergy or antagonism with minor compounds 
(Grande-Tovara et  al. 2018). The incorporation of EOs obtained from Mentha 
piperita, lavender, thyme, lemongrass, Salvia officinalis, enhanced the antimicro-
bial features of Cs-based coatings, inhibiting fungal decay in several fruits such as 
grape berries, pomegranate, table grapes, strawberries, guava and mango (Romanazzi 
et al. 2018).
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23.3.4  �Postharvest Oxidative Stress in Cs Coated Fruit

Reactive oxygen species (ROS), under steady state conditions are the byproducts of 
several metabolic pathways where ROS production and scavenging are in perfect 
equilibrium. ROS participate in the network of signaling pathways, which act as the 
main regulators of cellular and physiological responses. During fruit postharvest 
life, abiotic and biotic stress may increase the intracellular levels of ROS, such as 
H2O2, O2

− and hydroxyl radicals, which can damage cell membranes and other bio-
molecules (protein, lipids, carbohydrates and DNA). ROS accumulation causes to 
the lipid membrane damage due to lipoxygenase (LOX) activity, leading to a rapid 
reduction of fruit quality and marketability. Malondialdehyde (MDA) and mem-
brane permeability are used as two direct biomarkers to evaluate the lipid peroxida-
tion and damage extent to cell membranes, respectively (Racchi 2013).

Cs-based coatings slow down fruit the senescence and quality deterioration, in part 
due to the delay in ROS generation. In several Cs-coated fruits during storage, a 
reduction in O2

•– and H2O2 content has been demonstrated compared to untreated 
samples (Song et al. 2016; Liu et al. 2014; 2016; Hong et al. 2012). In loquat, a signifi-
cant reduction around ~35% and ~69% in the O2

•– and H2O2 content was observed in 
Cs/nano-silica treated fruit compared to untreated ones at the end of storage, respec-
tively (Song et al. 2016). Similarly, Cs in combination with citric acid or ascorbic 
acid significantly reduced O2

•−production in coated cherimoya and plum fruit com-
pared to untreated ones, respectively (p ≤ 0.05) (Liu et al. 2014; 2016). In addition, 
the O2

• − production rate of Cs-coated guava fruit was dependent on the different 
concentrations of Cs used (Hong et al. 2012). As a result, electrolyte leakage from 
control fruits was higher than Cs-coated loquat and jujube fruits during storage 
(Song et al. 2016; Zhang et al. 2014). Cs coatings reduce ROS accumulation and, 
consequently alleviate the lipid peroxidation of the membrane, as indicated by the 
lower MDA content in coated fruit at the end of storage (Song et al. 2016; Liu et al. 
2014; 2016; Hong et al. 2012; Zhang et al. 2014; Silva et al. 2018; Adiletta et al. 
2018; Pasquariello et al. 2015; Petriccione et al. 2015c; 2018).

ROS accumulation in fruit tissues is counteracted by antioxidant defense systems 
characterized by enzymatic and non-enzymatic components. Several studies have 
investigated the effects of Cs-based coatings of the antioxidant enzymes including 
superoxide dismutase (SOD, EC 1.15.1.1), ascorbate peroxidase (APX, EC 
1.11.1.1), catalase (CAT, EC 1.11.1.6), etc. (Song et al. 2016; Liu et al. 2014; 2016; 
Hong et  al. 2012; Zhang et  al. 2014; Silva et  al. 2018; Adiletta et  al. 2018; 
Pasquariello et al. 2015; Petriccione et al. 2015c; 2018). These enzymes show dif-
ferent trends in fruit crops during storage.

SOD is the first ROS scavenging enzyme that catalyses the dismutation of radical 
superoxide to H2O2 and O2. The detoxification of H2O2 in H2O is mediated by CAT 
and APX, but the latter uses ascorbate as an electron donor. Cs-based coating 
increased the ability of scavenge excessive levels of ROS by improving the SOD, 
APX and CAT activity in loquat (Song et al. 2016), cherimoya (Liu et al. 2016), 
guava (Song et al. 2012), plum (Liu et al. 2014), sweet cherry (Pasquariello et al. 2015), 

23  Chitosan Mono- and Bilayer Edible Coatings for Preserving Postharvest Quality…



474

strawberry (Petriccione et al. 2015c; Wang and Gao 2013), wine grape (Petriccione 
et al. 2018) and jujube (Zhang et al. 2014).

LOX activity causes the dioxygenation of polyunsaturated fatty acids which pro-
duce toxic hydroperoxy fatty acids and the consequent damages to cell membranes. 
Cs-coated fruit have shown significantly lower LOX activity than uncoated fruit 
during storage, suggesting that Cs coating contributed to the maintenance of mem-
brane integrity and reduce skin and flesh color changes due to the preservation of 
cell compartmentalization (Pasquariello et al. 2015; Song et al. 2016; Adiletta et al. 
2018; Petriccione et al. 2015c; 2018).

In addition, Cs-based coatings retard the fruit browning due to oxidation of phe-
nolic substrates mediated by polyphenol oxidase (PPO). The combined treatment 
with citric acid or ascorbic acid and Cs coating allows the PPO activity to be delayed 
in cherimoya and plum fruit stored at 15 °C for 10 days and at 5 °C for 20 days, 
respectively (Liu et al. 2014; 2016). Likewise, Cs-coated strawberry, sweet cherry 
and loquat fruit showed a significantly lower PPO activity compared with uncoated 
ones and a higher polyphenol content due to a separation of PPO enzyme from its 
phenolic substrates (Adiletta et al. 2018; Petriccione et al. 2015a, b, c). Cs coatings 
have inhibited PPO activity and reduced browning of berries during wine grape 
partial dehydration (Petriccione et al. 2018). Cs-based coatings are thus effective in 
controlling the metabolism of ROS, thus improving the activities of antioxidant 
enzymes that reduce oxidative damage.

23.4  �Multilayer Cs-Based Coatings

Multilayer edible coatings from Cs on fruit surfaces using polyelectrolytes have 
been made in recent years, using the layer-by-layer (LbL) deposition technique. 
Two solutions with oppositely charged polyelectrolytes are used in multiple dipping 
where each dipping step is separated by drying step to remove the excess of coating 
solution in whole or fresh-cut fruit (McClements et al. 2009; Vargas et al. 2008) 
(Fig. 23.1).

Several studies have shown that Cs-based multilayer coatings are valid tools to 
improve protection and prolong the shelf life in whole and ready-to-eat fruits. 
According to Sharma et al. (2016) bi-layer edible coatings combined the beneficial 
traits of each component in a new coating with superior characteristics. Table 23.1 
lists several works about multilayer Cs-based edible coatings on different fruits.

23.4.1  �Whole Fruit

Nanomultilayer coatings obtained by electrostatic LbL self-assembly, with five 
alternate layers of pectin and Cs, were used by Medeiros et al. (2012) to prolong the 
shelf-life of mango cv. ‘Tommy Atkins’. This coating improved the gas flow barrier 
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Fig. 23.1  Schematic representation of the main steps involved in the layer-by-layer edible coat-
ings on whole and fresh-cut fruits
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properties during storage (45 days), in addition, the coated fruit showed a higher 
value in mass loss and total soluble solids, whereas lower value in TA were obtained 
compared with uncoated ones. Uncoated samples displayed wrinkled appearance, 
microbial spoilage and flesh browning (Medeiros et al. 2012).

Different edible coatings based on layered polysaccharides were tested by Arnon 
et al. (2015) as a valid alternative to polyethylene-based commercial wax coating 
currently utilized to improve storage time of mandarin fruit. A bilayer obtained by a 
combination of carboxymethyl cellulose (CMC) (inner layer) and Cs (outer layer), 
gave the best performance without off-flavors insurgence. CMC/Cs bilayer provided 
a uniform and stable matrix due to CMC and imparted high gloss due to Cs. In addi-
tion, the coatings were water resistant and maintained their stability during exposure 
to cold storage and shelf life conditions. The fruits treated with bi-layered coating 
(CMC-Cs), using CMC 1.5% w/v and Cs 1.5% w/v, displayed a higher firmness 
and lower weight loss than single (CMC or Cs) layer-coated and uncoated ones. 
Physiological traits in by-layered coated mandarins were also improved, and an 
inhibition of the ripening progress was observed (Arnon et al. 2015).

Arnon et  al. (2014) tested Cs-based bilayer coating, comprising CMC/Cs in 
order to preserve the postharvest quality of citrus fruits including mandarin (cvs. ‘Or’ 
and‘Mor’), orange (cv. ‘Navel’) and grapefruit (cv. ‘Star Ruby’). CMC/Cs bilayer 
edible coating was homogeneous, stable, inexpensive, safe and biodegradable. In 
addition, Cs in the bilayer coating prevented microbial growth and reduced the need 
to apply fungicides. This bilayer coating greatly enhanced the glossiness and appear-
ance of the fruit, but was not effective with its water vapor-barrier properties to 
slow down weight loss. A cultivar-specific mandarin response to the application of 
bilayer Cs-based coating has been observed, in fact, ‘Mor’ cultivar accumulated 
more ethanol after coating and storage than ‘Or’, increasing the development of 
off-flavors (Arnon et al. 2014).

23.4.2  �Minimally Processed Fruit

The first multilayered edible coating made of Cs and pectin, and using calcium 
chloride as cross-linking agent was realized by Brasil et al. (2012) to improve the 
shelf-life of fresh cut papaya at 4 °C up to 15 days. A trans-cinnamaldehyde–beta-
cyclodextrins (TC-BCD) inclusion complex, microencapsulated by the freeze-drying 
method was incorporated in LbL coatings, resulting in a material with antimicrobial 
properties because TC is considered the guest antimicrobial molecule (Gouin 2004). 
TC-BCD complex improves some physical properties and hides unpleasant odors 
and off-flavors of TC (Del Valle 2004). LbL coatings made from Cs and pectin under 
acidic conditions with calcium ions formed a stable bilayer with uniform thickness 
(300 ± 1 μm) around the fruit surface, which reduced the juice leakage and improved 
the firmness of the coated fruit. The coating also maintained the physicochemical 
quality and nutraceutical compounds during storage, which delayed the respiration 
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process and controlled the metabolic reactions. The multilayer edible coatings have 
reduced aerobic, psychrophilic, yeast and mold growth with significantly lower 
(p ≤ 0.05) lower counts during storage (Brasil et al. 2012).

Martiñon et  al. (2014) developed a multilayered edible coating based on Cs 
(2 g/100 g) and pectin (1 g/100 g) using as antimicrobial agent the encapsulated 
trans-cinnamaldehyde (2  g/100  g) to extend the shelf-life of fresh-cut cantaloupe 
during cold storage at 4 °C for 15 days. Coated fruit maintained the physico-chemical 
and sensorial properties up to 9 days of cold storage compared to 4 days for the 
uncoated ones. An increase of 5 days in the shelf-life extension is an important 
economic benefit of the ready-to-eat fruit industry (Mayen et al. 2007). The first 
LbL alginate–Cs coating was evaluated on fresh-cut melon cv. ‘Yaniv’ by Poverenov 
et al. (2014). Alginate substrate (inner layer) improved the fruit firmness, while Cs 
(outer layer) supplied antimicrobial protection against different microorganisms 
such as bacteria, yeast and molds. This coating also inhibited the formation of unde-
sirable off-flavor volatiles and softening of the fruit during storage.

Cs-based nanomultilayer coating was realized by electrostatic LbL self-
assembling on aminolyzed/charged PET using alginate and Cs to preserve the quality 
of fresh-cut mangoes stored at 8 °C for 14 days (Souza et al. 2015). Five nanolayers 
(Alg-Cs-Alg-Cs-Alg) were realized onto fresh-cut mangoes, exploiting the alternate 
deposition of alginate and Cs with opposite charge. Alginate-Cs nanolayers 
improved the water vapor barrier capacity, the weight loss from the fourth day of 
storage onwards. The coated fruits ready to eat showed a good physical-chemical 
quality, lower MDA content and browning compared to the uncoated ones. Based 
on microbiological analyses, the shelf life of fresh-cut mangoes could be extended 
up to 8 days at 8 °C compared with uncoated fresh-cut mangoes (<2 days) (Souza 
et al. 2015).

Other study carried out by Treviño-Garza et  al. (2017) demonstrated as LbL 
coatings based on the combination of Cs with pullulan (nonionic polymer) and 
mucilages, obtained by linseed, nopal cactus and aloe, improved the postharvest life 
of packed fresh-cut pineapple stored at 4 °C for 18 days. Multilayer Cs-based coat-
ings delay the weight loss, improving firmness and reducing browning of tissues 
during storage. A significant reduction (p ≤  0.05) in molds and yeasts was also 
recorded in the total count of aerobic and psychotropic microorganisms at the end 
of storage in fresh-cut coated pineapple. In particular, multilayer ECs manufactured 
with neutral polymers such as pullulan, allowed the Cs to conserve its antimicrobial 
characteristic due to the absence of electrostatic interactions. These films proved to 
be more effective in delaying microbial growth during storage (Treviño-Garza et al. 
2017) (Fig. 23.1). Antimicrobial activity was also displayed shown against the growth 
of pathogenic microorganisms such as L. monocytogenes and Salmonella typhi. 
Significant differences (p ≤  0.05) in analyzed features, between treated pineapple 
samples compared to control ones, were registered from 6  days of cold storage 
(Treviño-Garza et al. 2017).
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23.5  �Conclusions

Mono- and bilayer Cs edible coatings are eco-friendly promising strategies that 
allow to improve the physicochemical and nutraceutical features during fruit post-
harvest life, prolonging their storage time. They can also reduce the microbial 
growth and improve the antioxidant enzymatic system involved in ROS detoxifica-
tion. The positive attributes of Cs may also be enhanced by adding other compounds 
or combining them with other postharvest treatments.

Numerous studies have consistently shown that mono- and bilayer Cs edible 
coatings are valid tools to control the physiological, biochemical and structural 
changes involved in fruit ripening and senescence during storage.
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Chapter 24
Shellac-Based Coating Polymer 
for Agricultural Applications

Manee Luangtana-anan and Sontaya Limmatvapirat

Abstract  Due to the interest in health and concern for the environment, this review 
work was concentrated on biodegradable and edible materials for the agricultural 
sector. Edible polymers are recognized as safe for human consumption. In agricul-
tural industry, a film coating is required to prolong the shelf life of products, since 
moisture plays a critical role in their stabilities. Materials used in film coatings 
include proteins, polysaccharides and lipids. Shellac is a lipid polymer of interest 
due to an outstanding moisture barrier and an abundant natural resource of Thailand. 
However, the shellac film has some drawbacks due to the polymerization and 
strength of film. This book chapter will focus on the current work to solve the draw-
backs of shellac. The application of shellac for film coating in agricultural products, 
as well as the use of surface free energy for the prediction of coating efficiency was 
also reviewed in this chapter.

Keywords  Coating efficiency · Composite film · Polymerization · Surface free 
energy · Shellac

24.1  �Introduction

A coating in the agricultural industry plays an important role in the supply chain and 
is an important part of the final process. Coatings are one of the emerging strategies 
for food-quality optimization. Fruits and vegetables are very perishable during 
the food supply chain such as agricultural production, postharvest management, 
processing, distribution and consumption, due to microbes, insects, respiration 
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and transpiration (Brasil and Siddiqui 2018; Gogo et al. 2017; Porat et al. 2018). 
The goals of coatings are thus to protect agricultural products from external factors 
that include oxygen and carbon dioxide (CO2) contents, stress factor, ethylene 
ratios, temperature and microbiological activities and protect from internal factors 
such as the species, cultivar and its growth stage (Rahman et al. 2016; Saberi and 
Golding 2018). The quality factors of fresh products are important to ensure their 
commercialization. Therefore, the main purpose of a polymer when used as a coat-
ing is to increase the natural barrier of fruits and vegetables, and extend shelf life of 
fresh products. In addition to serving as a barrier, the coating polymer can be a car-
rier of food additives (e.g. antioxidants and antimicrobials), aroma compounds or 
nutritional substances (Fajardo et  al. 2010; Martins et  al. 2010; Perdones et  al. 
2012). Due to the interest in the health and the environment, biodegradable and 
edible polymers are selected as polymers for use as a coating. They are recognized 
as safe for human consumption and environmentally friendly. Biodegradable and 
edible polymers used in coatings include proteins, polysaccharides, and lipids 
(Gutiérrez 2018a). Shellac is a lipid polymer of interest due to an outstanding mois-
ture barrier and an abundant natural resource of Thailand. However, shellac films 
have some drawbacks due to polymerization and strength of films (Limmatvapirat 
et  al. 2004; Luangtana-anan et  al. 2007). The aim of this book chapter was to 
describe the properties of shellac and highlight current approaches available to 
solve the weakness of shellac, and application of it as a coating polymer to extend 
the shelf life of agricultural products. The coating efficiency based on the knowl-
edge of surface free energy was also described as a method to modify and improve 
the coating solution for the quality of agricultural products.

24.2  �Shellac Properties

Shellac is a natural polymer prepared by uncomplicated processing. It is obtained 
from the secretion of the lac Kerriar Lacca insect, which grows on specific types of 
trees in China, India and Thailand. Shellac is composed of hard resin and soft resin 
of polyester and single ester with polyhydroxypolybasic acids such as aleuritic acid, 
jalaric acid, and laccijalaric acid. It has been widely used in several fields due to its 
high safety profile. It displays several properties as follows:

24.2.1  �Water Vapor Protection

Shellac provides a good film-forming property and has a good water-protection 
capability which is highlighted by water vapor permeability coefficient (WVPC). 
Hagenmaier and Shaw (1991) investigated and reported that several shellac films 
had the lowest WVPC compared to cellulose, cellophane acetate and nylon-6 films. 
Shellac can be dissolved in various solvents such as alcohols and alkaline aqueous 
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solution. The WVPC study of shellac films prepared by the use of isopropanol and 
ethanol as solvents exhibited the apparent higher water vapor protection than the 
films prepared from aqueous solutions, either morpholine or sodium hydroxide, 
depending on the relative humidity as shown in Table 24.1. The low water protection 
of films prepared from morpholine or sodium hydroxide is a result of high water 
solubility corresponding with the previous work of Limmatvapirat et al. (2007). The 
results from their studies indicated that shellac films made from ammonium hydrox-
ide (AMN) and 2-amino-2-methyl-1-propanol (AMP) illustrated an increase in the 
water absorption and water solubility, particularly with the addition of AMP. They 
found that the water solubility of shellac films could be modified by mixing both 
salt forms at the proper ratio.

The water vapor permeability of shellac films is associated with wax content, the 
significant component of shellac, and other additive agents used to improve this prop-
erty of films. The study of Luangtana-anan et al. (2007) reported that WVPC depended 
on types of plasticizers. The addition of polyethylene glycol (PEG), a water-soluble 
plasticizer, contributed to a remarkable rise in the WVPC, while the effects of other 
plasticizers including diethyl phthalate (DEP) and triacetin (TA), which were low in 
water solubility, there were no significant changes in WVPC values compared to 
plasticizer-free shellac films. In addition, the WVPC of all fabricated films tended to 
decrease after 3 months storage indicated the higher waterproofing of all shellacs as 
shown in Fig. 24.1 (Luangtana-anan et al. 2007).

24.2.2  �pH-Dependent Solubility

The chemical structure of shellac polymer is composed of carboxylic groups. It can 
thus not be dissolved at low pH, but it would be initially dissolved at pH of around 
7. As a result, shellac has been used in enteric coating to protect the disintegration 
of drug in the stomach (pH 1–5), and initiate the drug release in the small intestine 
(pH 5–8). The thickness of the coating film can be adjusted in order to allow no 
more than 10% of the drug to be released within 2 h in 0.1 N hydrochloric acid. 
Figure 24.2 illustrates the controlled release of shellac-coated paracetamol tablets both 

Table 24.1  Water vapor permeability of shellac films fabricated by using different solvents and 
bases (Hagenmaier and Shaw 1991)

%RH
Water vapor permeability coefficient (g/m2.day.mmHg)
Isopropanol Ethanol Morpholine NaOH

100 2.1±0.1 5.1±0.1
84 1.8±0.4 3.8±0.2 11.0±2.1
75 1.4±0.1 8.8±1.1 147±62
51 1.2±0.2 2.8±0.3 3.8±0.6
32 1.1±0.2 1.9±0.1
11 0.86±0.04
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in acid form (native form) and ammonium salt (AMN) form. All the shellac-coated 
paracetamol tablets displayed the delayed release profile in 0.1 N hydrochloric acid, 
simulating the stomach condition. Consequently, when the tablets were allocated in 
the pH 6.8 buffer solution, which simulated the small intestine environment, the 
release of paracetamol from AMN-form shellac-coated tablets tended to be superior 
than those from acid-form shellac-coated tablets. The results demonstrated that 
shellac in both forms can be used for enteric coating since the shellac can protect the 
drug in the acid environment for more than 2 h, fulfilling the requirement of USP 39. 
Nevertheless, the drug release was relatively low, due to the high pKa of shellac 
(6.9–7.5). Regarding the higher pH of the intestine, shellac has been used in the 
enteric coating designed for drug release in large intestine (Farag and Leopold 2011). 
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Fig. 24.2  Release of paracetamol from coated tablets using shellac in its acid and salt forms 
(Limmatvapirat et al. 2004)

Fig. 24.1  Effect of storage 
time on WVPC of 
unplasticized (NO) and 
plasticized shellac films 
(DEP, TA, PEG) in acid 
form after storage at 40 °C, 
75% relative humidity 
(RH) for 3 months 
(Luangtana-anan et al. 
2007)
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Shellac can also be applied in floating drug delivery system by remaining the matrix 
property in the acidic stomach; the drug would thus be released at the desired time 
(Chongcherdsak et al. 2013). Shellac has also been used as a medium protective 
coating, leading to the prolonged gastric retention time in the stomach. Regarding 
this pH-dependent property, shellac could also be applied in the agricultural field 
as a coating material. The seeds of the plant could be coated with shellac in order 
to provide the moisture barrier and extend the storage time. Before planting, the 
coated layer is easily removed by soaking it in alkali medium and the seeds are 
ready to be used.

24.2.3  �Gloss

The gloss property, depending on the refractive index and the smooth surface condi-
tion, can affect the appearance of products. Based on its high refractive index 
(1.521–1.527) and smooth surface property, shellac film can be used for the coating 
of fruits, vegetables, medications, cosmetics and woods to enhance its appearance 
and attractiveness (Fig. 24.3). Khorram et al. (2017) found that oranges coated with 
various materials such as shellac, gelatin, Persian gum and commercial wax were 
shinier and glossier than the uncoated control group. The gloss of fruits was propor-
tional to the amount of coating. The results also indicated that shellac-coated 
oranges had a polished look like those coated with commercial wax and Persian 
gum, while the gloss of gelatin-coated oranges seemed to be the lowest. However, 
the flavor of shellac-coated oranges probably changed as the amount of shellac coat-
ing increased. After a storage period, the cracking of shellac-coated orange peel did 
not clearly occur compared with gelatin and Persian gum coating. Shellac was thus 

Fig. 24.3  Enhanced gloss of dragon fruits after coating with shellac
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suggested to be used as a coating material due to its fast drying ability, not sticky 
and without odor (Khorram et al. 2017).

Generally, UV rays can affect the surface properties of coated products including 
water vapor permeability, mechanical characteristic and gloss property. Ghosh et al. 
(2015) evaluated the impact of UV rays on the gloss property of products coated 
with shellac and polyurethane. They found that the gloss tended to reduce slightly 
after the first 40 h of exposure to UV rays and remained constant for the period of 
exposure to UV rays for 100 h. This could imply that shellac and polyurethane can 
resist exposure to UV rays.

24.2.4  �Thermal Conductivity and Surface Resistivity

Table 24.2 shows the thermal conductivity of several materials with differing ther-
mal conductivity. Shellac’s thermal conductivity is 0.25 W/(m × K), which is par-
ticularly like other polymers and plastics, and also provides a low thermal expansion 
coefficient. It can thus be applied as a thermal insulation. For example, aerogel 
containing shellac is classified as an efficient thermal protection. Surface resistivity 
of conductive materials is normally less than 105 ohms (or ohm/square), whereas 
surface resistivity of electrical insulators is commonly more than 1012 ohms. Shellac 
and Teflon have a surface resistivity greater than 1013 and 1016 ohms, while copper 
exhibits a very low surface resistivity (less than 1 ohm). Therefore, shellac can also 
be applied in electrical industries such as the production of wires and light bulbs 
due to its thermal and electrical insulation.

Table 24.2  Thermal 
conductivity of materials 
(The Engineering Toolbox; 
United States Department of 
Agriculture)

Material Thermal conductivity W/(m×K)

Vacuum 0
Air 0.024
Fiber glass 0.04
Brick, insulating 0.15
Shellac 0.24
Nylon 6 0.25
Rosin 0.32
Epoxy 0.35
Polyethylene 0.33-0.51
Asbestos-cement board 0.744
Asphalt 0.75
Glass 1.05
Stainless steel 16
Copper 401
Diamond 1000
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24.2.5  �Adhesion

Shellac coating has a strong adhesion force with several surface materials, and is 
scratch resistant. The adhesion ability is dependent on the type of substrates. The 
adhesion force between shellac and copper surface is around 3300 pound/inch2, 
which suggests its good copper adhesive. Shellac has thus been extensively used as 
a coating material based on the characteristics of strong adhesion, excellent water 
vapor barrier, gloss and insect protection. The work of Hoang-Dao et  al. (2009) 
showed that shellac could be served as a component of dental coating to prevent 
tooth sensitivity due to its adhesive capacity. Shellac can also be applied efficiently 
on various types of fruits (both waxy skin and non-waxy skin) with the aims of gloss 
enhancement and fruit surface protection. The successful examples of fruits coated 
with shellac have been banana, apple and citrus fruits (Alleyne and Hagenmaier 
2000; McGuire and Hagenmaier 2001; Soradech et al. 2017).

24.2.6  �Thermal Behavior

The glass transition temperature (Tg) of shellac, is temperature at which shellac is 
converted from a hard and brittle state to a rubbery state or in the reverse transition, 
is ~38 °C. The onset temperature of melting and melting peak are around 53 °C and 
57 °C, respectively, which do not differ notably from seed lac and raw lac, indicat-
ing that the impurities in shellac compound cannot affect its thermal property. In 
addition, the additional melting peak of shellac (and also seed lac and raw lac), aris-
ing from the melting of wax, is reported at ~73 °C. Nevertheless, the wax melting 
peak is apparently not observed in the de-waxed and bleached shellac due to the 
removal of wax during preparation process (Table 24.3). Besides, the thermal prop-
erty of shellac is associated with the quality of raw materials, which vary according 
to the time and storage conditions and chemical structure. The modification of 
chemical structure by partial hydrolysis (Limmatvapirat et al. 2004), salt (Luangtana-
anan et al. 2007) and ester formations (Limmatvapirat et al. 2008) could affect the 
melting point. Limmatvapirat et al. (2004) reported the modification of chemical 
structure by partial hydrolysis has no effect on melting property. The melting 
point of hydrolyzed shellac was ~55 °C, which was not different from that of the 

Table 24.3  Thermal behaviors of lac products (Goswami and Saha 2000)

Lac products Glass transition temperature (°C) Onset temperature (°C) Melting peak (°C)

Stick lac 39.3 54.0 56, 74.0
Seed lac 39.2 52.4 55.4, 73.4
Shellac 38.4 52.5 57.4, 73.4
Dewaxed lac 34.4 50.3 52.9
Bleached lac 41.9 49.2 55.3
Kiri 54.9 59.3 57.9, 72.0
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unmodified shellac. Unmodified shellac after storage under accelerated conditions 
(40 °C and 75% RH) was found initially melted at the higher temperature of 80 °C, 
whereas the melting of hydrolyzed shellac could not be detected, even though the 
temperature increased up to 100 °C. The thermal performance altered during stor-
age was attributed to the degradation of shellac, while the hydrolyzed shellac exhib-
ited a severe thermal change as a result of partial hydrolysis. Shortening the shellac 
chains due to hydrolysis is not stable, leading to the significant change in thermal 
behaviors. The processing time and the concentration of base (e.g. sodium carbon-
ate) used in the fabrication of seed lac should thus be appropriately adjusted to con-
trol the change in thermal property. Shellac obtained from natural resources without 
chemical modification is usually extracted in acid form. The endothermic peak of 
shellac (acid form) appeared at around 55 °C. The modification in salt forms using 
bases, including AMN, AMP, 2-amino-2-methyl-1, 3-propanediol or basic com-
pound contributes to the change in thermal property proved by differential scanning 
calorimetry (DSC) as demonstrated in Fig. 24.4 (Limmatvapirat et al. 2007). The 
broad endothermic peaks of shellac in salt forms were evidently observed at higher 
temperature than that of the acid form, indicating the higher melting point of the 
salt form. The thermal behavior was also studied by hot stage microscope. The 
results indicated that the occurrence of the melting peak depended on the type and 
ratio of salt-forming agents. The shellac prepared in salt forms using the AMP and 
AMN mixture in 0:100 and 20:80 ratios showed partial melting on the surface, 
even though the temperature was increased to more than 100 °C. However, the salt 
forms of shellac (AMP:AMN) at the ratios of 40:60, 60:40, 80:20 and 100:0 were 
completely melted at 135, 115, 105 and 90 °C, respectively. It could be assumed 
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Fig. 24.4  DSC curves of acid form and various salt forms (AMP:AMN) of shellac (Limmatvapirat 
et al. 2007)
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that the conversion of shellac from acid to salt form can contribute to an increase 
in the melting peak and a change in the thermoplastic and thermoset properties, 
leading to a difficulty in the shape molding. In contrast, the salt form of shellac 
provided and improved the solubility and stability. It can thus be efficiently applied 
in several products.

Polymers can be classified in terms of thermal properties into thermoplastic and 
thermoset polymers. Thermoplastic polymers melt under heating conditions and 
becomes rigid upon cooling. It is easy to reprocess without any changes in the 
chemical structure. Their linear chains show no crosslinking between polymer 
chains at the elevated temperature. Unlike thermoplastic, thermosetting polymer 
cannot be re-melted after molding, due to the formation of strong crosslinked bonds 
between the polymer chains, leading to thermal decomposition of chemical struc-
ture at high temperature. Shellac consists of hydroxyl and carboxyl groups which 
are subject to cross-linking, called polymerization. Shellac is a thermosetting poly-
mer, which can be degraded, and can no longer be used after melting and cooling 
processes. However, under the appropriate temperature condition, shellac can be 
reprocessed without cross-linking formation, thus providing a thermoplastic charac-
teristic. Due to the thermoplastic characteristic, a fluidity and strong adhesion of 
shellac has obtained, which allows a formation of several desired products such as 
phonograph records, stampers and grinding stones. Therefore, with proper control 
of melting temperature and time, shellac can demonstrate both thermoplastic and 
thermoset behaviors and can be widely used as a polymer of choice in various 
industries.

24.3  �Drawbacks of Using Shellac as a Coating

Shellac polyester polymer consists of hydroxyl groups and carboxylic groups. Since 
these groups show a viability in interaction with their own side chains or with other 
side chains, these cause polymerization reactions and unstable shellacs, resulting in 
the changes in physicochemical properties of shellac (Limmatvapirat et al. 2005). 
The study of Luangtana-anan et al. 2007 reported that the physicochemical proper-
ties of films changed greatly during storage for 3 months as shown in Table 24.4. 

Table 24.4  Properties of shellac in free acid form in storage for 3 months (Luangtana-anan 
et al. 2007)

Properties Storage time (month)
0 0.5 1 2 3

AV (mg KOH/shellac) 79.5 82.2 80.7 75.7 66.7
Insoluble solid (g) 0.6 0.4 1.6 3.9 7.9
Stress (MPa) 2.48 1.21 – – –
Strain (%) 3.39 0.54 – – –
WVPC∗10-9(g h-1 mm-1 mmHg-1) 5.09 4.91 6.41 7.36 5.36
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The acid values decreased from 79.5 mg KOH/1 g shellac to 66.7 mg KOH/1 g 
shellac after 3 months of storage. The decrease in acid value was due to the esterifi-
cation process resulting in an increase in insoluble solid (IS). The IS increased from 
0.6 to 7.9 g after 3 months of storage. Even after being stored for a long time, shellac 
had protection against moisture. The WVPC remained low during 3-months of stor-
age, WVPC was 5.09 × 10−9 g h−1 mm−1 mmHg−1 and 5.36 × 10−9 g h−1 mm−1 mmHg−1 
at initial and 3 months, respectively. In another study by Soradech et al. (2013) the 
changes in physicochemical properties of shellac film upon storage for 6 months 
were shown to correspond with the study of Luangtana-anan et al. (2007). Several 
physicochemical properties have been changed such as acid value, IS, surface free 
energy, % polarity and mechanical properties. The acid value decreased from 76.0 
to 58.3, while IS increased significantly from 0.7% to 51.7%. The surface free 
energy decreased from 37.2 to 34.3 mN/m and % polarity changed from 26.2% to 
15% after 6 months of storage. The reduction in polarity was in agreement with the 
decrease in acid value. The puncture strength and % elongation decreased from 
3.8 MPa to 0.5 MPa and 3.8% to 1.08% during 6 months of storage. The aging of 
shellac was also investigated by the work of Coelho et al. (2012). They reported the 
photodegradation of shellac under natural exposure to sunlight and artificial light 
which emits spectral rays above 295 nm, total flux of 2.6 mW/cm2. They found that 
aleuritic acid was released from the backbone of shellac due to aging by the de-
esterification process which is attributed to free acid available for cross-linking via 
hydrogen bonding with nearby molecules. The degradation process caused a change 
in the viscoelastic property of shellac. Aleuritic acid can thus be a marker for the 
aging of shellac. Apart from instability upon storage, the other main drawback of 
shellac as a coating is its weak mechanical properties. Luangtana-anan et al. (2007) 
found that the initial strength of shellac film was 2.48 MPa and the strain was 3.39%. 
The mechanical properties of shellac were greatly reduced during storage. The 
strength could not be detected after 15 days of storage, which contributed to the lack 
of suitability as a coating (Luangtana-anan et al. 2007). Significant reductions in 
mechanical properties on 3  months storage of shellac in AMN form was also 
reported in the study of Limmatvapirat et al. (2005).

24.4  �Approaches to Solve the Drawbacks of Shellac 
as a Coating

Shellac has many advantages as a coating, since a coating with a glossy nature can 
be formed, as well as a superior barrier against moisture can be obtained compared 
with many natural polymers. It is also a biodegradable polymer and non-toxic. 
Although shellac has many advantages as a coating, the use of shellac in many 
industries has been declined due to the main problems of polymerization and weak 
mechanical properties. Several investigations have been carried out to solve the 
problems of instability. The carboxyl and hydroxyl groups of shellac are thus the 
target for the protection against polymerization, since both groups are sensitive to 
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the esterification process causing polymerization and ISs. Our groups have studied 
many methods to improve the problem of polymerization, one of the approaches is 
to modify shellac in salt form to protect these free groups. The salts used were AMN 
and AMP (Limmatvapirat et  al. 2007). The results have shown that stability is 
improved with the use of salt forms. Table 24.5 shows the changes in acid value and 
IS after storage for 3 months of coatings in free acid and both salt forms. The improve-
ment was observed for shellac in salt forms indicated by the low changes in acid value 
and IS during storage. The ISs of shellac in AMN and AMP salts was around 1%, 
while acid form was 8%. This demonstrates that the carboxyl and hydroxyl groups 
can be linked with the AMN and AMP molecules, which results in no carboxyl and 
hydroxyl groups being available for cross-linking with other site chains. Polymerization 
consequently does not occur during storage and stabilized shellac is obtained due to 
the formation of salt forms (Luangtana-anan et al. 2007).

Another approach is through the formation of shellac phthalate by an annealing 
process at different temperatures and times. The annealing temperature and time 
affect the esterification process between hydroxyl groups of shellac and phthalate 
moiety. The proposed diagram for the formation of shellac phthalate is shown in 
Fig. 24.5. Figure 24.6 shows the higher acid value that was reported for a longer 

Fig. 24.5  Proposed diagram for the formation of shellac phthalate by annealing process 
(Panchapornpon et al. 2011

Table 24.5  Changes in acid value (mg KOH/1g shellac) and insoluble solid (IS) of shellac in acid 
and salt forms during storage at 40 oC 75% RH. Adapted from Luangtana-anan et al. (2007)

Type Properties Storage time (month)

Shellac 0 0.5 1 2 3
Acid AV 79.5 82.2 80.7 75.7 66.7
AMN 76.2 76.8 80.7 81.6 80.6
AMP 65.1 75.7 75.4 74.1 68.9
Acid IS (g) 0.6 0.4 1.6 3.9 7.9
AMN 0.1 0.3 0.3 0.6 1.3
AMP 0.3 0.8 0.4 1 0.5
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Fig. 24.6  Effect of annealing conditions on acid values (AV) of shellac samples: (a) annealing 
at various temperatures for 12 h, (b) annealing at 80 °C for 1, 6, 12 and 24 h (Panchapornpon 
et al. 2011)

Fig. 24.7  Effect of aging by annealing at 80 °C for 24 h on acid value (AV, a) and insoluble solid 
(b) of native shellac (SHL) and shellac phthalate (SHL-PHT) prepared at 1, 6 and 12  h. 
(Panchapornpon et al. 2011)

time and temperature of the annealing process. The acid value increased from 75 to 
150 for the shellac phthalate at 80 °C for 12 h. The increase in acid value suggested 
that phthalate moieties can react successfully with the hydroxyl groups of shellac 
molecules and shellac phthalate is formed. Different shellacs: native and derivative 
(SHL-PHT prepared at 1, 6 and 12 h), were also investigated, in terms of aging by 
annealing at 80 °C for 24 h. Figure 24.7 shows the aging effect of native and shellac 
derivative prepared at 1, 6 and 12 h. Shellac phthalate at 6 and 12 h exhibited low 
changes in acid value and IS upon heating at 24  h and 80  °C, while native and 
shellac-phthalate at 1 h showed significant changes. The low stability of SHL-PHT 
at 1 h could be a result of an insufficient esterification process during the prepara-
tion contributing to the high amount of unprotected hydroxyl groups. The IS of 
native and SHL-PHT at 1 h increased to 40% and 75%, respectively. The stabilized 
shellac was due to the protection of phthalate anhydride at hydroxyl groups of 
shellac, hence the difficulty in the polymerization.
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The formation of shellac phthalate can thus prevent the polymerization of shellac 
in acid form. The formation of shellac phthalate can be prepared by the process of 
solid annealing with a suitable controlled temperature and time (Panchapornpon 
et al. 2011).

A combination of salt form between AMP and AMN was used to protect against 
polymerization of the sensitive groups. The proper ratio of salt composition could 
protect against the polymerization process for up to 6 months. At the ratio of 60:40, 
80:20 and 100:0 of AMP:AMN could protect in the carboxylic groups, while at 
20:80 and 0:100 a significant increase in insoluble acid was reported as shown in 
Fig. 24.8. This was a result of stronger binding capacity of AMP with the carboxylic 
group than AMN salt. The high AMP ratio, thus led to more stable composite poly-
mer compared with the low AMP ratio (Limmatvapirat et al. 2007).

The application of plasticizers is another approach to protecting sensitive groups 
of polyester chains and has been investigated in many studies (Khairuddin et  al. 
2016; Luangtana-anan et  al. 2007; Luangtana-anan et  al. 2010). Plasticizers are 
commonly used for film forming, since they play an important role in improving 
flexibility of polymer chains, thus contributing to a higher strain. The incorporation 
of plasticizers can affect the continuity of a polymer chain, causing a modification 
in the functional properties of the polymer.

Several plasticizers have been used such as TA, PEG, glycerol, sorbitol, triethyl 
acetate (TEC), dibuthyl phathalate (DBP), diethyl phathalate (DEP), propylene gly-
col (PG), among others. The plasticizers can have a plasticizing or antiplasticizing 
effect. In general, the plasticizing effect improves the polymer properties in terms of 
mechanical property while the anti-plasticizing effect decreases the flexibility. 
Different types of film former are suitable for different plasticizers. Polyol plasticizers 
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are generally used in gelatin film. It has been reported that glycerol is a good 
plasticizer for gelatin film because of its ability to reduce intermolecular hydro-
gen bonding, while increasing intermolecular spacing and reducing direct interac-
tion. Because a small hydrophilic molecule of glycerol can be inserted between 
chains of proteins and, therefore, act as a plasticizer, while the other polyols, such 
as PG, ethylene glycol and diethylene glycol have a lower efficiency (Suderman 
et  al. 2018). Plasticizers can affect the structure of polymers differently. The 
hydroxypropyl methylcellulose (HPMC) and hydroxyl propyl starch mixtures were 
investigated with different plasticizers: glycerol, PEG and PG. The blends plasti-
cized with glycerol presented lamellar structure. All the plasticized blends showed 
crystallinity differently. The order of crystalline degree was glycerol > PEG > PG, 
whereas the compactness of the amorphous region of all samples decreased by plas-
ticized with PEG and PG. Changes in the mechanical properties of these films after 
plasticization were in agreement with the changes in their multi-scale structures 
(Zhang et al. 2018). For the ethyl cellulose coating, DBP has been a suitable plasti-
cizer compared with DEP due to its higher hydrophobicity, thus contributing to a 
homogeneous coating (Heng et  al. 2003). PEG is generally used for shellac 
(Khairuddin et  al. 2016; Luangtana-anan et  al. 2007; 2010). The stabilization of 
shellac using 3 different plasticizers such as TA, DEP and PEG 400 after 3 months 
of storage is shown in Fig. 24.9. Different plasticizers have influenced differently 
the stability of the shellac. Plasticized shellac with DEP and TA affected greatly 
polymerization, whereas the addition of PEG 400 gave the greatest stability. The % 
IS of plasticized shellac with DEP, TA, and PEG 400 after 3 months of storage was 
40%, 12%, and 0.5%, respectively. The highest instability of plasticized shellac with 
DEP was a result of inhomogeneous incorporation of DEP, which was confirmed by 
scanning electron microscope (Luangtana-anan et al. 2007). The larger molecule of 
PEG 400 can interrupt the polymer chain resulting in difficulty in the interaction 
between the active groups of shellac and, therefore, less polymerization. In addition, 
the high molecule of PEG400 showed less volatility unlike the low molecules, thus, 
the retained plasticizer was reported. The loss of plasticizers was also noted with 
Eudragit E film plasticized with TA and DEP during storage (Lin et al. 2000). PEG 
400 was thus a suitable plasticizer for shellac film (Luangtana-anan et al. 2007).
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The concentration of plasticizers influences the properties of polymer coatings 
(Oh and Luner 1999; Sirviö et al. 2018). PEG 400 at the 10% w/w concentration 
proved to be a suitable plasticizer. It was able to stabilize the shellac for 4 months, 
however, higher IS values appeared following the additional storage. Figure 24.10 
shows the ISs of shellac plasticized with PEG 400 at 10% and 20% and without 
plasticizer during 6 months of storage. The higher concentration of PEG400 could 
improve the stability of shellac. The ISs of shellac plasticized with 10% and 
20%w/w PEG400 was 40% and 8.0%, respectively, while unplasticized shellac was 
50%. The results showed that the adequate concentration for stabilized shellac in 
acid form was 20% PEG400 (Luangtana-anan et al. 2010). The stabilization of shel-
lac is not only dependent on type and concentration of plasticizer, but also molecu-
lar weight. The use of PEG 400 and 600 compared with unplasticized shellac on 
heating shellac at 125 °C for 10, 30, 90 and 180 min has been reported by Khairuddin 
et al. (2016). It was found that the stability of shellac decreased with heating time at 
125 °C. At 30 min of heating time, PEG 400 had the most stable effect, whereas at 
90 min and above PEG 600 was more stable as indicated by % ISs. Polymerization 
can also be indicated by a decrease in O-H group and an increase in C=O group 
(Limmatvapirat et al. 2007). The changes in O-H and C=O peak intensities was in 
accordance with the results of changes in % ISs. PEG 400 and 600 showed the low-
est changes in O-H groups and the intensities of C=O groups at 30 min and 90 min, 
respectively, while unplasticized shellac exhibited significant changes. The influence 
of molecular weight of plasticizer on stabilization of shellac was also in agreement 
with our study (Luangtana-anan et al. 2010). The polymerization of shellac could 
be protected by the formation of hydrogen bonds between the carboxyl or hydroxyl 
groups of shellac and the hydroxyl groups of PEG. The diagram of protection is 

Fig. 24.10  Effect of concentration of PEG 400 on insoluble solid (%) of shellac film (Luangtana-
anan et al. 2010)

24  Shellac-Based Coating Polymer for Agricultural Applications



502

shown in Fig. 24.11. PEG 200 and 400 could prevent the polymer chains of shellac 
from the cross-linking formation of the esterification process, unlike the PEG 4000 
which could not perform the protective capability efficiently due to the longer 
chain of PEG 4000, causing difficulties in insertion between the polymer networks. 
In addition, the high polarity of PEG 4000, indicated by a high surface free energy, 
tended to give a stronger hydrogen bonding, which resulted in the closest shellac 

Fig. 24.11  Diagram of polymerization process of unplasticized and plasticized shellac film with 
PEG 200, 400 and 4000 (Luangtana-anan et al. 2010)
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chain network formed, thus leading to an increase in the polymerization. The surface 
free energy of PEG 200, 400, and 4000 was 28, 31, and 35 mJ/m2, respectively 
(Luangtana-anan and Limmatvapirat 2010). The results of IS are shown in 
Fig. 24.12. The ISs in 3-month storage was PEG4000 > No > PEG 200 > PEG 400. 
In many studies, the method of using composite film to prevent the esterification 
process has been investigated (Asamo 2017; Soradech et al. 2013). Composite films 
are formed by a combination of two polymers. It is a very popular method as it is 
easy to prepare simply by mixing two polymers. The polymers can interact between 
polymer chains causing changes in their properties. Several polymers are used for 
the formation of composite films, among which are: gelatin, pectin, HPMC, etc. 
(Asamo 2017; Byun et al. 2012; Soradech et al. 2012). Shellac is a polyester, con-
sisting of negatively charged groups from hydroxyl and carboxylic groups. Shellacs 
prepared in AMN form can interact through ionic bonds with positively charged 
polymers such as gelatin and pectin. The interaction of the COOH groups of shellac 
and the amine groups of gelatin was proved by FTIR as shown in Fig. 24.13.

The change at 1716 cm−1, due to carbonyl stretching vibration of shellac and at 
1663  cm−1 due to the C=O and C-N groups of gelatin, indicating that there is 
hydrogen bonding between shellac and gelatin, resulting in the formation of a com-
posite film. In addition, the broad band spectrum of OH stretching increased with 
increasing gelatin concentration. These changes in the spectra supported the 
intermolecular interactions between shellac and gelatin and corresponded with the 
changes in acid values. The acid values of the shellac composite films decreased 
with the gelatin content as follows: 76.00, 70.65, 67.56, 64.43, 62.00 and 57.36 mg 
KOH/shellac at concentrations of 0,10, 20,30,40 and 50% gelatin, respectively 
(Soradech et al. 2012).

The formation of composite film based on shellac and gelatin can reduce polym-
erization indicating by the lower IS values as shown in Fig. 24.14a. The IS of shellac 

Fig. 24.12  Insoluble solid of several shellac films after storage for 3 months: unplasticized shellac 
(No) and plasticized with PEG 200, 400 and 4000 (Luangtana-anan et al. 2010)
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increased significantly after 3 months of storage. The ISs were 0.7, 11.2 and 51.7% 
for the shellac AMN at 0, 3 and 6 months of storage, respectively, while the 
composite film could prevent the esterification process, thus less ISs are formed. 
The protection capacity of gelatin is dependent on the concentration of gelatin. The 
lower concentrations of gelatin (10 and 20%) could not protect against the polym-
erization process resulting from the lower active groups (NH3

+) of gelatin chains to 
protect all the carboxylic groups (-COOH) from the shellac molecules, whereas the 
high concentrations of gelatin could stabilize the shellac. For 6-month storage, high 
concentrations of gelatin showed a low IS value. The higher concentration of gelatin 

Fig. 24.14  The changes in insoluble solids (a) and acid values (b) of composite films in storage 
for 180 days (Soradech et al. 2013)

Fig. 24.13  FTIR spectroscopy of shellac film: (a) shellac and gelatin composite film with various 
concentrations of gelatin %w/w: 10 (b), 20 (c), 30(d), 40 (e), 50 (f) and gelatin film (g) (Soradech 
et al. 2012)
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give higher NH3
+ groups to protect the carboxylic groups of shellac, thus less 

polymerization (Soradech et al. 2013). The change in IS was in accordance with the 
change in acid value. High concentrations of gelatin exhibited a low decrease in 
acid value while low gelatin concentrations gave a high reduction in acid value after 
keeping for 6 months as shown in Fig. 24.14b. Table 24.6 shows the changes in 
surface free energy and % polarity of shellac and composite films during storage. 
A high decrease in surface free energy and % polarity was reported for the shellac. 
The improvement was reported with the composite film. The use of a second poly-
mer to form a composite film can thus be applied to prevent the esterification pro-
cess, resulting in less polymerization and retaining the desired properties of shellac 
film. The use of gelatin can not only prevent polymerization, but it can also enhance 
the mechanical properties of shellac. Since one of the drawbacks of shellac for coating 
is the strength of the film, the modification of shellac is required. The improvement 
was shown in Fig. 24.15. The incorporation of gelatin contributed to a significant 
increase in puncture strength and the values were in the range of 3.61–15.58 MPa as 
the gelatin content increased to 50% w/w. This was the result of the formation of 

Table 24.6  The change in free surface energy and % polarity of composite films after storage for 
180 days (Soradech et al. 2013)

Gelatin %
Total free surface energy (mN/m) Polarity (%)
Day 0 Day 90 Day 180 Day 0 Day 90 Day 180

0 37.28 34.96 34.32 26.23 25.66 14.98
10 39.10 37.47 37.33 29.39 25.33 24.11
20 40.00 38.56 38.07 31.88 26.82 24.95
30 40.83 39.49 38.53 35.66 29.17 26.42
40 41.46 39.61 38.84 39.85 29.59 28.17
50 43.30 40.26 40.04 42.82 30.35 27.52

Fig. 24.15  Effect of gelatin content on mechanical properties of shellac and gelatin composite 
films (Soradech et al. 2012)
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hydrogen bonding between the carboxyl and hydroxyl groups of the shellac 
molecules and the amino and carboxyl groups of the gelatin molecules. An improve-
ment in elongation was also noted with an increase in gelatin content due to a higher 
polarity of composite film, resulting in a greater water capture capacity, as indicated 
by the higher water content. The polarity increased from 26% to 42% as the gelatin 
content increase to 50%w/w and the water content increased from 8 to 15%. Gelatin 
has also been investigated to improve the strength of other polymers such as algi-
nate, soy protein, keratin, etc. (Cao et al. 2007; Dong et al. 2006; Ramadoss et al. 
2017). The gelatin can thus be applied in shellac film to enhance stability in terms 
of polymerization and mechanical properties.

Another second polymer for the formation of composite film is pectin. Pectin is a 
type of polysaccharide, consisting of D-galacturonic acid forming 1–4 α bonds with 
rhamnose sugar. There are several types of pectin depending on the degree of esteri-
fication. High methoxy pectin, (CU201) and low methoxy pectin (CU701) have been 
investigated and were showed to form a composite film with shellac at a 1:1 ratio. 
The use of all types of pectin could protect sensitive groups of shellac. The IS of 
single shellac showed a high IS percentage (40%) when stored for 90 days, whereas 
all types of composite films could reduce the IS values. At 90 days, shellac compos-
ites with various pectins (SHL:CU201 and SHL:CU701) exhibited a low % IS value. 
The ISs of composite films were 10% and 15% for SHL:CU201 and SHL:CU701, 
respectively. The protection was proved as a result of physical insertion into the poly-
mer chain of shellac, causing difficulties in polymerization, a low IS value was thus 
obtained (Asamo 2017). Therefore, the formation of composite films using all types 
of pectin can protect against polymerization after storage for 90 days.

24.5  �Application of Shellac as Coating of Agricultural 
Products

Several biodegradable polymers have been used to coat agricultural products such 
as polysaccharide, protein and lipid (Álvarez et al. 2017; Gutiérrez 2018b). Although 
there are several advantages in using these polymers, some drawbacks have been 
reported (Dehghani et al. 2018). The first two groups have the problem of low mois-
ture protection (Gutiérrez et al. 2018; Herniou--Julien et al. 2019; Gutiérrez et al. 
2019; Schmid and Müller 2019). The lipids have a high moisture barrier due to their 
low polarity, but they have a low cohesiveness, which contributes to a difficulty in 
forming independent polymers. The modification of these polymers (polysaccha-
rides and proteins) is necessary to make them suitable for the coating, since they 
have hydrophilic properties, i.e. they are sensitive to moisture (Luangtana-anan 
et al. 2017; Ramos et al. 2016; Soradech 2010; Wihodo and Moraru 2013; Gutiérrez 
and Alvarez 2018; Gutiérrez 2018c, d). The pectin shows a hydrophilicity due to its 
high surface free energy (49.7 mN/m) and high polarity (49%), which leads to a 
high WVPC values: 7.9 × 10−7 g/mhPa (Luangtana-anan et al. 2017). Gelatin also 
shows a hydrophilicity (surface free energy - 47 mN/m and polarity - 44%), which 
leads to a high WVPC values: 1.21 × 10−7 g/mhPa and high-water content: 14% 
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(Soradech 2010). Therefore, the application of a second polymer with high protec-
tion against moisture is required to improve the weakness of these hydrophilic poly-
mers (Ramos et  al. 2016). Shellac is the polymer of choice due to its superior 
protection against moisture, and has been widely used as a coating (Phan The et al. 
2008; Wei et al. 2015). Several examples on the use of shellac to solve the hydro-
philic property of various polysaccharide and protein polymers have been reported 
(Byun et al. 2012; Luangtana-anan et al. 2017; Phan The et al. 2008; Saberi et al. 
2017; Wei et al. 2015).

The use of agar and cassava starch as an edible film can be improved by the incor-
poration of shellac. The WVPC of agar and cassava starch films were significantly 
reduced with the incorporation of 50% shellac from 7.21 × 10−11 and 5.58 × 10−11 to 
0.35  ×  10−11 and 1.13  ×  10−11  g/msPa, respectively. The coated surface exhibited 
hydrophobic characteristics, being observed by a high contact angle. The contact 
angle of agar coating increased from 82 ° to 92° and cassava starch coating increased 
from 51° to 82° with the addition of shellac (Phan The et al. 2008). The water contact 
angle (WCA) was directly correlated with the hydrophobic surface characteristics. 
The closest WCA to 90° represented a more hydrophobic surface. The moisture bar-
rier of the pea starch/guar gum film was also improved by the addition of a shellac, 
stearic acid and tween 20. Tween 20 was required when shellac was incorporated 
with pea starch/guar gum to obtain a homogeneous coating (Saberi et al. 2017).

Konjac glucomanan is an environmentally friendly heteropolysaccharide that 
allows to obtain coatings. However, due to a large amount of hydroxyl groups in its 
structure contributes to high moisture sensitive properties, which is a main draw-
back for its use without modifications. The incorporation of shellac on konjac glu-
comanan film can improve its protection against moisture. WVPC was reduced 
from 13.55 × 10−11 g/msPa to 2.63 × 10−11 g/msPa, with the addition of shellac. The 
protection against moisture of konjac glucomanan shellac coating could be improved 
further with the addition of stearic acid (Wei et al. 2015). This improvement is due 
to a good distribution of stearic acid with the shellac solution, which contributes to 
an intimate interaction blends between the components of the konjac glucomannan 
and shellac coating.

HPMC is widely used in tablet coating as it provides protection against light and 
moisture, as well as masking the taste. It has the potential to replace synthetic plas-
tics due to its good film-forming properties. However, pure HPMC has a limitation 
in food coating due to its high WVPC. A composite coating based on HPMC-shellac 
can improve WVPC only when used with a suitable emulsifier, since they cannot be 
mixed well without one. Saberi et al. (2017) reported lower WVPC values using 
lauric acid as an emulsifier, while stearic acid tended to show higher WVPC values. 
A composite coating with the optimum concentration of shellac is required to 
improve protection against moisture, since at higher shellac concentrations there is 
a lack of homogeneity of the coating and a decrease in moisture protection can be 
observed (Byun et  al. 2012). Another study of shellac/gelatin composite films 
showed that the hydrophobic properties are obtained using higher concentrations of 
shellac, this was determined due to the increase of the WCA values and a reduction 
of the values of polarity percentage and surface free energy. WVPC and water con-
tent were reduced with a higher concentration of shellac (Soradech et al. 2012).
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Pectin has many advantages as a good film former, biodegradability and high 
mechanical property. Due to its very hydrophilic property, as a single polymer cannot 
be used for agricultural or pharmaceutical products. The study of Luangtana-anan 
et al. (2017) reported that pectin showed a high-water content (15%) and a high 
WVPC (7.89 ± 1.04 × 10−7 g/mhPa). The WVPC of pectin coating could not be 
detected after storage for 7 days. The addition of shellac can reduce the drawbacks 
of pectin. A reduction in hydrophilicity was found with the addition of shellac, 
which was indicated by a higher WCA and lower % polarity as shown in Table 24.7. 
In a 50% combination with shellac, the WVPC of the pectin could be improved, 
reducing the WVPC values from 7.89 × 10−7 g/mhPa to 2.0 × 10−7 g/mhPa. At low 
concentrations of shellac, the stability test at 40 °C and 75% RH for 90 days could 
not be achieved. The concentration of shellac required which could withstand moisture 
during 3-months storage was 50% (Luangtana-anan et  al. 2017). Therefore, the 
weakness of all polysaccharide and protein coatings is the aspect of high-water 
affinity, which can be improved by incorporating the shellac.

In addition to its superior properties in protection against moisture, shellac is also 
excellent in protecting gas permeability as shown in Fig. 24.16. Shellac shows the 
best protection against gas, while polyethylene displays the highest permeability 
(Bai et al. 2003). In an initial study done by Alleyne and Hagenmaier (2000), shellac 
also showed less oxygen permeability than shellac/candelilla (Sh-cand) and shellac/
carnauba wax (Sh-car) composite films. The protection against gas permeability pro-
vided the diffusion barrier that restricts flux of CO2 and oxygen, which contributed to 
the low oxygen permeability in the fruit and high remaining of CO2. The internal CO2 
and oxygen contents of shellac-coated apples were 10.1% and 8.9%, while the 
uncoated ones were 3.5% and 17.6%, respectively. Shellac showed the highest etha-
nol content as a result of its low permeability of ethanol than the composite coatings 
which leads to entrapment and accumulation of higher concentration of this com-
pound in the shellac-coated fruit. The ethanol content was 32.4, 2.0, 5.1 and 3.5 μL/L 
for shellac, Sh-car, Sh-cand and uncoated apples, respectively. All coatings gave a 

Table 24.7  Effects of storage at 40 oC and 75% RH for 90 days on wettability, surface free 
energy, % polarity, water content and WVPC of pectin/shellac composite films. (Luangtana-anan 
et al. 2007)

Content 
of shellac 
(%w/w)

Wettability
Surface free 
energy Polarity Water content WVPC × 10-7

(degree) (mN/m) (%) (%) (gh-1m-1Pa-1)
day 0 day 90 day 0 day 90 day 0 day 90 day 0 day 90 day 0 day 90

0 59.2 66.2 49.7 46.0 49.0 39.9 15.7 13.5 7.9 NA
10 62.5 70.5 46.3 44.3 45.8 32.8 12.5 12.2 7.0 NA
20 72.2 75.9 42.5 42.9 37.8 28.4 11.1 7.3 4.3 NA
30 74.7 81.1 40.8 40.1 32.7 24.8 9.1 6.6 3.6 NA
40 76.4 85.3 39.8 39.3 30.1 20.3 8.6 6.4 3.4 NA
50 78.3 88.6 39.4 37.4 27.9 20.1 7.1 5.0 2.0 1.4
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lower weight loss, high firmness and low respiratory rate, which contributed to a 
lower oxygen permeability and higher remaining of CO2 than uncoated apples. 
The gloss of all types of coating was higher than uncoated apples and the gloss 
was reduced with time. All the findings show that shellac-based coating has a high 
potential for protection against gas permeability.

Due to a high protection against gas permeability, a low internal oxygen content 
and high CO2 accumulation is expected. Low oxygen flux can result in the anaerobic 
metabolism of the fruit, which causes the reduction of pyruvic acid to alcohol, and 
is attributed to the changes in odour and flavour (Alleyne and Hagenmaier 2000). 
The study of Mattheis et al. (1991) was about the effect of anaerobic metabolism of 
delicious apples stored at low oxygen content for 30 days. High levels of ethanol, 
acetaldehyde and several ethyl esters were reported in this study (Mattheis et al. 
1991). A combination of shellac with some waxes is therefore applied to optimize 
gas permeability. This helps to control an adequate respiratory rate and contributes 
to a good quality fruit, prolonging the shelf life of products. The waxes used are 
carnauba wax (Jo et al. 2014) and candelilla wax (Alleyne and Hagenmaier 2000). 
Apart from waxes, an application of the other polymers to form a composite polymer 
is another means of controlling gas permeability. Polymers used for the formation 
of composite film are HPMC (Valencia-Chamorro et al. 2009) and pea starch/gua 
gum (Saberi et al. 2018).

Despite its qualities that offers a high level of protection against moisture and 
gas permeability, which plays a crucial role in the sensescene of products, shellacs’ 
ability to protect against the microorganism growth is limited. The aid of another 
substance is needed for this purpose. Essential oils have been claimed to have an 
antifungal effect on fruits (Marei et al. 2012; Pérez-Alfonso et al. 2012). Essential 
oils are gaining popularity due to their volatile nature and friendliness with the 

Fig. 24.16  Coating permeability to CO2 and O2. For coating treatments: PE  =  polyethylene, 
CD = Candelilla, CS = carnauba-shellac and SH = shellac (Bai et al. 2003)

24  Shellac-Based Coating Polymer for Agricultural Applications



510

environment, which allows them to be used in small concentrations that are safe for 
consumption. They can be used to replace chemical fungicide. However, its volatile 
properties can be a disadvantage, resulting in low efficiency. The application of 
these essential oils with other coating polymers have been investigated to reduce the 
weakness of essential oils. Some essential oils used in shellac coatings are cinna-
mon oil, thymol and lemongrass oil (Jo et  al. 2014; Kouassi et  al. 2012; Pérez-
Alfonso et  al. 2012). Table  24.8 demonstrates the ability of several coatings to 
control fungi (p italicum and p. digitatum) on oranges. The findings showed that 
several polymers did not show a control of the microorganisms, while cinnamon oil 
in ethanol had a very low percentage of microorganism control as a result of the 
volatile properties of cinnamon oil. However, a combination of polymers and 
cinnamon oil could improve the % control of the microorganisms. Shellac provided 
the best combination with cinnamon oil. A control of 100% microorganisms for 
blue and green moulds was shown in the oranges, while the combination with paraf-
fin or PEG showed some control but at a lower level.

The work on carnauba-shellac wax (CSW)-coated apples containing lemon-
grass oil (LO) nanoemulsion was prepared using high pressure homogenization. 
Coated apples reduced the emergence of bacteria, yeasts and moulds compared 
with uncoated apples. The improvement was reported with the addition of lemon-
grass oil as shown in Table  24.9. The addition of lemongrass oil decreased the 
bacterial growth to a higher extent than the CSW coating. Yeasts and moulds 
were observed after 1 month of storage with CSW coating, but was not detected in 
CSW/LO-coated apples after 5 months of storage. In addition, coatings could pro-
tect against weight loss and the loss of hardness of apples. The quality of apples 
could thus be improved during storage for more than 5 months with the addition of 
lemongrass oil (Jo et al. 2014).

In addition to essential oils for microorganism control, the application of modi-
fied coconut oil has been investigated for protection against bacterial growth, since 
it contains monolaurin which possesses antibacterial properties (Carpo et al. 2007; 

Table 24.8.  % Control of microorganisms of blue mould (P. italicum) and green (P. digitatum) on 
orange using several coatings (Kouassi et al. 2012)

Substances % blue mould control % green mould control

Water 0 0
Ethanol 0 0
Shellac 0 0
Paraffin 0 0
Polyethylene 0 0
Shellac+carnauba wax 0 0
Cinnamon oil in ethanol 47 40
Shellac+cinnamon oil 100 100
Shellac+carnauba wax+cinnamon oil 83 75
Paraffin+cinnamon oil 70 62
Polyethylene+cinnamon oil 70 62
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Lieberman et al. 2006; Tangwatcharin and Khopaibool 2012). Sittipaisankul (2015) 
reported on water loss, firmness and the growth of anthracnose microorganisms on 
dragon fruit, which caused the low-quality fruit. The addition of modified coconut 
oil on shellac coating could prevent fungal growth. The findings showed that dragon 
fruits coated with shellac and uncoated one exhibited high microorganism percent-
ages, while fruits coated with composite film (shellac and modified coconut) could 
prevent the fungal growth for 26 days (Sittipaisankul 2015). Jitareerat et al. (2018) 
studied the growth of anthracnose on mangoes, demonstrating that shellac coating 
containing modified coconut oil could control the microorganisms. In addition, 
the increase in improvement of the control of microorganisms was found with pre-
treatment of the fruit with hot water, followed by UV-C irradiation before coating 
with a shellac/modified coconut mixture (Jitareerat et al. 2018).

24.6  �Composite Coatings Based on Shellac  
for Agricultural Products

Composite coatings are a combination of hydrocolloid components (either proteins 
or polysaccharides) and lipids. Composite coatings are formulated to combine the 
advantages of hydrocolloid and lipid components while masking or reducing the 
limitations of each. Since proteins or polysaccharides may not provide a barrier 
against moisture, shellac, a lipid component, possesses a high moisture barrier. 
Shellac can restrict the permeability of oxygen, causing anaerobic metabolism. 
Therefore, composite coatings are generally used. Some examples of where com-
posite coatings based on shellac have been used to prolong the shelf life of banana 
and apple will be explained. The work of Soradech et al. (2017) investigated physi-
cochemical changes on shellac/gelatin composite film-coated bananas. Changes in 
color, weight loss, firmness, titratable acidity and total soluble sugar (TSS) were 
significant observed in uncoated bananas during storage, while the composite film 
with or without PEG400 as a plasticizer could reduce the materialization of all these 
changes. Figure 24.17 shows the effect of different coatings on the color change of 

Table 24.9  Change in populations (log CFU/g) of total aerobic bacteria, yeasts and moulds 
present on the coated ‘Fuji’ apples coated during storage (Jo et al. 2014)

Microorganism Storage time (month)
log CFU/g) 0 1 2 3 4 5

Total aerobic Control 2.31 2.44 2.37 2.13 2.14 2.67
bacteria CSW 1.77 1.41 1.67 1.23 1.10 1.86

CSW-LO 1.68 1.34 1.33 1.22 <1.0 1.30
Yeast and moulds Control 2.69 2.70 3.28 2.24 2.15 2.31

CSW ND 1.15 1.61 1.10 1.30 1.58
CSW-LO ND ND ND ND ND ND

ND: Not detect.
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bananas after storage for 30 days. An extreme change in color was observed for 
uncoated bananas. After storage for 10 and 20 days, a change to yellow and then 
brown was observed, respectively. The degradation of chlorophyll, by the enzyme 
chlorophyllase, contributed to the color changes and an increase in the other pigments 
such as carotene and xanthophyll (Bico et  al. 2009; Prabha and Bhagyalakshmi 
1998). The changes of phenol to quinone by polyphenol oxidase (PPO) and a sub-
sequent increase in macromolecules through polymerization, led to an increase in 
brown pigment (Bico et al. 2009; Toivonen and Brummell 2008). During storage, 
the uncoated banana exhibited high PPO activity and a low phenolic content due to 
the unprotected state of the sample against enzymatic reactions (Bico et al. 2009). 
The slight color changes in coated bananas was due to the greater protection of both 
formulations, resulting in a slower change in the chlorophyll and a decrease in the 
respiratory rate. In addition, the coated bananas showed smaller changes in weight 
loss and firmness (Newton, N) as shown in Fig. 24.18. The reduction in firmness was 
the result of water loss, disassembly and degradation of cell wall structure by the 
catalytic enzymes: polygalacturonase and pectinesterase (Toivonen and Brummell 
2008; Zhou et al. 2011). The change in TSS is from the hydrolysis of starch and other 
carbohydrates producing total soluble sugars such as sucrose, glucose and fructose 
(Prabha and Bhagyalakshmi 1998). A lower TSS was reported for coated bananas. 
The tritable acid of all banana samples; uncoated, coated with composite film (CF) 
and composite film with PEG400 (CF  +  5%PEG400), decreased significantly 
(p < 0.01) after storage for 30 days from ~110 mg malic acid/100 g sample to 45.63, 

Fig. 24.17  Physical aspect of bananas without and with film coating after storage at 25 °C for 
30 days (1a = Uncoated, 1b = Coated with composite film, 1c = Coated with composite film + PEG 
5%) (Soradech et al. 2017)
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71.78 and 61.94 mg malic acid/100 g sample, respectively. Malic acid is the sub-
strate for the enzymatic reactions of respiration. The reduction in respiratory rate 
due to the protection of coating solutions contributes to the minor change in tritable 
acid (Bico et al. 2009; Soradech et al. 2017). Figure 24.19 shows total molds and 
yeasts counts on bananas with and without film coatings after storage at 25 °C for 
30 days. The protected bananas with each type of coating showed lower total molds/
yeasts counts than uncoated samples after a 30-days storage. A smaller increase in 
total mould/yeast count was reported for both types of composite films compared 
with uncoated samples, and was in agreement with the lowest changes in all physi-
cal and chemical properties of the coated banana samples. The increase in total 
mould/yeast count of both coated bananas was well below the allowed limit of total 

Fig. 24.18  Change in firmness of banana after storage at 25 °C for 30 days (Soradech et al. 2017)

Fig. 24.19  Total mould and yeast counts on bananas with and without coatings after storage at 
25 °C for 30 days (Soradech et al. 2017)

24  Shellac-Based Coating Polymer for Agricultural Applications



514

mould/yeast counts (5 log CFU/g) for fruits and vegetables (Jacxsens et  al. 2002). 
Therefore, the results show that bananas coated with unplasticized and plasticized 
composite films based on shellac and gelatin can extend the shelf life of bananas for 
30 days compared to uncoated bananas.

Due to the growing consumer preferences for ready-to-use foods, the fresh-cut 
fruit industry is becoming increasingly significant. The main objective of fresh-cut 
technology is to provide consumers with a convenient and fresh product that has 
desirable nutritional and sensory qualities. The quality of fresh-cut produce is 
dependent on several factors such as biochemical defense mechanisms, 
stress-induced senescene programs and storage conditions. Fresh-cut fruits and veg-
etables are much more susceptible to spoilage than their corresponding full fruits 
and vegetables due to injuries during preparation (Brecht 1995). The principle prob-
lems with fresh-cut fruits involves changes in color and texture. Browning is caused 
by the action of PPO enzymes that interact with the phenols released during cutting 
to produce an undesirable brown color. The work in coating process thus must 
address the additional problem due to the cutting procedure. The softening has been 
attributed to acid hydrolysis and also to enzymatic degradation. Chauhan et  al. 
(2011) coated the apple slices with various coatings such as bleached shellac, aloe 
gel (AG) and a composite solution of bleached shellac and AG. The coatings man-
aged to reduce the respiratory rate, the ethylene synthesis rate, the oxidizing enzyme 
(PPO and peroxidase (POD)) and the leakage of electrolytes compared with 
uncoated apples. The reduction in respiratory rate was from the highest to the lowest 
in the order of shellac > shellac/AG composite > AG > uncoating. All the coatings 
prevent a significant loss of electrolytes from the surface, thus reducing the rate of 
senescence in the apple slices due to the decrease in respiratory rate. The application 
of sliced apple coating showed a significant reduction in the activities of these 
enzymes. The AG-coated samples showed a higher decrease in PPO (96.1 units/g/
min) and POD activities (211.2 units/g/min) followed by composite and then shel-
lac alone, whereas the uncoated apple slices showed the maximum activities as 
shown in Table 24.10. The firmness was significantly greater in the shellac-coated 
slices, followed by AG and composite-coated slices after 30 days of storage com-
pared with untreated apple slices (Chauhan et  al. 2011). The shellac/AG based 
composite coating can thus be applied to protect apple slices, contributing to 
prolong the shelf life.

Table 24.10  Effect of edible surface coatings on enzymatic activity (units/g/min) of apple slices 
(Chauhan et al. 2011)

Type of coating Storage time (days)
0 10 20 30
PPO POD PPO POD PPO POD PPO POD

Bleached shellac 105.7 230.7 127.6 245.8 136.8 268.9 175.6 297.8
AG 96.1 211.2 105.3 241.6 112.7 272.5 141.7 295.6
Bleached shellac 
+ AG

98.1 221.5 136.9 256.8 150.8 286.4 187.9 307.2

Uncoated 122.8 288.5 198.4 320.6 – – – –
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24.7  �Prediction of Coating Efficiency

Coating solutions require having certain important properties in order to form a coat-
ing that completely covers the surface of the substrates. The efficiency of a coating 
can be measured by the result of the coated substrate. In agricultural products, the 
measured parameters can be, e.g. the weight loss, color change, firmness, water and 
oxygen permeabilities and shelf life of the product. For pharmaceutical products, the 
measured parameters are the quality of dosage form such as release, protection against 
moisture, hardness and stability of dosage form etc. All these results are however 
indirect parameters. The direct measurement to detect the efficiency of a coating is 
through the determination of its surface free energy. Two parameters derived from 
surface free energy that can be used to predict the coating efficiency are the work of 
adhesion and spreading coefficients. Surface free energy is the energy required to 
expand surface area by 1 cm2. Surface free energy is the characteristic of all materials 
that arise from the imbalance of force in the interface. The equipment currently avail-
able for measuring free energy is limited to measuring mobile substances, i.e. it can 
thus only be determined to liquid substances, not to solids. The equipment used for 
liquid substances is du Nouy tensiometer, the Wilhelmy plate technique, drop volume 
technique and pendant drop method, etc. The most commonly used technique to mea-
sure solid surface free energy is contact angle measurement (Luangtana-anan and Fell 
1988; Gutiérrez and González 2017; Gutiérrez, Ollier, & Alvarez, 2018). At least two 
liquids with known components are used to measure the contact angle on the studied 
solid surface (Luangtana-anan and Fell 1987, 1988; Herniou--Julien et al. 2019). The 
surface free energy is calculated using several equations as shown below. Equation 
24.1 is according to the method of Owens and Wendt (1969), Eq. 24.2 is according 
to method of Wu (1971). Total surface free energy is the summation between disper-
sion and polar forces (Eq.  24.3). The % polarity is then calculated according to 
Eq. 24.4.
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Where γs is the total surface free energy of a solid substrate, γ s
p , γ s

d  are polar and 
dispersive forces of solid surface, respectively. γ l

p , γ l
d  are polar and dispersive 

forces of standard liquid surface, respectively. θ is the contact angle of liquid formed 
on the solid surface.

Several studies have been used the contact angle measurement to determine the 
surface free energy of many types of fruits either using Eqs. 24.1 or 24.2 (Casariego 
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et al. 2008; Ribeiro et al. 2007). The surface free energy, dispersion and polar forces 
of strawberries is 28.94, 22.99 and 5.95 mN/m, respectively (Ribeiro et al. 2007); 
for tomatoes is 28.71, 25.67 and 3.04 mN/m, respectively (Casariego et al. 2008), 
while for carrots is 26.48, 26.13 and 0.34 mN/m, respectively (Casariego et  al. 
2008). The fruit surfaces show a low surface free energy and polar force, thus indi-
cating their hydrophobic nature. The hydrophobic nature of fruit skin is due to the 
presence of cell walls consisting of cutin and wax, which leads to a lower surface 
free energy and % polarity. Soradech (2010) also reported a low surface free energy 
and % polarity of mangos and bananas. The surface free energy, dispersion and 
polar forcers, as well as % polarity on bananas was 31.01, 28.92, 2.09 mN/m and 
6.74% and for mangoes was 29.04, 27.57, 1.47 mN/m and 5.06%, respectively 
(Soradech 2010). The spreading coefficient (S) is calculated based on the difference 
between the work of adhesion (Wa) and the work of cohesion (Wc). Work of adhe-
sion and cohesion is the work required to break adhesion force and cohesion force, 
respectively. The equations to calculate work of adhesion and work of cohesion are 
the following:

	 Wa S l Sl= + −γ γ γ 	 (24.5)

	 Wc l= 2γ 	 (24.6)

	 S W Wa c= − 	 (24.7)

	
S S l Sl= − +( )γ γ γ

	
(24.8)

Combining Eqs. 24.5 and 24.8 with Young’s equation (γs = γsl + γlcosθ), the work 
of adhesion and spreading coefficient are obtained as follows:

	
W coa l= +( )γ θs 1

	
(24.9)

	
S cosl= −( )γ θ 1

	
(24.10)

Soradech et  al. (2013) reported that the increase in gelatin content showed a 
higher surface free energy from 37.28 to 43.3 mN/m with 50% gelatin content. The 
% polarity increased significantly from 26.23% to 42.82% with 50% gelatin content 
(Soradech et al. 2013). The increase in gelatin content contributed to a higher hydro-
philicity, indicated by the high surface free energy and % polarity. The high hydro-
philicity with the addition of gelatin provided less adhesion work and a lower 
spreading coefficient as shown in Table 24.11. Shellac is, thus, more suitable for 
coating bananas, due to its hydrophobic nature. A similar result was reported for 
mango coating (Soradech 2010).

The modified coating solution test is suitable for a given surface when using two 
types of surfaces: hydrophilic and hydrophobic. Glass represents a hydrophilic sur-
face, while Teflon represents a hydrophobic surface. The surface free energy, disper-
sion force, polar force and % polarity of glass are 60.32, 11.41, 48.91 mN/m and 
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81.08%, while those surface of Teflon are 26.59, 26.23, 0.36 and 1.35%, respec-
tively (Soradech et al. 2012).

Table 24.12 shows the work of adhesion and spreading coefficient of glass and 
Teflon with a composite film based on shellac and gelatin. An increase in gelatin 
composite film contributed to an increase in the work of adhesion and spreading 
coefficient for glass, whereas the opposite result was reported for the Teflon. The 
increase in the coating efficiency of glass corresponding with an increase in gelatin, 
was the result of a greater attraction between the high hydrophilic properties of the 
substrate and the high hydrophilic property of the coating solution when the gelatin 
was added. Teflon showed a low interaction, since the hydrophobic surface was not 
suitable for interaction with a composite coating with a high gelatin content 
(Soradech et al. 2012).

The modification of coating solutions used in the coating of several fruits to pro-
long shelf life have been studied widely. Vieira et al. (2016) reported that the wet-
tability of a combination of chitosan (Cs) and Aloe vera on blueberry surface can be 
modified, as indicated by the spreading coefficient value. The spreading coefficient, 
a type of wetting, changed from - 89.8 to - 46.6 mN/m by the addition of tween 80 
at the concentration of 0.1%w/v Cs. Since tween 80 is capable to reduce the surface 
tension of the coating solution, the work of cohesion for the coating solution is 
then reduced. This leads to an improved in compatibility between the solution and 
the blueberry skin’s surface, and a greater wetting capacity of the coating solution. 
The value of spreading coefficient changed to the nearest from zero with the 

Table 24.12  Effect of gelatin content on the work of adhesion and spreading coefficient of shellac 
and gelatin composite film solution on glass and Teflon substrates (Soradech et al. 2012)

%w/w gelatin Work of adhesion (mN/m) Spreading coefficient (mN/m)
Glass Teflon Glass Teflon

0 66.42 51.77 −8.14 −22.79
10 72.08 51.54 −6.12 −26.66
20 74.27 50.39 −5.73 −29.61
30 77.11 50.27 −4.55 −31.39
40 79.1 49.39 −3.44 −33.53
50 83.53 47.46 −3.07 −39.14

Table 24.11  Work of adhesion (Wa) and spreading coefficient (S) of shellac composite film with 
an increase in gelatin content on banana (∗Soradech 2010; Soradech et al. 2013, 2017)

Content of gelatin Wa S Surface free energy % Polarity

(% w/w) (mN/m) (mN/m) (mN/m)
0 65.12 ± 0.53 –9.44 ± 0.53 37.28 ± 1.96 26.23
10 64.99 ± 0.70 –13.21 ± 0.70 39.10 ± 1.01 29.39
20 63.78 ± 1.22 –16.22 ± 1.22 40.00 ± 2.56 31.88
30 62.67 ± 1.35 –18.99 ± 1.35 40.83 ± 1.02 35.66
40 62.88 ± 0.71 –20.04 ± 0.71 41.46 ± 1.28 39.85
50 61.77 ± 0.95 –24.82 ± 0.95 43.30 ± 1.29 42.82
100 56.92 ± 0.94 –37.56 ± 0.94 47.24 ± 1.87∗ 46.16∗
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addition of tween 80. The increase in Cs and plasticizer concentration did not improve 
the wettability in this study and agreed with the work of Casariego et al. (2008). 
The increase in Cs and plasticizer concentrations caused a decrease in the wettability 
of Cs coating solution on the fruit skins, leading to a lower work of adhesion and 
spreading coefficient due to the low interaction between the coating and the fruit 
surface. This could be due to the hydrophobic property of fruit surfaces. The modifi-
cation of a coating solution that makes it more hydrophilic does not contribute to a 
good interaction between the substrate and the coating solution. The work of Lima 
et al. (2010) reported a similar trend. These authors showed that an increase in galac-
tomannan within a galactomannan/collagen coating solution reduced the work of 
adhesion and spreading coefficient of the hydrophobic substrate. The parameters of 
work of adhesion and spreading coefficient can also be applied in the optimization of 
coating solutions in pharmaceutical dosage form (Khan et  al. 2001; Oh and Luner 
1999). The coating solutions can thus be modified based on a knowledge of the surface 
free energy of both substrate surfaces. Through this process, the optimum coating 
solution can be achieved to prolong the shelf life of products.

24.8  �Conclusions

The application of shellac on agricultural products is gaining interest due to its excel-
lent protection against water and good film-forming properties, which produce glossy 
surfaces. Shellac coatings are environmentally friendly and can replace the use of 
synthetic coatings. Several methods (dipping, spraying, brushing and electro-spraying) 
have been simply applied a coating solution on food materials to protect them from 
microbial growths, to prolong their shelf life and improve other aspects of quality 
such as sensory attributes, appearance and freshness of the ingredients. Shellac can 
be used as a single coating or as a combination of various polymers or substances. 
The purpose of adding other substances is to control gas permeability because respiratory 
rate is a key factor in the senescence process of agricultural products. The respiratory 
rate varies depending on the type of agricultural products and coating solutions. 
The aim of respiratory rate control is to optimize the internal oxygen content and 
lower the CO2 content. This has had the effect of decreasing the activities of the oxi-
dizing enzymes that result in reductions in accumulated ethanol, ethylene synthesis, 
water loss and firmness. The other added substances are also to reduce microbial 
growth in order to prolong the quality of the fruit after post-harvest, since the shellac 
has a low antimicrobial activity. Furthermore, the addition of other compatible sub-
stances reduces the drawbacks of the shellac. Since shellac’s main problems are insta-
bility due to polymerization and the weak mechanical properties, the modification of 
native shellac is thus required. Various approaches such as salt formations, composite 
formation and incorporation of some plasticizers are successfully applied in order to 
tackle the drawbacks of shellac. Therefore, shellac has a high potential to be a poly-
mer of choice in coating of agricultural products. Research on the choice of the best 
coating can be explored in depth through knowledge of coating efficiency (adhesion 
work and spreading coefficient) based on surface free energy. The optimization of 
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shellac coating in agricultural products can thus be achieved to extend fresh quality, 
the shelf life of products and ensure their marketability.
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Chapter 25
Application of Bionanocomposites 
on Horticultural Products to Increase 
the Shelf Life

Adrija Choudhury, Peerzada Gh. Jeelani, Nishita Biswal, 
and Ramalingam Chidambaram

Abstract  Post-harvest loss of horticultural products is mainly due to microbial 
contamination, over-ripening, losses during transit, press injuries and secondary 
infections due to moth/borer attacks. Traditional practices to reduce post-harvest 
losses include storing the products in paper and plastic boxes and cushioning them 
with paper. Key issues such as microbial contamination and over-ripening are not 
addressed in these measures. In recent years, bionanocomposites and polymers 
have increasingly been used as coating materials for post-harvest products to 
reduce microbial contamination, over-ripening and spoilage due to oxygen, carbon 
dioxide and water vapor exposure. Bionanocomposites are mixtures of biopoly-
mers and nanoparticles (NPs), where the NPs increase the weak barrier and 
mechanical properties of the biopolymers. The advantages of using nanocoatings 
include better barrier performance, antimicrobial properties due to the presence of 
NPs such as silver, reduced material use and simpler film conversion. They are 
environment-friendly, unlike petroleum-based polymers. This chapter aims to 
analyse the recent trends in the use of bionanopolymers as coatings for horticul-
tural products and their efficacy.

Keywords  Biopolymers · Packaging · Postharvest loss

25.1  �Introduction

Post-harvest loss of crops varies between 20–50% in developing countries. It can 
be caused by the inefficient transportation, storage and packing of the crops pro-
duced. These problems are usually solved with measures such as storing the prod-
uct in cold rooms or packaging it in foams and plastics to prevent microbial 
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attacks and facilitate transportation. The materials used for traditional packaging 
of horticultural products include plastic and paper. Plastic is derived from petro-
leum, thus it is not a renewable resource (Gutiérrez and Alvarez 2017a, b, c, d; 
Gutiérrez 2018a). It is harmful to the environment since it contains toxic com-
pounds such as nonylphenol (NP), polychlorinated biphenyls (PCBs), organic 
pesticides, such as polycyclic aromatic hydrocarbons (PAHs), dichlorodiphenyl-
trichloroethane (DDT), polybrominated diphenyl ethers (PBDEs) and bisphenol 
A (BPA) (Webb et al. 2013). Paper is derived from trees and huge demands for 
paper will lead to great deforestation. Therefore, a sustainable measure is generally 
sought to obtain a better package. One of those technologies is to use biopolymers 
(Álvarez et al. 2017). Commonly used biopolymers are starch and cellulose deriva-
tives, poly-lactic acid (PLA), poly-caprolactone (PCL), poly-(butylene succinate) 
(PBS) and poly-hydroxybutyrate (PHB) (Rhim et  al. 2013a). Incorporation of 
nanofillers such as clay, metal nanoparticles (NPs), nanocrystal cellulose has been 
experimentally proved to increase barrier properties and mechanical properties of 
the biopolymers (Pinto et  al. 2014; Gutiérrez and Alvarez 2017e, 2018; Merino 
et al. 2018; Toro-Márquez et al. 2018; Gutiérrez et al. 2019; Herniou--Julien et al. 
2019; Merino et al. 2019). The challenges remain to achieve complete dispersion 
of the NPs and increase the compatibility of two phases of the bionanocomposites 
(Rhim et al. 2013a).

25.2  �Post-Harvest Loss: Causes and Its Control Measures

Agriculture is the backbone of Indian economy. It contributes around 14% to 
GDP. Increased agricultural production has enabled us to meet the ever-increasing 
food demands by growing population. After production, products must undergo vari-
ous post-harvest operations. Each operation leads to some losses which decreases the 
availability of food. According to a study 3–6% of cereals, 4.3–6.1% of pulses are 
lost during harvest and post-harvest operations (Cardoen et al. 2015). Thus, there is 
a large gap between the amount of food produced and the amount of food that is 
available to people. The food security of a country can only be achieved when these 
losses can be prevented (Gutiérrez et al. 2016a). Post-harvest loss can be defined as 
the distortion in both quantity and quality of food from the time of harvest until it 
reaches consumers. The parameters on which food loss can be measured are reduced 
weight, low nutrient value, color change, texture etc. (Kumar et al. 2017). Although 
India is one of the tops most country in production of fruits and vegetables but not 
more than 2% of these products are processed. Approximately around 5–25% in 
developed countries and 25–50% in developing countries accounts for post-harvest 
losses in fruits and vegetables production.
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25.2.1  �Factors Influencing Post-Harvest Loss

All the factors responsible for post-harvest loss can be grouped into physical, physi-
ological, mechanical and environmental factors. Fruits and vegetables have high 
moisture content and lack storage stability. Certain biological agents such as mites, 
insects also help in the loss of crops on a large scale. Environmental factors such as 
temperature, humidity and oxygen balance greatly influence post-harvest loss. Due 
to inadequate transportation on a large scale, the storage chain facilities destroy a 
substantial number of crops. The maximum post-harvest loss can be attributed to 
microbial spoilage caused by fungi, bacteria, molds, etc. (Kumar et al. 2017).

25.2.2  �Control of Post-Harvest Losses

The control of postharvest produce can be divided into the following measures: 
chemical, gaseous and physical. Chemical measures usually target the retardation of 
browning reactions, inhibition of ethylene formation, reduction of water loss and 
respiration rates by chemicals such as organic acids, nitric oxide, sulphur dioxide, 
peroxyacetic acid, hydrogen peroxide (H2O2) etc. For gaseous treatments, ozone and 
1-mehtylcyclopropene are used, packaging, heat treatments, cold storage and irradia-
tion are used as physical treatments to combat post-harvest losses (Sandarani et al. 
2018). Agricultural products must be packaged properly. The packaging helps reduce 
mechanical damage, unwanted physiological changes and deterioration during trans-
port, storage and marketing (Álvarez et al. 2018). More infrastructural advances are 
needed, such as cold storage. Application of fertilizers and pesticides are detrimental 
for growth of crops and does little to control postharvest losses. The measures taken 
to combat post-harvest losses are described below:

25.2.2.1  �Chemical and Gaseous Treatment

Chemical and gaseous treatments on the postharvest produce mainly target the 
enzymes required for ripening, oxidants in the produce and pathogenic organisms. 
Chemicals such as chlorine, ozone, H2O2 and sulphur dioxide are used for their anti 
microbial activities. Nitric oxide imparts antiethylene activity whereas the chemical 
1-methylcyclopropene acts on the ethylene receptors to inhibit the binding of ethyl-
ene, thus as a result giving anti ethylene activities too. Calcium chloride on the other 
hand reduces injuries related to cold treatment by a suggested method of increasing 
firmness of the tissues (Sandarani et al. 2018).
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25.2.2.2  �Storage

The maintenance of the quality of the agricultural product along with the increase of 
its shelf life by preventing them from spoilage is referred as storage. Depending upon 
the use, various products after harvesting are stored under different conditions, e.g. 
the seeds that would be used for plantation in following year and the forage being 
processed for live stocks will need very different storage facilities. Vast ranges of 
storage structure are available for successful storage of horticultural products. 
Storage areas must be cool (refrigerated), shaded and ventilated (Kiaya 2014). 
Controlling the temperature and relative humidity (RH) during storage and transport 
of postharvest produce is one of the essential ways to combat losses (Kader 2003). 
Use of modified atmospheric packaging (MAP) along with the cold storage facilities 
is an increasing trend (Kader 2003). Storage is essential for following reasons:

•	 To increase the shelf life of perishable materials.
•	 For availability of food round the year.
•	 For large-scale processing.
•	 To maintain nutritional quality.
•	 To open the doors to the export business.

25.2.2.3  �Packaging of Horticultural Produce

The food packaging industry is continuously changing along with advances in 
materials science and consumer demand. The packaging not only helps a uniform 
and effective distribution, but also facilitates the conservation of food and conve-
nience for consumers. The packaging industry has become the third largest industry 
in the world (Robertson 1998). Packaging provides a favourable environment to the 
food by protecting them from mechanical shocks, vibrations, biological agents such 
as insects and mites, water vapor, dust etc. Traditional packaging materials are non-
biodegradable and have come under scrutiny for the release of toxic chemicals into 
the packed food. Recently the focus has been shifted in developing functional pack-
aging systems with advanced characteristics. Techniques such as MAP have been 
developed. This method modifies the atmosphere inside the packaging by control-
ling the respiration rates of the product and the gas transfer through the film used for 
packaging (Sandarani et al. 2018; Sousa-gallagher and Mahajan 2013). The main 
aim is to increase the levels of carbon dioxide (CO2) inside the packaging which 
will have inhibitory effects on ethylene (Sandarani et al. 2018). It will also seek to 
eliminate oxygen (Sousa-gallagher and Mahajan 2013). Most of the commonly 
used plastic films are not suitable for MAP.  If however they are used, micro-
perforations are made to allow for exchange of gases (Sandarani et  al. 2018). 
Therefore “breathable” polymers are used. These polymers can also be loaded with 
ethylene scavenging chemicals, NPs, antioxidants etc. In addition, better packaging 
helps reduce losses, maintains quality and increases shelf life. Fruits and vegetables 
require maximum oxygen transmission. Thus, they need to be packed in oxygen 
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permeable material whereas processed food does not require such mass transfer. 
The existing packaging systems have some limitations such as a small margin for 
recycling, non-sustainability, in addition, low mechanical and barrier properties. 
The use of natural sources for packaging has raised a number of issues. They have 
poor mechanical and barrier properties and low sealability. Thus, over the years, 
industry and the academic world have come together to exploit the field of nano-
technology to solve these problems.

25.3  �Potential Bionanocomposites for Food Packaging

Bionanocomposites are the materials having two or more phases, where one phase 
is a continuous phase which is mainly composed of biopolymers and the other is the 
discontinuous phase which is mainly composed of nanofillers (Othman 2014). 
Biopolymers have covalently bonded monomeric units. They are biodegradable 
which means that they can be broken down by innate microbes of the environment. 
The by-products generated by these microbes are ususally CO2 and water which are 
usually not harmful to the environment (Othman 2014). Biopolymers can be divided 
into two major categories which are synthetic and natural. They can also be divided 
based on their sources. Biopolymers are environment friendly and ensure safety and 
quality of food, but the major setback is its weak mechanical and barrier properties. 
Therefore, to boost up the material properties of biopolymers, nanocomposite tech-
nology was initiated. Nanocomposites consist of one or mixture of polymers with 
either organic or inorganic nanofillers with dimension less than 100 nm. Studies 
claims that the incorporation of nanomaterials such as SiO2, clay, TiO2, nanocellu-
lose (Mihindukulasuriya and Lim 2014) etc., have dramatically increased the 
mechanical and barrier properties of the biopolymers. It was found after extensive 
literature studies that properties such as thermal stability, toughness, stiffness, ten-
sile strength and optical properties of polymers were improved after nanofiller 
incorporation (Fig. 25.1). The nanofillers used can be organic (clay, natural biopoly-
mers) or inorganic (metal, metal-oxide) (Othman 2014).

25.3.1  �Agar Based Nanocellulose

Agar is a very good reagent for preparation of biodegradable films for the purpose 
of using it as a packaging material (Shankar et al. 2014). Agar is isolated from red 
algae. It is a biocompatible and biodegradable and forms nanocomposites when 
proper nanofillers such as nanocrystalline cellulose (NCC) of are provided (Reddy 
and Rhim 2014). It can also form nanocomposites with clay, copper and silver NPs 
(AgNPs). Various studies have reported that the water vapor permeability (WVP) 
and mechanical stability improves by great extent with the use of such nanofillers 
(Rhim et  al. 2013a; Bracone et  al. 2016; Gutiérrez et  al. 2017). They have high 
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Fig. 25.1  Properties of bionanocomposites. It can be seen in Table 25.1 and Table 25.2 that there 
are many options for biopolymers and nanofillers that can be combined to form bionanocompos-
ites. Here three types of bionanocomposites are discussed

Table 25.1  Classification of biopolymers according to their sources

Natural Synthetic References

Source Natural (From 
biomass)

Synthetic 
(By 
microbes)

Synthetic 
(From 
biomass)

Synthetic (From 
petroleum)

Othman (2014); 
Rhim et al. 
(2013a, b)

Biopolymer Starch, whey 
protein, 
chitosan, agar, 
cellulose, 
gelatine, gluten, 
collagen

Poly-
hydroxy 
alkanoates 
(PHA)

Poly-lactic 
acid (PLA)

Poly vinyl 
alcohol (PVA), 
PCL, 
Polyglycolic acid 
(PGA)

Othman (2014); 
Rhim et al. 
(2013a)
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thermal stability. Cellulose is the most abundant biopolymer. This is because it is a 
key component of the plant cell wall. The agricultural wastes can thus be used to 
extract cellulose. Cellulose is a linear carbohydrate polymer. The D-glucopyranose 
units of cellusose are linked via β-1, 4 glycosidic-bond (Khan et al. 2012). NCC can 
be extracted by controlled acid hydrolysis of the cellulose source (Khan et al. 2012; 
Reddy and Rhim 2014).

NCC was prepared by Reddy and Rhim (2014) in the following way:

Cellulose fibers were hydrolyzed by 47% sulphuric acid for about 3 h with a 1:20 
ratio of fiber to solution respectively by refluxing for 3 h at 60 °C under strong 
agitation. Excess distilled water was added to quench the reaction and then 
cooled to the room temperature. The suspensión of the treated fibres was 
centrifuged at 4000 rpm for 20 min using a bench-top centrifuge. Tthe superna-
tant was then discarded until it the suspensión exhibited turbidity. The fractions 
were washed, and the suspension sonicated by using an ultrasonic processor of 
high intensity for 5 min in a cold environment, preferabbly and ice bath. The 
suspension was then subjected to wáter dialysis. Dialysis was stopped once neu-
trality was attained. Finally, the suspension was freeze-dried to get NCC of the 
mulberry pulp fiber.

Nanocomposite film was prepared by Reddy and Rhim (2014) in the following 
way:

The isolated NCC was dispersed in 150 ml distilled water and stirred for about 1 h. 
This suspension was homogenized by further mixing at 12,000 rpm for 10 min. 
To this mix, 4 g of agar and 2 g of glycerol was mixed, and the solution stirred 
for about 30 min at 95 °C. The solution was then cast into Teflon film coated 
glass plate and conditioned in a constant temperature and humidity for at-least 
2 days.

FTIR analysis proved that there was no change in the chemical nature of cellu-
lose fragments after acid hydrolysis. Thermal degradation of the mulberry fibre and 
nanocellulose were observed in two steps. The initial degradation occured at 80 °C 
to 100 °C and the main degradation occured at the range of 200–370 °C which was 

Table 25.2  Classification of nanofillers according to their chemical nature

Organic Inorganic References

Clay (Mt, Cloisite) Metal (silver, copper, gold) Conte et al. (2013); Lee et al. (2014); 
Othman (2014); Pinto et al. (2014); Rhim 
et al. (2011); Shin et al. (2014); Youssef 
et al. (2014)

Bionanopolymers 
(cellulose, chitosan)

Metal oxide (zinc oxide, 
magnesium oxide, titanium 
dioxide, silver oxide)

Kanmani and Rhim (2014); Martelli and 
Barros (2013); Othman (2014)

Antimicrobial agents 
(Nisin)

Imran et al. (2012); Othman (2014)
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attributed to degradation of cellulose. Thermal stability of the nanocomposite had 
three regions. The initial degradation was at 80–150 °C due to water evaporation. 
The second degradation was at 190–250 °C which was due to volatilization of plas-
ticizers. The third degradation of the cellulose fragments occurred above 300  °C 
which was due to the thermal degradation of the biopolymer chain. The tensile 
strength of pristine agar film was found to be 33.3 MPa and there was an increase to 
41.3 MPa seen in the composite film containing 3% (w/w) NCC. A decrease in ten-
sile strength was found with more addition of NCC to agar. 3% NCC content in agar 
was also the optimum concentration to decrease WVP (Reddy and Rhim 2014).

25.3.2  �Thermoplastic Starch-Clay Bionanocomposites

Starch is a semi crystalline polymer and its monomeric unit is glucopyranosyl units. 
Starch is present in two forms: amylose (linear) and amylopectin (branched) (Suárez 
and Gutiérrez 2017; Gutiérrez 2018b). It has α-1, 4 glycosidic linkage only in amy-
lose and both α-1, 4 glycosidic linkage and α-1, 6 glycosidic linkage in amylopectin 
(Avella et al. 2005). Starch is one of the most easily available polymers in nature, it 
is completely biodegradable, and its resource material is very cheap (Gutiérrez et al. 
2015a; Gutiérrez et al. 2015b; Gutiérrez et al. 2015c, b). However, the crude starch 
is present as granules. Thus, it poses difficulties to machine it into a thin film. To 
combat this problem, starch is gelatinized with 6–10% moisture under heat and 
pressure to form thermoplastic starch (TPS) (Park et al. 2002). TPS along cannot be 
used for food packaging. Therefore, environment friendly fillers such as clays are 
used to improve the property of TPS. Hydrophilic starch forms bionanocomposites 
with natural clay such as montmorillonite (Mt). The tensile strength of TPS increases 
after use of natural fillers. Clay is natural filler which is present in abundant and 
used as components in food, medical and cosmetics. The elastic modulus of TPS 
also increases by incorporation of clay and thus improves barrier properties and 
mechanical stability (Chen and Evans 2005).

Mt. clay is used as the nanofiller to prepare the bionanocomposite film. It is 
environment friendly and is present in large amount in nature (Wang et al. 2008). 
Park et al. (2002) prepared the TPS/clay hybrid vacuum dried the TPS/clay for 
24 h at 80 °C, TPS and clay were mixed on a roller for 20 min at 110 °C. After 
preparation, the blends were placed in air tight polyethene bags to prevent mois-
ture absorption.

Mt. was found to be non toxic to Caco-2 cells at a level of 5 μg/well in a 96 well 
plate (Wang et al. 2008). Four different clay types were used. Cloisite 6A, cloisite 
Na+, cloisite 10A, cloisite 30B. It was found that TPS/cloisite Na+ and TPS/cloisite 
30B hybrid exhibited higher tensile strength than pure TPS. It was also seen that 
TPS/clay hybrids generally showed less WVP, with TPS/cloisite Na+ showing the 
lowest WVP and TPS/cloisite 10A showing the highest among composite films 
(Park et al. 2002).
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25.3.3  �Metal/Metal Oxide-Carbohydrate Bionanocomposites

Metal NPs have gained considerable interest in their use as nanofillers in bionano-
composites. This is because the metals such as silver and zinc imparts antimicrobial 
properties to the bionanocomposite films (Rhim et al. 2013a). Metal oxides such as 
ZnO have attracted interest due to their biocompatibility and stability under difficult 
conditions (Mohammadi et al. 2013). This makes the metal and metal oxide NPs a 
very good candidate for the preparation of bionanocomposites. AgNPs can be read-
ily incorporated in biopolymers such as starch and chitosan (Cs) and increase their 
mechanical, thermal properties and also imparting antimicrobial property. The anti-
microbial properties of AgNPs vary according to factors such as the size, quantity 
and distribution of the particles, their interaction with the base material and also the 
degree of agglomeration (Rhim et al. 2013a). AgNPs exhibit a strong anti microbial 
property against broad range bacteria. It also improves the mechanical strength of 
bionanocomposites. There is a significant increase in surface hydrophobicity and a 
substantial increase in water vapor barrier properties was observed.

Synthesis of metal NPs are done conventionally with harsh reducing agents such 
as dimethyl formamide, triethanolamine, hydrazine, sodium borohydride, etc. 
(Rhim et al. 2013a). But a more environment friendly way is to synthesise it by 
using plant extracts.

AgNPs was prepared in 5 ml of Aloe vera extract where 2.5 mL of 30% ammonia 
solution was added to 5 mL of 10−2 M AgNO3 (silver nitrate) solution. Water is 
added to make up the volume upto 50 ml. This changed the concentration of silver 
nitrate to 10−3 M. Formation of a faint yellow color after 24 h of the reaction indi-
cates the formation of AgNPs. Characterisation by UV-vis absorbance and TEM 
measurements were done. Analysis of the extract revealed that the AgNPs formed 
are roughly spherical in shape (Chandran et al. 2006).

Agar/Ag bionanocomposite films were prepared by 4 g of agar was dissolved in 
a silver solution containing 1.2 g of glycerol (plasticiser). The solution was mixed 
thoroughly for 30 min at 95 °C with the help of a magnetic stirrer. After mixing 
period was over, it was cast into a Teflon film coated glass plate then dried for 24 h. 
The films were kept at a chamber of 50% RH and 25 °C for 48 h before analysis. 
The agar/Ag film exhibited initial thermal decomposition at a temperature of 90 °C 
and a second thermal decomposition at 324 °C (Rhim et al. 2013a). Due to the 
water retained in the film there is initial decomposition. The second decomposition 
is attributed to the decomposition of the agar base (Rhim et al. 2013a). The films 
having high amount of AgNP (1–2%) had a significant increase in the tensile 
strength compared to a control of only agar film (Rhim et al. 2013a). WVP also 
decreases upon incorporation of AgNP (Rhim et al. 2013a). Composites with an 
AgNP content of 0.5–2% showed significant antimicrobial properties against food 
borne pathogens such as Listeria monocytogenes (Gram-positive) and Escherichia 
coli O157:H7 (Gram-negative). The increasing concentration of Ag (Range- 0.5% 
to 2%) showed increasing antimicrobial properties, with 2% of Ag showing the 
highest bactericidal activity (Rhim et al. 2013a). Zinc oxide is also used to make 
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bionanocomposite films. Out of the five zinc compounds listed as generally recog-
nized as safe (GRAS) by the U.S.  Food and Drug Administration (FDA, 
21CFR182.8991), ZnO is among them, thus making it safe for use in packaging 
(Mohammadi et al. 2012).

ZnO/starch composite was prepared by ZnO nanorods were dispersed in water 
and mixed at 60 °C for 1 h. It was then subjected to sonication in an ultrasonic bath 
for 30 min. The solution was brought to room temperature and to this cooled solu-
tion 4% (w/w) starch was added. Sorbitol and glicerol 40% (w/w) of total solids 
were added in a 3:1 ratio respectively. The choice of plasticisers and their concentra-
tion was based on Abdorreza et al. (2011). The solution was then heated to 95 °C for 
45 min to complete gelatinisation. Upon completion, the solution was cooled to 
room temperature and cast on Perspex plates. These were then put in a chamber 
having 25 °C and 50% RH.

With the same plasticizers, the control films were prepared but the NPs were not 
added. The dried films were removed and were stored at 50% RH and 23 °C until 
tested. Water absorption capacity of the nanocomposite film decreased as compared 
to the control. The Young modulus and tensile strength showed a significant increase 
in the bionanocomposite films. Due to increase water resistance of the bionanocom-
posite films, oxygen permeability also decreases. There was a decrease in the oxy-
gen permeability of starch based films from 80 cm3 μm/(m2 day atm) to 50 cm3 μm/
(m2 day atm) (Mohammadi et al. 2013). The increasing amount of ZnO nanorods 
shows increase in antimicrobial activity. A ZnO content of 5% (w/w) in starch 
shows highest level of inhibition (Mohammadi et al. 2013). This could be because 
of chemical interaction with the bacteria i.e. by penetration of bacterial cell by Zn 
ions and rendering them unviable or by generating H2O2 (Zhang et  al. 2007). It 
could also be due to physical interaction where the nanorods could act as needles 
and pierce the bacterial cells (Abdorreza et al. 2011).

25.4  �Aplications

Horticulture deals with the production of vegetables, fruits, ornamental plants and 
flowers. Horticultural products contain a lot of moisture in them which is why they 
are most prone to spoilage. In developing countries the percentage of horticultural 
products that goes to waste is around 20–30% (Yadollahi et al. 2010). One of the 
most common food pathogens is Botrytis cinerea. It is a voracious fungal pathogen 
which induces grey mold disease in many economically important plants both pre 
harvest and post harvest. It attacks the fruits and vegetables through direct penetra-
tion or through cuts caused while handling during cultivation (Yadollahi et al. 2010). 
The main requisites for a polymer to be used as a food packaging material are:

•	 Providing good barrier against gases such as CO2 and oxygen.
•	 Providing better mechanical, optical and thermal properties.
•	 Providing a vapor and aroma barrier.
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The traditional method of packaging horticultural products included wrapping 
them in plastic bags. These did not do much to prevent the spread of diseases such 
as gray mold. The plastic bags are usually made of high density polyethene (HDPE) 
which is non-biodegradable. With an increase in the production of horticultural 
products, there is an ever-increasing demand of packaging materials. It would do the 
environment much less harm to use materials which can be degraded easily without 
the release of toxic element to it. Since biodegradable polymers do not have good 
mechanical properties, they are reinforced with nanosized materials which increase 
their mechanical properties. The tensile strength of HDPE was found to be 15 MPa. 
The tensile strength (as indicated in Table 25.3) of starch-based clay and zinc oxide 
composites were reported to be 3.32 MPa and 6.62 MPa respectively whereas the 
tensile strength of agar based nanocellulose and silver NP composites were found to 
be 41.3 MPa and 53.44 MPa respectively. This shows that agar based bionanocom-
posites is much stronger than either of the starch-based composites as well as 
HDPE. Starch based bionanocomposites however present excellent biodegradabil-
ity. The starch present in the composites gives a nutritive source for the microorgan-
isms which will degrade the composite (Singh and Malshe 2017). Starch based clay 
composite gave very good WVP as indicated in Table 25.3. The nanoclay compos-
ites can provide substantial barrier against gases thus are used as packaging for 
fruits and vegetables (Singh and Malshe 2017). Antimicrobial properties can be 
imparted by bionanocomposites having AgNPs or zinc oxide NPs (Singh and 
Rattanpal 2014). The AgNPs, in addition to their antibacterial activity can also aid 
in the decomposition of ethylene (Singh and Rattanpal 2014). Ethylene is known to 
produce senescence, decay and softening in postharvest products (Pathak et  al. 
2017). The action of the AgNPs in the composite helps in slow ripening of the fruits 
and thus reduces spoilage. AgNPs also have known antimicrobial activities. The 
ZnO nanorods can interact chemically as well as physically with bacterial cells to 
impart bactericidal activity (Abdorreza et  al. 2011; Zhang et  al. 2007). 
Bionanocomposite coatings may have other active ingredients such as antioxidants 
or aroma-inducing compounds (Yadollahi et al. 2010).

Some applications of other types of bionanocomposites are:

(a) Cellulose based bionanocomposites
Cellulose is, as already mentioned a very abundant material in the world. Cellulose 
nanocrystals impart a very high tensile strength and mechanical properties to the 
bionanocomposites. On the other hand, they also have a low density. Cellulose 
obtained from different sources such as bacteria, cotton, other trees, underwent dif-
ferent processes to form bionanocomposites. Cellulose in association with plasti-
cisier, clay and compatibiliser showed improved thermal stability and tensile 
strength modulus (Singh and Malshe 2017).

(b) Chitosan based bionanocomposites
Chitosan (Cs) is a polymer which has a random distribution of N-acetyl-glucosamine 
and β-(1–4)-D-glucosamine (Gutiérrez 2017a). Cs along with titanium dioxide 
(TiO2) provides a good packaging for ethylene scavenging. TiO2 can photodegrade 
ethylene and also act as an antimicrobial agent (Kaewklin et  al. 2018). TiO2 is 
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non-toxic, chemically stable, cheap and easily available. A study conducted by 
Kaewklin et al. (2018) analyzed the effects of the coating of Cs-based bionanocom-
posite films containing TiO2 on Cherry Tomoto (Solanum lycopersicum), since rip-
ening of tomato is controlled by factors such as climatic changes and ethylene 
(Kaewklin et al. 2018). Mechanism of action of Cs based TiO2 bionanocomposite is 
as follows: The breakdown of ethylene takes place when the Cs-TiO2 bionanocom-
posite is exposed to light in the UV range. The UV light excites the electrons of TiO2 
which then reacts with free water molecules or hydroxide ions to form hydroxyl 
radicals. The electrons then act on oxygen by reducing it to superoxide (O2

−). These 
reactive species then acts on ethylene and oxidises it to form CO2 and water mole-
cules (Kaewklin et al. 2018). Cs, on the other hand has been shown to have antifun-
gal properties. It was observed that Cs of various molecular weight, could inhibit the 
growth of the fungal pathogen Botrytis cinerea. Cs was also found to induce defence 
mechanisms in tomatoes (Yadollahi et al. 2010).

(c) Poly-lactic acid-based antioxidant films
Poly-lactic acid (PLA) is the polymer of lactic acid. It is a synthetically derived 
polymer from biomass. It has a high degree of transparency and has low crystallisa-
tion rate and thus it is easier to put it into different kinds of shapes. But PLA has a 
low gas barrier property, low glass transition property, less thermal stability and low 
toughness and ductility (Ramos et al. 2014). Therefore, when nano Mt. having high 
aspect ratio is blended along with PLA, the mechanical properties and the gas bar-
rier becomes better. Ramos et  al. (2014) blended Mt-reinforced PLA containing 
thymol to study the effects of this blend as an antioxidant film. Thymol is an antioxi-
dant which is isolated from oregano and thyme essential oils. Thymol, having phe-
nolic hydroxyl group can donate hydrogen atom to peroxyl radicals which then 
stabilises the phenoxyl radicals and thus terminate lipid peroxidation reactions 
(Ramos et al. 2014). The antioxidant activity was checked by the attacking activity 
on DPPH radicals. The highest level of inhibition of DPPH was found to be 83% 
(Ramos et al. 2014). Thus, this formulation containing 8% by weight of thymol and 
2.5% by weight of D43B along with PLA shows good evidence of antioxidant 
activities.

25.5  �Safety

There has been increased concern about the potential migration of NPs from the 
polymeric films in the recent years. Considering the commercial market where rein-
forced polymers for packaging have been successful for quite some time. However, 
relatively fewer studies have been conducted on the toxicity of these NPs for both 
humans and the ecosystem. NPs that are used to reinforce the polymers used as food 
contact materials are divided into four categories: improves the packaging property 
of the polymer (e.g. mechanical properties, barrier properties, etc.), gives additional 
active properties (e.g. antimicrobial properties), provides intelligent properties such 
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as nanosensors, biodegradable NPs such as chitin/Cs NP (Gomes et  al. 2016). 
Biodegradation can only occur when microbes and their enzymes act on the poly-
meric bonds (Gutiérrez 2018c). But the presence of NPs can either increase the rate 
of biodegradation by changing the crystallinity of the polymer or by making the 
polymer inaccessible to the microbes due to their anti microbial activity (Gomes 
et al. 2016). Due to the apparent benefits of reinforcing biopolymers with AgNPs, 
there is an increase in the use of AgNPs. But the studies conducted to determine 
migration of these NPs are very less (Metak et al. 2015). The less number of studies 
on NP migration is due to the fact that there are very less characterisation methods 
of the different types of the NPs and not enough methods for quantitative or qualita-
tive studies (Gomes et al. 2016). A study by Amal M Metak et al. has found that 
AgNP migrated in insignificant amounts from reinforced containers than from rein-
forced polymeric film coatings where the AgNPs migrated in a quite a significant 
amount (<= 0.03 mg/L). Most of the studies conducted for the toxicity of engi-
neered NP migration are for human models. There has been little study on the eco-
toxicity of the ENPs from bionanocomposites (Gomes et al. 2016).

25.6  �Future Trends

The use of conventional sources of starch, cellulose, clay, etc., such as potatoes, 
agricultural waste, etc. it will not be the only source through which bionocompos-
ites are formed. Sources such as cashew to prepare starch/cashew nanocomposites 
(Pinto et al. 2014) or fish for the preparation of fish gelatin/Cs bionanocomposites 
(Fakhreddin et al. 2013) are some of the many emerging sources for bionanocom-
posite formation. In this manner, each food can have its own kind of food packaging 
owing to their unique properties. The bionanocompuestas films can have additional 
properties, sucha as edible or show spoilage of the food component, without the 
consumer having to search expiration dates. It can also have the property of showing 
nutritional factors or any type of bacterial spoilage (Gutiérrez and Álvarez 2016; 
Gutiérrez 2017b; Gutiérrez et al. 2018). These technologies are included in active 
and smart packages which, incorporating bionanocomposites technology, will revo-
lutionize the packaging industry (Gutiérrez et al. 2016b; Gutiérrez 2018d, e).

25.7  �Conclusion

The total post-harvest loss in India is estimated at around 92 Mton/year, which is 
quite alarming. To reduce this problem, proper food processing, packaging and stor-
age is essential. The main objective of food packaging is to maintain wholesome-
ness, safety, quality of food and increase shelf life. There are many alternatives that 
open up for proper storage and packaging of food. Conventional packaging has its 
own disadvantages. Therefore, recent advances in bionanotechnology has opened 
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use of bionanocomosites in food packaging to increase their mechanical strength, 
tensile strength, etc. Bionanocomposites and polymers have increasingly been used 
as coating materials for post-harvest products to reduce microbial contamination, 
over-ripening and spoilage due to oxygen, CO2 and water vapor exposure. The 
advantages of using nanocoatings include better barrier performance and antimicro-
bial properties due to the presence of NPs such as silver, reduced material use and 
simpler film conversion. The agar-based nanopolymer, TPS-clay bionanocompos-
ites, metal/carbohydrate bionanocomposites, etc., have proved to be very effective 
in reducing post-harvest losses.
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Chapter 26
Essential Oil Nanoemulsions 
as Antimicrobials and Antioxidants 
in Composite Food Packaging

Magda I. Pinzon, Leidy T. Sanchez, and Cristian C. Villa

Abstract  The essential oils (OEs) are oily liquids extracted from plant materials 
that have been used as flavoring and antimicrobial agents in the food and agricul-
tural industry. However, its application in food preservation has been limited due to 
its low water solubility. One way to incorporate OEs in food packaging is through 
the formation of nanoemulsions: drop size between 20 and 200 nm. Nanoemulsions 
are stable and transparent systems, which have been shown to have an increase in 
the biological activity of the encapsulated lipophilic compound. In recent years, the 
development of edible and biodegradable films incorporating EO nanoemulsions 
and their application in the preservation of food, especially fruits and vegetables has 
been of increasing interest. The objective of this chapter was to summarize and 
analyze recent publications on edible and biodegradable food packaging and its 
application in the conservation of fruits and vegetables.

Keywords  Composite materials · Encapsulation

26.1  �Introduction

One of the most important trends in recent years, both in food and material sciences, 
is the design and production of food packages that not only act as barriers or con-
tainers, but also have an active role in its conservation (Han et al. 2018; Werner et al. 
2017; Yildirim et al. 2018). Active food packages are used in order to extend the 
shelf life of food products, while maintaining or improving the properties of the 
packaged foodstuffs. This is achieved by the inclusion of different types of sub-
stances that can be released into the food, decreasing or even stopping deterioration 
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process such as microbial growth and lipid oxidation, among others (Gutiérrez et al. 
2016a, b; Atarés and Chiralt 2016; Bracone et  al. 2016; Gutiérrez 2017, 2018a; 
Ribeiro-Santos et  al. 2017; Toro-Márquez et  al. 2018; Gutiérrez et  al. 2018; 
Gutiérrez and Alvarez 2018). Despite there have been reports on the inclusion of 
synthetic antimicrobials and antioxidant molecules in active food packages, an 
effort has been made to reduce the use of these compounds, in favor of the natural 
molecules that can fulfill the same role in the food preservation. Among the natural 
products that are potentially used in food packaging, the essential oils (EOs) from 
aromatic plants have generated great interest, due to the well-known biological 
properties such as antioxidant, antimicrobial, insecticidal, antitumor and anti-
inflammatory activities (Ribeiro-Santos et al. 2017). OEs are highly complex mix-
tures of hundreds of individual aroma compounds, although not fully oily, have a 
low water solubility. The EOs can be extracted from different parts of the plants 
such as flowers, herbs, leaves, fruits, seeds, rhizomes and roots (Asbahani et  al. 
2015; de Matos et al. 2019). The polymeric films incorporating EO are prepared 
most of the times by the addition of an appropriate amount of OE in the film-forming 
solution (FFS) followed by the removal of the solvent (usually water) by evapora-
tion of the solvent, without the use of heat, resulting in the formation of a compact 
polymeric film (Ribeiro-Santos et al. 2017). Although, this process can be relatively 
easy to achieve, the EOs incorporation into polymeric films can be limited due to 
the low water solubility and high volatility. One way to incorporate EOs into poly-
mer film matrices is by the formation of nano-emulsions, a type of emulsion with a 
drop size between 20 and 200  nm (Bilbao-Sainz et  al. 2010; Komaiko and 
McClements 2016; Restrepo et al. 2018). Due to their small size, nanoemulsions 
tend to be optically stable and transparent systems, which allow to increase the 
activity of encapsulated OEs (Donsi and Ferrari 2016; Prakash et al. 2018). The 
nanoemulsion can be formed by two different approaches, the first is based on 
high energy homogenization using specialized mechanical devices, such as high 
shear mixers, high pressure homogenizers, sonicators or microfluidics. The sec-
ond approach includes several low energy methods, based on a controlled mixture 
of all the nanoemulsion components through various experimental techniques 
including spontaneous emulsification, phase inversion temperature, phase inver-
sion point and phase inversion composition (Komaiko and McClements 2016; 
Restrepo et al. 2018).

26.2  �Nanoemulsion Incorporated in Edible Films

Edible films and coatings are commonly defined as continuous matrices made from 
biodegradable, removable and edible polymers, such as proteins, carbohydrates, 
gums and lipids (Gutiérrez et al. 2015a; b; Atarés and Chiralt 2016; Han et al. 2018; 
Gutiérrez 2018b; Otoni et al. 2017; Pinzon et al. 2018). It is worth noting that all the 
additives incorporated into the FFS including the components of the nanoemulsions 
must be ‘generally recognized as safe’ (GRAS) as food additive. The most 
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commonly used stabilizing agents for the formation of nanoemulsions are: small 
molecule surfactants (sugar ester surfactants, polyoxyethylene ether surfactants and 
ethoylated sorbitan esters), phospholipids, proteins and polysaccharides, although 
these latter two are not commonly suitable (McClements et al. 2009; McClements 
and Rao 2011). Table 26.1 shows the biopolymers, stabilizing agents and EO most 
commonly used in the formulation of composite edible films.

It has been reported that the inclusion of EO nanoemulsion in polymeric matrices 
can lead to several changes in its barrier, structural and mechanical properties, since 
the nanoemulsion components can interact with polymer molecules in different 
ways (Espitia et al. 2019). Barrier properties of edible films are mainly related to the 
permeability of water vapor, oxygen and other gases of importance in food packag-
ing. Due the importance of water content in stored foods, water vapor permeability 
(WVP) is one of the main factors evaluated in composite edible films. Due to the 
hydrophobic nature of the EOs, the inclusion of them in the FFS allows repelling the 
water molecules when trying to cross through the edible film, thus the WVP values 
are reduced. Du et al. (2008) observed a decrease in WVP values for pectin compos-
ite films containing carvacrol nanoemulsions compared to pectin films without the 
addition of EO nanoemulsions. Similar behavior was reported for pectin films con-
taining clove EO nanoemulsions (Sasaki et al. 2016), pectin/papaya puree compos-
ite films containing cynnamaldehyde EO nanoemulsions (Otoni et  al. 2014) and 
sage EO nanoemulsion-loaded sodium alginate films (Acevedo-Fani et al. 2015). 
However, Otoni et al. (2016) reported that although EOs have a hydrophobic nature, 
they also have a plasticizing effect that could lead to a higher WVP values, since 
their hydrophobic nature and plasticizer are balanced in edible films. Restrepo et al. 
(2018), e.g. reported that the inclusion of lemongrass and rosemary EO nanoemul-
sions into banana starch films lead to a slight decrease in the WVP values of the film. 
The inclusion of EO nanoemulsions in edible films has also been shown to have dif-
ferent effects on the mechanical properties of edible films. Several authors have 
reported that due to the plasticizing effect of OEs in the polymer matrix, they interrupt 
the intermolecular structure and allow an increase in its elongation at break values 
(Acevedo-Fani et al. 2015; Du et al. 2009; Otoni et al. 2014; Restrepo et al. 2018; 

Table 26.1  Some of the biopolymers, stabilizing agents and OE most commonly used in the 
development of edible composite films

Biopolymers Stabilizing agent EOs

Starch and derivate Tween 80, 60, 40,20 Cinnamon
Alginate and derivate Span 60, 80 Lemongrass
Carboxymethyl cellulose (CMC) Sodium caseinate Citrus
Chitosan and derivate Sodium dodecylsulfate Mandarin
Pectin and derivate Whey protein Thymol
Whey protein Carvacrol
Sodium caseinate Clove
Gelatin Oregano
Soy protein
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Robledo et al. 2018b). In contrast, other authors have reported that EOs can have an 
anti-plasticizing effect in the polymeric films, thus increasing their stiffness and 
reducing their elongation at break values (Espitia et al. 2019).

As mentioned before, one of the main reasons for the development of edible 
films containing EOs nanoemulsions is the use of their antimicrobial and antioxi-
dant activities for food preservation. Noori et al. (2018) studied the antimicrobial 
activity of ginger root EO nanoemulsion loaded-sodium caseinate films against S. 
typhimurium and L. monocytogenes. They reported that the composite films can be 
effective in the reducing the growth of both bacterial strains, with an even better 
performance than commercial films containing antimicrobials. The antioxidant 
activity of composite films was also higher than the sodium caseinate films alone. 
Acevedo-Fani et  al. (2015) carried out an extensive studied of the antimicrobial 
activity of alginate films loaded with EO nanoemulsions from thyme, lemongrass 
and sage against E. coli. It was observed that only films with thyme EO nanoemul-
sions presented activity against the bacterial strain. The thymol EO nanoemulsion 
loaded-quinoa protein/chitosan composite films have also shown antifungal activity 
against B. cinera, a common fungus responsible of strawberries spoilage (Robledo 
et al. 2018b). Otoni et al. (2014) also reported the development of cinnamaldehyde 
EO nanoemulsion loaded-papaya/pectin composite films showing antimicrobial 
activity against Gram-positive bacteria: L. monocytogenes and S. aureus. Several 
authors have also reported on the use of edible films loaded EO nanoemulsions 
being applied to different food product, as shown in Table 26.2.

Recently, Robledo, López, Bunger, Tapia, and Abugoch (2018a) and Robledo 
et al. (2018b) reported that composite edible coatings made from quinoa protein – 
chitosan and thymol EO nanoemulsions can be used to improve the shelf-life of 
strawberries and cherry tomatoes, respectably. It was observed that the presence of 
thymol EO nanoemulsion reduced the fungal growth in both types of fruits with 
respect of uncoated and coated fruits without nanoemulsions during storage. The 
limited fungal growth in fruits treated with nanoemulsion coating was attributed to 
the controlled release of thymol EO from the polymer matrix to the food surface.

Table 26.2  Some recent applications of EO nanoemulsion loaded-edible films in stored food 
products

EO nanoemulsion Polymeric matrix Food product References

Thymol Quinoa protein/chitosan Cherry tomatoes Robledo et al. (2018b)
Strawberries Robledo et al. (2018a)

Lemongrass Chitosan Grape berries Oh et al. (2017)
Carnauba wax Plums Kim et al. (2013)
Alginate Fresh-cut fuji apples Salvia-Trujillo et al. (2015)

Ginger Sodium caseinate Chicken breast fillets Noori et al. (2018)
Chitosan/montmorillonte Poultry meat Souza et al. (2018)

Basil Alginate Okra Gundewadi et al. (2018)
Carvacrol Whey protein/chitosan Cucumber slices Taştan et al. (2017)
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One of the most used EOs in the development of composite edible films is lem-
ongrass EO, due to its well-known antimicrobial activity against several types of 
bacteria. Salvia-Trujillo et al. (2013) used lemongrass EO nanoemulsion loaded-
alginate composite films for the preservation of fresh-cut Fuji apples, observing that 
lemongrass EO nanoemulsion-loaded coating reduced growth of E. coli and the 
natural microbiota of the apple slices up to 2 weeks of storage. Kim et al. (2013) 
also reported that the incorporation of lemongrass EO nanoemulsions into carnauba 
wax coatings inhibited E. coli and S. Typhimurium in plums during storage. Similar 
results were reported by Oh et al. (2017) using a composite coating made from chi-
tosan and lemongrass EO nanoemulsion for the conservation of grape berries.
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Chapter 27
Nanocellulose-Polymer Composites: Novel 
Materials for Food Packaging Applications

A. K. Bharimalla, P. G. Patil, S. Mukherjee, V. Yadav, and V. Prasad

Abstract  Nanocellulose is a revolutionary bio-based nanomaterial that possesses 
remarkable properties and has potential application in different industries. As a 
biodegradable filler in the manufacture of composite materials, coating and 
self-standing thin films, it offers novel and promising properties. There are fewer 
revisions focused on the use of nanocellulose-impregnated composite materials for 
different food packaging applications. Researchers have reported that the use of 
nanocellulose as a reinforcement in biopolymers and synthetic polymers improves 
the mechanical and barrier properties of the composite material. In this chapter we 
provide an exhaustive review of recent advances in the synthesis of nanocellulose 
and its application as a filler to produce nanocomposites for food packaging.

Keywords  Biodegradable composite · Green composite · Nanocellulose 
biopolymer

27.1  �Introduction

Packaging is an essential means to preserve the food quality and safety from manu-
facturing to its final use by the consumer. Food packaging helps reduce food waste 
during handling, transportation and storage by protecting food from physical, chemi-
cal or biological damage. Packaging is important for both consumers and marketers, 
as it not only provides different information such as ingredients, product characteris-
tics, nutritional content, storage, but also helps improve customer acceptability and 
increase the product sale. Therefore, packaging is now considered the most impor-
tant marketing tool in the modern economy. Around $839 billion was the total turn-
over of the packaging industry in terms of revenue generation in 2015 (Anonymous 
n.d.), which is projected to increase at a rate of 3.5% on an average annually between 
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2015–2020, reaching a value of $998 billion in 2020 (Butschli 2016). The packaging 
sector is one of the fastest-growing sectors in India. India’s share in global packaging 
is about 4%, which is equivalent to $32 billion per year in 2015 and is expected to 
reach $73 billion by 2020, with an annual growth rate of 18% (Anonymous n.d.). 
Factors such as the success in online marketing, the growth of organized retail, the 
increase in the consumption of ready-to-eat foods, the growth in flexible packaging 
market, the adoption of innovative packaging process and the development of 
machinery have contributed to the accelerated growth in the packaging industry. Of 
the total packaging sector, foods and beverages occupy the majority, accounting for 
85%, followed by the plastic packaging market, which is expanding rapidly with a 
growth of 20–25% per year and is valued at 6.8 million of tons. The paper packaging 
industry reaches 7.6 million tons, and 10% is occupied by pharmaceutical products. 
Worldwide, among all packaging, food packaging has the highest share, i.e. $161 bil-
lion, followed by other packaging such as beverage $76  billion, pharmaceutical 
$21 billion, cosmetic $13.3 billion and another $153 billion (Alam 2013).

The food industry has used petroleum-based plastic materials such as polyethyl-
ene as the preferred packaging material since last few decades (Gutiérrez and 
Alvarez 2017a). These materials were perceived as flexible, cheap, safe and versa-
tile (Tice 2003), but they possess disposal limitations with very little recycling. In 
addition, rising petroleum costs, environmental concerns for disposal, globalization 
of food supply combined with consumer preference for fresher, convenient and 
safer foods have led to the emergence of novel sustainable packaging materials. 
These materials are an eco-friendly alternative to synthetic ones (Gutiérrez and 
Alvarez 2017b, c). Continuous research is being conducted to meet the consumer 
demands for new and innovative food packaging materials and technologies to pro-
duce sustainable packaging materials (Merino et  al. 2018a, b; 2019a, b). These 
materials have changed the consumer’s perception about raw materials, their selec-
tion, processing and consumption for different end-use applications. This is due to 
direct and indirect links of raw materials with general sustainability, energy effi-
ciency and especially, security of supply. There is substantial growth potential for 
sustainable packaging materials for food packaging such as bio-based packaging 
products, biopolymers, bioplastics.

Bio-based food packaging materials are derived from renewable agricultural or 
marine sources (Álvarez et al. 2017, 2018). In the current era, green composite with 
bio-based material has gained preference as compared to petroleum-based compos-
ite due to the advantage of being natural, ecological and renewable (Satyanarayan 
et al. 2009). It has two main benefits, as they allow for a healthier ecosystem as well 
as rural employment along with economic development of the agricultural commu-
nity. The limitation of biocomposites in the packaging industry is due to their poor 
mechanical and barrier properties (Azeredo 2009). In addition to this, their thermal 
properties are not at par with petroleum-based product. Further, processability is 
also one of the biggest limitations with current machinery due to low thermal stability 
and poor mechanical strength of biocomposites. These limitations can be addressed 
using advanced materials in nano-dimension (Gutiérrez et al. 2017a; Bracone et al. 
2016; Gutiérrez et al. 2019; Toro-Márquez et al. 2018; Gutiérrez 2018a; Gutiérrez 
and Alvarez 2018, 2017d).
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Nano-dimensional materials have some advanced properties due to their defect 
less structure and high strength properties. The intervention of nanotechnology not 
only solves the problems related to the properties, but also the cost economics 
(Sorrentino et  al. 2007) and the problems of disposal of packaging materials. 
Nanocellulose which is a biopolymer, renewable and abundant, can be a twenty-first 
century solution as a filler material for bio-based composite material to be used for 
packaging industry (Mittal 2011). A detailed analysis of the nanocellulose produc-
tion and its compatibility with hydrophobic matrix, as well as the application to 
produce nanocomposite for food packaging, was carried out in this chapter.

The water vapor permeability (WVP) of food packaging material is a critical 
issue in biopolymers, because they absorb water, which degrades the food quality. 
Therefore, the recent thinking process is addressing issues such as high WVP, poor 
mechanical strength, low thermal stability, improved physico-chemical and recy-
clability properties by using nanocomposite technology (Sorrentino et  al. 2007). 
Materials with improved structure and properties can be processed by controlling 
important chemical and physical interactions of composites governed by surface 
properties (Gutiérrez et al. 2018a). The nanocomposites show different properties 
than their individual constituents, since a change in the diameter of the particles, 
layer thickness or fibrous material diameter to nanometer range influences the sur-
face area-to-volume ratio (Ochsner et  al. 2009). Different nanofillers have the 
potential to improve the migration of gases and the flavor properties of plastic pack-
aging and increase the shelf life of the product, e.g. carbon nanotubes, kaolinite, 
graphene, nanoclays (Arora and Padua 2010)(Gutiérrez et al. 2017b).

Consumer demand and awareness about environmental problems due to plastic 
packaging has led to the development of novel bio-based and edible packaging 
materials (Gutiérrez et al. 2015a, b, c, d). Such materials will not only reduce pack-
aging waste, but will also improve the quality of the stored food and, therefore, 
increase the shelf life of the product. Many thermoplastic polymers as starch can be 
used to prepare biodegradable packaging (Tharanathan 2003). Others include cel-
lulose, chitosan (Cs)/chitin, protein (animal, plant based) or lipids (animal, plant 
derived) etc (Gutiérrez 2017a).

‘Active packaging’ (AP), a novel concept that has shown a paradigm shift in food 
packaging since the last two decades by shifting the protection function of packag-
ing from passive to active. AP is a system in which the product, the package and the 
environment interact in a positive way to prolong shelf life of the food. AP actively 
changes the condition of the package to prolong shelf life or improve food safety or 
sensory properties, while maintaining the quality of the food. Active packaging is 
designed to provide chemical and physical benefits. The active packaging elements 
can be divided into different categories as absorber/scavenger, releaser, remover, 
time-temperature indicator and antimicrobial system. For any food, fresh vegetables 
and fruits, the absorption systems can be used as active packaging components to 
remove undesired gases and substances (oxygen, carbon dioxide, moisture, 
ethylene, flavor or odor, etc.) in order to extend the shelf life and prevent spoilage. 
The releasers consist of emitters of ethanol and carbon dioxide, preservative agents 
etc., removers help to eliminate lactose, cholesterol etc. of food, while temperature 
control systems can be self-heating or isolating materials.
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Intelligent packaging (IP) is another innovative packaging system capable of 
carrying out intelligent functions such as detection, sensing, registration, tracing, 
communication and application of scientific logic, to improve food quality, extend 
the shelf life of the product, increase safety, provide information and warn about 
possible problems (Yam et al. 2005). IP system can for e.g. carry out intelligent 
functions as a release of an antimicrobial to protect the food product from spoilage. 
IP helps improve food safety and achieve the desired food quality. They can be tags 
or labels attached to a primary or secondary packaging as barcodes, RFID tags, 
time/temperature/gas indicators or biosensors (Gutiérrez et  al. 2018b; Gutiérrez 
2018b, 2017b; Gutiérrez et al. 2016a, b). A series of IP enabled technologies are 
available incorporating antimicrobial substance in nano-form to process polymer 
composites to control microbial surface contamination of foods. The successful pro-
duction of viable edible films and coatings from whey proteins and their multi-
functions as antioxidants, carrier of antimicrobials or other nutraceuticals with a 
significant primary barrier and mechanical properties add value for commercial 
applications in food industries (Ramos et al. 2012). In addition, due to the increas-
ing demand in consumer for minimally processed products without preservatives, 
the IP technology has gained much attention from the food industry, as it uses low 
level of preservatives in packaging materials and ensures a minimal contact with the 
food (Cha and Chinnan 2004).

Many researchers have incorporated antimicrobial substances, sensors in 
nanocellulose-based polymer composites for packaging applications to detect and 
prevent food spoilage. Fortunati et al. (2012a) developed multi-functional bio-
nanocomposite films of poly(lactic acid) (PLA), cellulose nanocrystals (CNCs) and 
silver nanoparticles. These films showed a constant antibacterial effect against 
Staphylococcus aureus and Escherichia coli, with potential use in food packaging 
applications. El-Wakil et al. (2015) developed wheat gluten/nanocellulose/titanium 
dioxide composite papers for active food packaging. These coated papers showed 
good antimicrobial activity against Gram positive and negative bacteria, and yeast.

27.2  �History of Packaging Industry

The need to store food arose with the progress in human civilization when humans 
began to travel long distances in search of food. The oldest packaging materials 
used for this purpose were pumpkin’s, shells and leaves. Subsequently, humans 
devised different innovative nature-derived packages with an increase in the need 
for storage and packaging purposes, e.g. baskets woven from leaves and barks, hol-
lowed out vegetables and wooden logs, different animal parts such as skin/hide, 
organs etc. During 1500 BC–500 AD, new packages such as ceramic vessels and 
amphorae arose in the Mediterranean region for the commercial transport of wine 
and other products. The different advances in food packaging over the years helped 
to protect food from external contact such as contamination by microbes, thus 
reducing its growth, in addition to its basic function as a means of consumption 
and storage. The additional packaging materials developed over the years prevent 
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contact of food with change in air, pH and moisture, which can lead to microbial 
degradation of food (Raheem 2012).

Glassmaking started as a type of ceramics in 7000 BC and the glassmaking 
technique was industrialized around 1500 BC in Egypt. Around 7000 BC, colored 
water pots were used as containers to store food and water. By 1200 BC, the cups 
and bowls were made by pressing the glass into molds. Transparent glass was 
invented in the Christian era and its manufacturing process spread across the 
European continent for the next 1000 years. The technique was refined even more 
during eighteenth and nineteenth centuries. The first automatic machine to manu-
facture rotary bottles was invented and patented by Owens in the year 1889. During 
1900s–1960, liquid products were stored mainly in glass containers.

The oldest form of flexible packaging was paper. The paper was invented in 
China during 200 BC–220 AD. The word paper is derived from the Greek word 
Papyrus. The paper-based packaging was first used by the Chinese to wrap foods 
with the use of treated mulberry bark during 1st and 2nd century BC. The paper-
making technique was further refined over the next 1500 years and the knowledge 
travelled westwards from China to Central Asia, the Middle East, and Europe 
(Welt 2005). Papermaking technique was introduced in the United Kingdom in 
1310, while it came Pennsylvania, USA in 1690 (Berger 2002).

Paperboard was first used to manufacture folding cartons in the 1800s, first 
paperboard carton/cardboard box was made in England in 1817 and its thinner type 
paperboard carton was later used for cereal storage. The use of paper in packaging 
began with the development of paper bags. The commercial production of paper 
bags began in Bristol, England in 1844. The corrugated boxes used widely today as 
shipping container to hold a series of smaller packages were developed in the 1850s 
(Risch 2009). In 1852, the machine to manufacture paper bags was invented and 
patented by Francis Wolle in United States of America (USA), which led to devel-
opment of glued paper sacks and gusset design in 1870s, which are also used today. 
In 1870s, the world’s first semi-flexible packaging was accidentally developed by 
Robert Gair, who invented the first automatic-made cardboard. These folding car-
tons used to date form the backbone of dry and processed food products. In 1905, 
machines were invented to produce in-line printed paper bags.

Initial metal-based packaging materials as boxes, cups and containers made 
from gold and silver were precious/too expensive for ordinary people to use in the 
ancient era. Other metals emerged progressively as common packaging materials 
with discovery of cheaper metals for the processing of strong alloys, coatings and 
thinner gauges and large-scale production (Hook and Heimlich 2011). In 1805, 
Nicholas Appert (“Father of Canning”) proved that food could be sterilized and 
preserved for an extended time by boiling at high temperatures and then sealing in 
tin containers. Later, in the year 1810, inventor and merchant Peter Durand received 
a patent for developing a sealed cylindrical can made from tinplate for food stor-
age. The first beverage can made of tin-plated steel was made by Kruger Beer in 
1935, until then the drinks were available in glass bottles. In 1959, Coors intro-
duced the aluminium can (which is currently used in carbonated beverages) and in 
the same year, Emral Fraze invented the pop tab. The first ring pull was introduced 
in 1963, which facilitated the opening of the can and provided ease of drinking 
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directly from it. The stay tab which is a ring tab that stays attached to the can, was 
introduced in 1975.

Throughout the 20th century, paper and paperboard packaging increased in pop-
ularity and, subsequently, in the late 1970s and 1980s with the arrival of plastics as 
an important element in packaging, paper and paper-based products were replaced. 
The use of plastics in packaging began in the 1950s. The packaging industry is the 
largest user of plastics because more than 90% of flexible packaging is made of 
plastics and only 17% of rigid packaging. Generally, barrier resins are used for the 
preparation of plastic containers to improve product protection and make them more 
cost effective. Plastic materials made up of large organic molecules are useful prod-
ucts, since they are fluid, can be sealed with heat, are easy to print and can be inte-
grated into production processes (Marsh and Bugusu 2007). The application of 
plastics in packaging has increased worldwide with an estimate of 280 metric tons 
(Paine and Paine 2012).

The molded deodorizing squeeze bottles were introduced in 1947 and in 1958 for 
packaging; while heat shrinkable films were developed from the mixture of styrene 
with synthetic rubber. Cellulose acetate first derived from wood pulp in 1900 and 
developed for photographic uses in 1909. New manufacturing protocols were also 
developed using various techniques such as forming, molding, casting and extrusion 
to prepare plastic products in large quantities (Plastic Make It Possible Report 2010).

In 1977, after the introduction of polyethylene terephthalate (PET) containers, it 
became easy to manufacture beverage containers, which are mainly used today. 
Other novel materials, such as transparent films and cellophanes, have been used as 
external wrappers to maintain the shape. By 1980, foods and other hot-fill products, 
such as jams, could also be packaged in PET.  In 1986, aluminium trays were 
replaced by plastic microwavable trays. In 1996, metallocene-catalyzed polyolefin 
was introduced to reduce food waste. In 2000, the entry of PLA into packaging 
market signalled the return of biobased plastic (Vink et al. 2004).

Active packaging is a new area of research which involves the combination of food 
packaging materials with antimicrobial substances. With the advent of nanotechnol-
ogy, it is much easier to functionalize polymer films based on nanoparticles with 
antimicrobial agents for food packaging. The nanocomposites are much more supe-
rior compared to conventional packaging materials in terms of barrier properties, 
mechanical strength and heat resistance (Herniou--Julien et al. 2019). The polymer 
nanocomposites for food packaging have been considered for the entire life cycle of 
the packaging material (Silvestre et al. 2011). The life cycle is a very important prop-
erty in the packaging material from procurement, processing, transportation, delivery 
and disposal of raw materials (Chaffee and Yoros 2007).

27.3  �Polymer Matrix

Fiber along with a suitable polymer matrix, provide good strength and adhesion to 
a composite material (Deo 2010). Generally, the matrix is deformed in the load 
application or load transfer. Therefore, when the matrix is reinforced with any 
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fibrous filler, the applied load is transferred mostly to the fiber and provides an 
adequate load bearing capacity. The matrix redistributes the load to the surrounding 
fibers and restricts the buckling of the fibers due to compression (Outwater 2014). 
Polymer matrices are broadly divided into two categories: thermoset and 
thermoplastics.

27.3.1  �Thermoplastic Polymer Matrix

Plastics that melt upon being heated and solidify upon cooling are known as ther-
moplastics which are generally solid at room temperature (Fig. 27.1). There is no 
chemical change in any number of melting and solidification of these plastics 
(Morena 1988). But a greater number of heating cycle degrades the polymer. 
Examples of thermoplastic polymers are unsaturated polyesters (UPs), polyetherim-
ide, polyamide imide, polyphenylene sulfide, polyetherketone and liquid crystal 
polymers. Thermoplastics are mainly used in high volume industries, such as the 
automotive and aviation industries, etc. After adequate reinforcement with plastic, 
carbon or graphite fiber, they can be used instead of epoxy in the next generation 
aircrafts (Astrom 1997).

27.3.2  �Thermoset Polymer Matrix

The polymeric materials after a chemical reaction are transformed from liquid to 
solid state, when the material is not cured, the materials are very small unlike 
molecules, i.e. monomers. After molecular cross-linking during the reaction, 
longer molecular chains are formed, leading to solidification (Fig. 27.2). These 
thermoset polymeric materials are permanent and irreversible. The different 
types of thermoset polymer matrices used in composites are bismaleimides, 
epoxy (epoxide), phenolic (PF), UP, polyimide, polyurethane (PU) and silicone 
(Astrom 1997).

Fig. 27.1  Polymerized 
thermoplastic polymer
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27.4  �Cellulose

In 1839, the French chemist A. Payen used the term “cellulose” for the first time in 
his report of the French Academy (Payen and Hebd 1838). The French chemist 
Anselme Payen in 1838 described a resistant fibrous solid, which remained after 
treating various plant tissues with acids and ammonia (Klemm 2005). The molecular 
formula (C6H10O5) was determined by elemental analysis and the term “cellulose” 
was used to refer it. It was used in the form of wood, cotton and other vegetable 
fibers as an energy source, for building materials and clothing for thousands years 
since its discovery (Doree 1947). Cellulose is a long-chain natural polymer made by 
linking of smaller molecules (Fig. 27.3). These links in the cellulose chain consist 
of sugar, β-D-glucose (Alemdar and Sain 2008). Cellulose is found in cotton and all 
ligoncellulosic biomasses. Ligoncellulosic agricultural by-products can be used to 
obtain cellulose, among them: the residues of wheat and cereals (Jahan et al. 2011), 
jute (Nelson et al. 2000), soybean husk (Bochek et al. 2003) flax fibers and flax 
straw (Bhattacharya et  al. 2008), sugarcane bagasse (Istvan and Plackett 2010), 
corn, sorghum, barley, pineapple, sorghum, bananas, coconut crops, etc. (Hubbe 
et al. 2008). Despite its various use in the fiber, paper, films and polymer industries, 
the use of cellulose has generated interest in the processing of novel material 
applications due to its super functionalities, extremely large, active surface area and 
low cost (Turbak et al. 1983).

27.4.1  �Nanocellulose

In the early 1980s, the term nanocellulose was publicly used for the first time by 
Klemm (Klemm et al. 2011). Turbak, Snyder and Sandberg in the late 1970s at the 
ITT Rayonier labs in Whippany, NJ, USA used the microfibrillated nanocellulose 
(MFC) terminology to describe a product prepared as a gel-like material. This mate-
rial was prepared by passing wood pulp through a Gaulin-type milk homogenizer at 
high temperatures and high pressures impacting against a hard surface through the 
ejection process. Nanocellulose is a promising innovative material for the modern 
industry of the twenty first century. In future, synthetic fillers will be replaced by 
nanocellulose to reinforce polymer composites for use in the automotive industry, 
packaging and furniture production Jahan et al. (2011).

Fig. 27.2  Polymerized 
thermoset polymer
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The word ‘nanocellulose’ generally refers to cellulosic materials with a dimension 
in the nanometer range and look like gel if it is prepared from wood pulp as shown 
in Fig. 27.4. Depending upon the raw material, the production method and its size, 
nanocellulose is classified into three main categories (Iwamoto et  al. 2009). The 
three main types of nanocellulose are cellulose nanocrystal (CNC), cellulose nano-
fibril (CNF) and bacterial nanocellulose (BNC). The nomenclature used by Klemm 
(2005) is given in Table 27.1.

Fig. 27.3  Structural organization of the plant cell wall

Fig. 27.4  Image of nanocellulose prepared from wood pulp

27  Nanocellulose-Polymer Composites: Novel Materials for Food Packaging…



562

27.4.2  �Preparation and Properties of Nanocellulose

The most general method for preparation of nanocellulose is top-down approach 
using physics, chemistry and chemo-mechanics. The detailed scheme of this method 
is shown in Fig. 27.5. BNC is being synthesized by a bottom-up method from the 
glucose by a family of bacteria (Iwamoto et  al. 2009), yeast, algae, etc. In this 
chapter, we mainly focus our attention on nanocellulose produced by the top-down 
method from wood or agricultural/forest crops or residues, i.e. lignocellulosic 
biomass.

Several methods of preparing nanocellulose from cellulosic materials have been 
reported, such as steam explosion treatment (Mandal and Chakrabarty 2011), acid 
or alkaline hydrolysis (Moran et al. 2008; Henriksson et al. 2007), enzyme-assisted 
hydrolysis (Chen et al. 2011), as well as a combination of two or several of the 
aforementioned methods (Keeratiurai and Corredig 2009). High-pressure homog-
enization (HPH) due to its simplicity, high efficiency and no requirement of organic 
solvents is an efficient technology for biomass refining (Kaushik and Singh 2011). 
Typically MFC is produced as a suspension in water. The viscosity of the suspen-
sion changes during homogenization from a low-viscosity to a high. Normally, a 
2% fiber suspended in water is used for the preparation of MFC. To minimize the 
size of the cellulose fibers and to avoid clogging during homogenization, pre-treat-
ment of cellulose, such as steam explosion, microfluidization processor or other 
methods is essential (Lee et al. 2009a; Zimmermann et al. 2010; Brandt et al. 2010). 
Recently, ionic liquids at room temperature have emerged as new agents for pre-
treatment, since they have an excellent dissolving capacity of cellulose (Li et al. 2012). 

Table 27.1  Classification of nanocellulose (Iwamoto et al. 2009; Gama et al. 2012; Cherian et al. 
2010)

Type of 
nanocellulose Synonyms Typical sources Average size Images

Cellulose 
nanocrystal

Nanocrystalline 
cellulose, 
whiskers, rod 
like cellulose, 
microcrystals

Wood, cotton, hemp, 
flax, wheat straw, rice 
straw, mulberry bark, 
ramie, MCC, Avicel, 
tunicin, algae, 
bacteria, etc.

Diameter: 5–70 nm

Length: 100–250 nm 
(from plant); 100 nm 
several micrometers 
(from cellulose of 
tunicates, algae, 
bacteria)

Nanofibrillated 
cellulose

Nanofibrils, 
microfibrils, 
nanofibrillated 
cellulose, 
microfibrillated 
cellulose

Wood, sugar beet, 
potato, tuber, hemp, 
flax etc.

Diameter: 5–60 nm 
Length: several 
micrometers

Bacterial 
nanocellulose

Microbial 
cellulose, 
biocellulose

Low-molecular-weight 
sugars and alcohols

Bacterial synthesis 
Diameter: 
20–100 nm
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At higher concentrations, the increase in viscosity during processing becomes too 
high to continue processing. Therefore, a schematic overview of approache to pro-
duce nanocellulosic materials in low concentration from fibers is provided in 
Fig. 27.5 (Siqueira et al. 2010; Lavoine et al. 2012).

Many intrinsic properties have been observed in MFC, such as low density, high 
chemical reactivity, high strength and modulus, and high transparency that make it 
attractive for applications (Nogi et al. 2009; Lee et al. 2009b; Paakko et al. 2007; 
Siro and Plackett 2010).

Recently, a great interest has been attracted to nanocellulose as a potential filler 
for use in nanocomposites. A wide range of polymer matrices can be incorporated 
with nanocellulose as waterborne polyurethane, poly(3-hydroxybutyrate), hydroxy-
propyl cellulose, poly(L-lactide), poly(3,4-ethylenedioxythiophene), polyvinyl 
acetate and poly(o-ethoxyaniline). Table 27.2 shows that the nanocellulose stiffness 
and tensile strength (TS) are comparable to those of aramid fiber (Kevlar) and better 
than glass fiber, which are used commercially to reinforce plastics.

Nanocellulose films exhibit high strength (> 200 MPa), high stiffness (~20 GPa), 
and high strain (12%). The strength/weight ratio of nanocellulose is 8 times more 
than stainless steel (Aulin et al. 2010). Nanocellulose composites can thus be used 
as coatings and films, paints, foams and packaging materials (Cai et al. 2011).

27.5  �Nanocellulose-Polymer Composite Films

Nanocomposite is now an expanding research area that offers new materials with 
novel functional properties (Ruiz et  al. 2000). Nanocomposites are made up of 
nano-size fillers with particular size, dimension and surface chemistry properties. 
Nanocellulose is used mainly with hydrocolloids such as starches, poly-saccharides, 
proteins, pectins and synthetic polymers. Different inorganic nanoparticles have 

Fig. 27.5  Flow diagram for the synthesis of nanofibrils and nanocrystals by mechanical and 
chemical routes
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been recognized as possible additives to improve the polymer performance (John 
and Thomas 2008). A polymer composite is a combination of a polymer matrix and 
a strong reinforcing phase, or filler (Fig.  27.6). Polymer nanocomposites are 
polymers (thermoplastics, thermosets or elastomers) that have been reinforced with 
small amounts (less than 5% by weight) of nanosized particles having high aspect 
ratios (L/D > 300) (Denault and Labrecque 2004).

Table 27.2  Mechanical properties of various reinforcements

Sl. 
No. Plant fibre/materials

Strength 
(GPa)

Modulus 
(GPa) Reference

1 Cellulose micro/
nanofibril

10 150 Sakurada et al. (1962)

2 CNC 10 150 Revol et al. (1998)
3 Aramid fibers (Kevlar) 3–3.5 130 Denoyelle (2011)
4 Cotton 0.3–0.7 6–10 Cristaldi et al. (2010)
5 Kapok 0.093 4 Cristaldi et al. (2010)
6 Bamboo 0.57 27 Cristaldi et al. (2010)
7 Flax 0.5–0.9 50–70 Cristaldi et al. (2010)
8 Hemp 0.31–0.75 30–60 Cristaldi et al. (2010)
9 Jute 0.2–0.45 20–55 Cristaldi et al. (2010)
10 Aluminum wire 0.62 73 Bledzki and Gassan (1999)
11 Steel 0.54 200 Bledzki and Gassan (1999)
12 Kenaf 0.29–1.19 22–60 Bledzki and Gassan (1999)
13 Ramie 0.91 23 Cristaldi et al. (2010)
14 Abaca 0.012 41 Cristaldi et al. (2010)
15 Banana 0.53–0.92 27–32 Cristaldi et al. (2010)
16 Pineapple 0.413–1.627 60–82 Cristaldi et al. (2010)
17 Sisal 0.08–0.84 9–22 Cristaldi et al. (2010)
18 Coir 0.106–0.175 6 Cristaldi et al. (2010)
19 Ramie 0.4–0.94 61.4–128 Cristaldi et al. (2010)
20 E-glass 2–3.5 70 Westman et al. (2010)
21 Carbon 4 230–240 Westman et al. (2010)

Fig. 27.6  Preparation of polymer–nanocellulose composite
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27.5.1  �Preparation of Nanocellulose-Based Composite Films

Polymers derived from petrochemical predominate in food packaging due to their 
easy processing, excellent barrier properties and low cost (García et al. 2004). The 
use of nanocellulose acting as an active substance carriers, such as antioxidants and 
antimicrobials helps to extend the food quality and safety, thus extending the shelf 
life of them. There is potential for the processing of nanocellulose-based polymer 
composites for preparing cheap and lightweight nanocomposites for food packag-
ing applications. In the recent years, advanced research and development in the field 
of polymer science and the extensive use of advanced technology for the prepara-
tion of polymers have generated greater interest in the preparation and characteriza-
tion of novel polymer materials and their composite films.

27.5.1.1  �Solvent Casting Method

One of the simplest methods used for the preparation of polymer nanocomposites is 
the solvent casting method, since it requires simple processing equipment. The 
nanocellulose reinforcement in the solution casting is dispersed within a given 
medium (0.05–5 wt% solids), water or different organic media to prepare a homog-
enous nano-scale aqueous suspension by stirring at room temperature or using an 
autoclave reactor to mix at high temperatures and then polymer solutions are mixed 
with it. The composite films are subsequently produced with this mixture via cast-
ing on a suitable surface, followed by an evaporation/drying in oven under vacuum 
(Fig. 27.7) (Ghosh and Sain 2014).

This processing method strongly influences the mechanical properties of the 
resulting nanocomposite. It has been observed that solution casting of nanoscale 
reinforcements, especially with an aqueous latex dispersion matrix, produces supe-
rior results compared to melt-extruded composites due to better dispersion of 
nanoscale cellulose reinforcements and the possibility to form hydrogen bonds 
between reinforcements and matrix material (Favier et  al. 1995). It is a low-
temperature environmentally friendly process which requires a small amount of 

Fig. 27.7  Solvent casting
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sample to produce films of uniform thickness. However, the method has several 
limitations, since it consumes time, is useful when a very small amount of 
reinforcement is required, is limited to the laboratory scale and can involve complex 
processes with a high energy consumption (Khoskhava 2014).

The solution casting method is used to process polymer composites with nano-
cellulose reinforcement in water soluble polymer matrices such as poly(oxyethylene) 
(PEO) (Samir et al. 2004), polyvinyl alcohol (PVOH) (Roohani et al. 2008), water-
borne PU (Guangjun et al. 2008), starch (Teixeira et al. 2009) and water-insoluble 
polymer matrices as polypropylene (De Menezes et al. 2009), polyvinyl chloride 
(Chazeau et al. 1999), polyvinyl acetate (Garcia de Rodriguez et al. 2006), polycap-
rolactone (Siqueira et al. 2009) and PLA (Sanchez-Garcia and Lagaron 2010;  
Yu et al. 2008; Lin et al. 2009).

27.5.1.2  �Melt Intercalation Process

This is the most promising and practical method for the preparation of polymer 
nanocomposites. Vaia, Ishii and Giannelis (1993) first used the melt intercalation 
process to process polymer composites in 1993. Since solvents are not required, 
this method is used in the polymer processing industry using compounding devices 
such as extruders or mixers. Melt intercalation is a top-down method of polymer 
processing. This simple economic and environmentally friendly processing method 
involves direct mixing of nanoreinforcement with molten polymer to optimize the 
polymer–nanomaterial interactions. The nanocomposite is formed when the poly-
mer-filler mixture is hardened above the glass transition temperature (Tg) of the 
polymer (Fig. 27.8).

The polymer chains penetrate into the filler/reinforcement layers inducing inter-
calation. According to the compatibility between the surface of the layers and the 
polymer, either intercalated or exfoliated nanocomposites can be obtained 
(Kumar et al. 2009). This method results in normally lower levels of exfoliation 

Fig. 27.8  Melt intercalation process for preparation of nanocomposite
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compared to in situ polymerization. Polymers not suitable for solution intercalation, 
adsorption or in situ polymerization methods, can be used to prepare nanocompos-
ites by this method (Hussain et al. 2006). The melting intercalation process of the 
polymer preparation reduces the interfacial tension and improves matrix-filler inter-
actions. The method is more flexible and does not require chemical reaction or sol-
vent (Liu et al. 1999; Karande 2013).

27.5.1.3  �In situ Polymerization

The first method used to synthesize nanocomposites was in situ polymerization. 
The in-situ polymerization of monomers in the presence of cellulosic nanofillers is 
advantageous as compared to the traditional processing methods mentioned above, 
since a uniform dispersion of cellulosic nanofillers in the polymer matrix can be 
achieved by minimizing aggregation by their improved interaction with growing 
polymer molecules. This method also reduces the moisture absorption behavior of 
wrapped cellulosic nanofillers and improves the biodegradability of nanocomposites 
under compost conditions when required for specific applications such as packaging. 
However, this method is applicable only when the polymerization is carried out in 
liquid phase where liquid monomer molecules are polymerized in presence of nano-
cellulose filler. This process is conventionally used to synthesize thermoplastic nano-
composites, while for thermosets such as epoxies or UPs, a curing agent or peroxide 
is added to initiate the polymerization. Either the addition of curing agent or the 
increase in temperature can initiate polymerization for the thermosets (Fig.  27.9) 
(Messersmith and Giannelis 1995).

This processing method can be scaled up to an industrial level and can dramati-
cally increase the industrial development of cellulosic nanocomposite products. 
Several researchers have used the in situ polymerization method to develop novel 
nanocellulose based composites with new potential applications, e.g. polymethyl-
methacrylate (PMMA) (Mabrouk et  al. 2011; Maiti et  al. 2013), polyacrylamide 
(PAAm) (Dufresne et al. 2003), PANI (Zhou et al. 2011), polyurethane (Lacerda 
et al. 2013), polypyrrhole (Nystrom et al. 2010).

Fig. 27.9  Process for the preparation of nanocomposite by in situ polymerization
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27.5.1.4  �Ring-Opening Polymerization

The ring-opening polymerization (ROP) reaction is of particular interest because 
it finds wide application in thermostable polymers. By means of this technique, 
epoxy resin networks or cross-linked UPs can be synthesized, which are of great 
importance in the market of thermoset polymer-based composites.

ROP is a well-known technique to polymerize cyclic monomers such as lactones 
and lactides, where alcohol generally acts as an initiator. This method is used for the 
polymeric modification of cellulose and various cellulosic derivatives (Jerome and 
Lecomte 2008). Depending on monomers, catalysts, initiators used, the polymer is 
prepared through different mechanisms using ROP method (Fig.  27.10). Several 
scientists have used ROP for the preparation of nanocellulose-based polymer com-
posites (Goffin et al. 2011; Peltzer et al. 2014; Habibi and Vignon 2008; Chen et al. 
2009; Lonnberg et al. 2011; Braun et al. 2012). The nanocomposite sheets produced 
by ROP possess good mechanical strength.

The ROP approach was applied for the first time to the CNCs by Habibi et al. 
(2008) who grafted polycaprolactone onto the surface of CNCs using stannous 
octoate (Sn(Oct)2) as a grafting and polymerization agent. Chen et al. (2009) and 
Lin et al. (2009) conducted similar ROP under microwave irradiation to improve 
graft efficiency and incorporated PCL-CNCs into the PCL matrix. Lonnberg et al. 
(2011) grafted PCL chains on nanofibrillated celluloses (NFCs) and the resultant 
PCL-grafted NFC films were prepared by thermoforming in the form of bilayer 
laminates. Oksman et al. (2006) reported a direct correlation between the length of 
grafted PCL chains and interfacial toughness of the resulting laminate.

Fig. 27.10  Ring opening process for the preparation of nanocomposite
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Extrusion methods are being used for the formation of nanofiber-reinforced 
polymer composites. Some reviews related to the preparation of composite films are 
highlighted below:

Oksman et al. (2006) reported on the preparation of PLA nanocomposites rein-
forced with cellulose whisker using melt extrusion method. In this method, the 
nanocellulose polymer composite was prepared by pumping nanocrystal suspension 
into the melt of the polymer during the extrusion process (Oksman et al. 2006). The 
authors observed that the hydrophilic nature of the cellulose results in the formation 
of additional hydrogen bonds between amorphous parts of the nanoparticles leading 
to an irreversible agglomeration during drying and aggregation in nonpolar matrices 
(Oksman et al. 2006). The film composites produced show a higher Tensile Strength 
(TS) as the proportion of modified cellulose increases and the elongation at break 
increases as the proportion of PLA increases. So modified cellulose plays a vital 
role in increasing the TS of composite films. These films can thus be used as a pack-
age to protect food from oxidation reaction and moisture (Sandeep et al. 2012).

Bruce et  al. (2005) prepared composite materials using MFC from Swedish 
roots and different resins, including four types of acrylic and two types of epoxy 
resins. It was found that the stiffness and the strength of all the composites were 
significantly higher than the unmodified resins. Using this method, nanocomposites 
with good mechanical properties were prepared using vegetable pulp with a wide 
range of resins (Bruce et  al. 2005). Low coefficient thermal expansion (CTE) is 
another beneficial feature of nanocellulose. It has been reported that the CTE values 
for nanocellulose are as low as 0.1 ppm/K, which is comparable to that of quartz 
glass. The low CTE for nanocellulose in combination with high strength and Young’s 
Modulus (YM) makes it a potential reinforcement material for the manufacture of 
solar cells, actuators, flexible displays, electronic papers, panel sensors etc. (Nishino 
et  al. 2004). Nogi and Yano (2008) prepared nanocomposites using transparent 
acrylic resin (with low YM) with 5% bacterial cellulose (BC). The ductile, foldable 
and transparent nanocomposite showed a low CTE and a high YM. A film stacking 
method was used to prepare PU-MFC composite materials, where the PU films and 
nonwoven cellulose fibril mats were stacked and compression molded (Seydibeyoglu 
and Oksman 2008). Wan et al. (2006) used PVOH reinforced with BC as a rein-
forcement material for medical device applications. The authors developed a 
PVOH-BC nanocomposite with mechanical properties over a wide range, thus mak-
ing it appropriate to replace different tissues (Wan et al. 2006).

Khan et  al. (2014) prepared methylcellulose (MC) films by using the casting 
methodology in a 1% aqueous solution containing 0.5% vegetable oil, 0.25% glyc-
erol and 0.025% Tween-80. These authors studied the effect of gamma radiation on 
the nanocellulose-containing MC-based composites and observed that mechanical 
properties of the films increased slightly at low doses due to the reorientation of the 
nanocellulose fibers (NCFs), whereas barrier properties were improved even more. 
Dufresne et al. (2000) and Dufresne and Vignon (1998) prepared and reported that 
the biodegradability of modified potato thermoplastic starch (TPS) composite films 
containing MFC obtained by the solution casting methodology were preserved, and 
that MFC significantly reinforced the starch matrix, regardless of the plasticizer 
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content, and increase in YM depended on filler content almost in linear manner. It 
was also observed that YM and TS were significantly improved in the nanocompos-
ite films due to the uniform dispersion of the nanofibers in the polymer matrix. 
Azeredo et al. (2010) developed composite films by reinforcing the nanocellulose in 
Cs and glycerol as a plasticizer. Pereda et al. (2010) developed sodium caseinate 
films with nanocellulose by dispersing the fibrils into film-forming solutions, cast-
ing and drying. The composite films were found to be less transparent and more 
hydrophilic than pure sodium caseinate films. The caseinate films showed an initial 
rise and subsequent decrease in WVP with increase in filler content.

27.6  �Characterization of Composite Films

Different characteristics such as surface morphology, mechanical, thermal and opti-
cal properties, as well as water and gas permeability using various instrumental 
techniques are conducted to evaluate the properties of nanocomposites. Microscopy 
helps to study and understand the distribution of nanocellulose in the polymer 
matrix and interfacial adhesion.

27.6.1  �Scanning Electron Microscopy (SEM)

The morphological and macroscopic study of nanocomposites is carried out by 
using scanning electron microscopy (SEM). An electron beam scan focused across 
the surface of the sample results in signals that are converted into an image on a 
computer screen. The most widely used signals for imaging are secondary elec-
trons, which are electrons that are excited from the sample molecules by the scan-
ning electron beam. These secondary electrons give information about the texture of 
the surface and the dark regions in the obtained image mean that secondary elec-
trons are prevented from reaching the detector. There are also other signals obtained 
when the beam strikes the sample, e.g. backscattered electrons, Auger electrons and 
X-rays (Zhou et al. 2006). Other methods used to study the morphology of nano-
composites are Atomic Force Microscopy (AFM), Fourier Transform Infrared 
(FTIR) spectroscopy, etc.

27.6.2  �Permeability

Permeability is an important parameter for the evaluation of nanocellulose-
reinforced composite films for packaging applications. The experiment with diffu-
sion cells is used to determine the permeability of nanocellulose-reinforced film 
(van den Mooter et al. 1994). The cellulose nanoparticles confer improved barrier 
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properties to the membranes used for packaging purposes. Due to the nanosize, gas 
molecules penetrate with difficulty into the crystalline domains of the cellulose 
nanoparticles. In addition, the cellulosic nanoparticles form a dense percolating net-
work held together by strong inter-particle bonds, which reinforce their use in films. 
Meanwhile, CNFs have a strong gas barrier property compared to the CNCs. CNC’s 
can form a dense hydrogen bonding network which can increase the gas barrier 
property of CNC-reinforced composite films. CNFs have tunable barrier properties 
which can be used to process high performance barrier films for packaging 
applications.

The mass transport rate of water/gases is expressed by the diffusion of specimens 
across a membrane according to Fick’s first law, assuming that the linear concentra-
tion drop within the film (two-film theory). Using a partition coefficient K, the bulk 
concentrations in the diffusion cell chambers can be related to the concentrations on 
the surface of the film. Another assumption that is made is that the concentration of 
the diffused specimens present within the film is negligible compared to the total 
concentrations of the chamber. The complete derivation can be seen in the work of 
(van den Mooter et al. 1994). It is important to note that the permeability is scaled 
against the film thickness, resulting in the unit m2/s.

27.6.3  �Thermal Analysis

Thermal analysis is defined as the measurement of the physical and chemical 
properties of materials as a function of temperature. The two main thermal analy-
sis techniques are thermogravimetric analysis (TGA) and differential thermal 
analysis (DTA). TGA is a method of thermal analysis in which changes in the 
physical and chemical properties of polymer materials are measured as a function 
of the increase in temperature (with constant heating rate) or as a function of time 
(with constant temperature and/or constant mass loss). The thermal decomposi-
tion property of nanocellulose-reinforced composite films is determined by 
TGA. The DTA measures the temperature difference between a sample and an 
inert reference material as a function of temperature. This method detects changes 
in heat content. Differential Scanning Calorimetry (DSC) is another closely 
related and modified version of DTA. The study of the thermal behavior of nano-
composites helps to evaluate the operational range of work of the nanocellulose-
reinforced polymer composites as compared to the traditional composites. The 
nanocrystalline cellulose (NCC) reinforcement leads to an improvement in glass-
rubber transition temperatures, melting point and thermal stability. Kaushik and 
Grewal (2011) studied the thermal behavior of the TPS/NCC composites for food 
packaging applications. The thermal degradation of the nanocomposites with 10% 
CNCs was studied using TGA under nitrogen atmosphere at a heating rate of 
10 °C/min. The authors reported that the addition of CNCs had a significant effect 
on the activation energy for thermal degradation of the composite materials com-
pared to the net matrix alone.
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27.6.4  �Dynamic Mechanical Analysis (DMA)

DMA is a viscoelastic technique that monitors changes in properties due to tem-
perature and/or frequency or time change. The technique measures the total energy 
stored and dissipated in the material due to a dynamic stimuli. The viscoelastic 
properties are obtained from elastic and viscous responses. The elastic response is a 
measure of the energy stored in the material and yields the storage modulus (E0). 
On the other hand, the viscous response measures the energy dissipated in the mate-
rial due to friction and internal movements, and yields the loss modulus (E00) 
(Barari et al. 2016). The effect of CNF reinforcement on the viscoelastic properties 
of epoxy composites was examined by Barari et al. (2016) using the DMA.

27.6.5  �Differential Scanning Calorimetry (DSC)

DSC determines the energy changes within a material during the constant heating 
rate. These energy changes correspond to chemical reactions that occur in the sam-
ple or physical changes such as glass transition, crystallization, melting of crystals 
or sample decomposition (Sandler et  al. 1998). The DSC can be considered as 
another thermal test method to measure the Tg of nanocellulose-based polymer 
composite samples. The Tg indicates the temperature at which polymers transform 
from hard state (glassy state) to soft (rubbery) state. The Tg increases with increas-
ing chain stiffness and with increasing intermolecular attraction forces. Gray et al. 
(2018) studied DSC thermograms of low density polyethylene (LDPE)/TPS nano-
composites reinforced with CNCs. These authors reported that CNC increased the 
Tg and melting temperature (Tm) of LDPE/TPS blends, specially at low TPS con-
tent. This can be attributed to the strong interactions between hydroxyl groups of 
CNC with TPS and CNC increasing the crystallinity of TPS, shifting its melting 
point to higher temperatures. The authors also concluded that these LDPE/TPS/
CNC composites can be a sustainable alternative to replace LDPE in food packag-
ing application.

27.6.6  �Thermal Stability

TGA is used to determine the thermal decomposition property of nanocellulose-
reinforced composite films. The weight loss due to the formation of volatile prod-
ucts after degradation at high temperature is monitored as a function of temperature. 
When the sample is heated under an inert gas flow, a non-oxidative degradation 
occurs, while under the flow of air or oxygen an oxidative degradation occurs. In 
general, the use of clay as filler into the polymer matrix improves thermal stability 
by acting as a superior insulator and mass transport barrier to the volatile products 
generated during decomposition (Sinha and Okamoto 2003).
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27.7  �Properties of Polymer Nanocomposites

The composite materials exhibit outstanding mechanical properties with the mix-
ture of nanocellulose and polymer matrix at low filler loading (Dufresne 2012). 
Mechanical solicitation is achieved within the polymer matrix under suitable condi-
tion by mechanically percolating a stiff network of nanoparticles. With the increase 
in the aspect ratio of CNCs, the stiffness of the percolating CNC increases (Bras 
et al. 2011), higher aspect ratio of the CNC is more important from the mechanical 
point of view, since it induces a decrease in the critical percolation threshold and 
stiffens the continuous network. In case of inhibition of formation of percolating 
nanoparticle network, only the high stiffness of crystalline cellulose in the nanoscale 
dimensions, the high aspect ratio and filler-matrix interactions are involved in the 
reinforcement phenomenon.

27.7.1  �Optical Properties

The ultraviolet-visible (UV-Vis) spectrometer is used to calculate optical properties 
such as regular light transmittance (Tr) of nanocellulose-polymer composite films 
(Fig. 27.11). Fujisawa et al. (2012) reported that TEMPO oxidized cellulose nano-
fibrils (TOCNs) when reinforced in polystyrene (PS) provides superior reinforce-
ment at low concentrations and improves optical transparency of PS composite film. 
Savadekar and Mhaske (2012) measured the Tr of the TPS/NCF films with a 
thickness of 0.60 mm using an UV-Vis spectroscope (UV-160A, Shimadzu, Japan) 
in a wavelength range of 200–800 nm. Soeta et al. (2015) prepared low-birefringent 
and highly tough poly(ethylene glycol) (PEG)-grafted CNF/cellulose triacetate (CTA) 
nanocomposite films. Due to the nanometric size effect of the TOCNs with a uni-
form width of ∼3 nm, the PEG-TOCN/CTA nanocomposite films had a high trans-
parency and a low birefringence with potential use in transparent optical films.

27.7.2  �Barrier Properties of Nanocomposite Films

The food packaging materials used today are made from non-biodegradable poly-
meric materials which lead to serious environmental problems such as disposal, 
recycling etc. The preference for the use of these materials for food packaging 
polymers is their low cost, ease of processing and excellent barrier properties 
Lavoine et  al. (2012). Biobased nanocellulose-based composites with improved 
barrier properties are desirable in our society to develop efficient, biodegradable 
and environmentally friendly packaging materials in the future. However, the low 
permeability of the polymers can be improved by reinforcing highly crystalline 
nature nanocellulose particles, since they can form a dense percolating network. In 
addition, there are strong particle-polymer–polymer molecular interactions, since 
these nano-sized particles have a greater ability to bond to the surrounding polymer 
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material, thereby reducing the chain segmental mobility and penetrant diffusivity 
(Dufresne 2013). Nanocomposite films prepared using nanocellulose as reinforce-
ment prolong the shelf life of food and also improve the food quality, as they can 
serve as carriers of active substances such as antioxidants and antimicrobials 
(Andresen et al. 2007).

27.7.2.1  �Oxygen Transmission Rate (OTR)

The nanocellulose can form a dense network with hydrogen bonds which can 
increase the gas barrier property of nanocellulose-reinforced composite films. 
Nanocellulose possesses tunable barrier properties which can be used to process 
high-performance oxygen barrier films for packaging applications (Nair et al. 2014).

Plackett et al. (2010) observed that the addition of 15 wt. % of CNFs substan-
tially increased the oxygen barrier properties of amylopectin films. Saxena et al. 
(2010) produced a nanocomposite film with low oxygen permeability by casting an 
aqueous solution containing xylan, sorbitol and NCC. The oxygen permeability of 
the films prepared from xylan, sorbitol and 50% by weight of sulfonated CNC 
exhibited a significantly reduced oxygen permeability of 0.1799 cm3.μm/m2.d.kPa 
compared with films prepared exclusively from xylan and sorbitol with an oxygen 
permeability of 189.16 cm3.μm/m2.d.kPa. Savadekar and Mhaske (2012) determined 

Fig. 27.11  Light transmittance of microfibrillated cellulose films (Lee et al. 2009a)
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the OTR of the TPS/NCF films using an oxygen transmission rate (OTR) test 
machine (Labthink BTY-B1). After placing a film in a cell, the oxygen flow was 
introduced on one side of the films and the OTR was measured. The OTR in (cm3/
m2 d Pa) was calculated from the mean OTR multiplied by the film thickness (μm) 
and divided by the oxygen gradient in the cell of the testing machine (1 kgf/cm2).

Savadekar et al. (2012) determined the OTR of NFC/kappa-carrageenan (KCRG) 
composite film using an OTR test machine (Labthink BTY-B1). The authors 
reported that incorporation of 0.4 wt. % of NFC reinforcement led to reduced oxy-
gen permeability of the KCRG/NFC composite compared to KCRG which has a 
high oxygen permeability. The incorporation of NFC led to the generation of tortu-
ous path for the permeation of oxygen molecules into the KCRG biopolymer matrix, 
thus leading to a decrease in the OTR.

The PLA bionanocomposites containing 5 wt% of nanocrystals exhibited the 
highest oxygen barrier. The OTR for PLA nanocomposites with 5% w/w of unmodi-
fied CNCs was 17.4 ± 1.4 cm3 mm m−2 day−1, while that for CNCs modified with an 
ethoxylated nonylphenol acid phosphate ester in a 1/4 (wt/wt) the ratio was 15.8 ± 
0.6 cm3 mm m−2 day−1 (Fortunati et  al. 2012b). The addition of 1 wt% of silver 
nanoparticles to the modified CNC-PLA composites further decreased the OTR to 
12.6 ± 0.1 cm3 mm m−2 day−1 (Fortunati et al. 2013). The OTR values of ternary 
systems consisting of PLA, PHB (poly hydroxybutyrate) and 5 wt% unmodified 
CNCs was 15.3 cm3 mm m−2 day−1, while for modified CNCs with an ethoxylated 
nonylphenol acid phosphate ester in a 1/1 (wt/wt) ratio was 13 cm3 mm m−2 day−1 
(Arrieta et al. 2014).

27.7.2.2  �Water Vapor Permeability (WVP)/Moisture Vapor Transmission 
Rate (MVTR)

The water vapor transmission rate (WVTR) is an important property for packaging 
materials because it is essential to determine the shelf life of the products in the 
package and the low WVTR of the packaging material allows longer storage time 
and shelf life.

Svagan et al. (2009) used a dynamic vapor sorption apparatus from surface mea-
surement systems to determine the water sorption kinetics of nanocellulose-
reinforced plasticized starch nanocomposite film. The moisture diffusivity of 
nanocomposite films decreased rapidly with increasing nanofiber content and the 
diffusivity of the net cellulose network was comparatively very low. The reinforce-
ment of natural biopolymers with CNCs reduced the WVTR of the resulting bio-
nanocomposites. Saxena and Ragauskas (2009) prepared composite films using 
10% sulfonated CNCs as reinforcement in xylan polymer. The authors reported a 
74% reduction in the specific water transmission properties compared with the film 
without CNCs. Khan et  al. (2014) reported that WVP decreased considerably in 
CNC-reinforced methyl cellulose composite films with increased in CNC content. 
The WVP of the control films (without CNCs) was 6.3 g.mm/m2.day.kPa, while the 
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nanocomposite films with 1 wt% CNC showed a WVP decreased of 4.7 g.mm/m2.
day.kPa. Static WVP of cellulose whisker-reinforced rubber nanocomposite films 
was determined by Bras et al. (2010) according to the standard. They estimated the 
moisture sorption test of cellulose whisker-rubber nanocomposite films at a relative 
humidity (RH) of about 75% at 25  °C using a saturated solution of sodium 
chloride.

Savadekar and Mhaske (2012) determined the WVTR values of TPS/NCF films 
gravimetrically according to the ASTM E96 method. Each test film was sealed at 
the top of the permeation cells containing distilled water. The permeation cells were 
placed in desiccators maintained at 0% RH. RH 0 was maintained using anhydrous 
calcium chloride (CaCl2) in a cell. The composite films were cut into circles and 
sealed on the cell with melted paraffin. The water transferred through the film and 
absorbed by the desiccant was determined from the weight of the permeation cell. 
CaCl2 was used as a desiccant. Each permeation cell was weighed in an interval of 
24h. The WVTR was expressed in gm mm/cm2 per day. They observed that WVTR 
decreased significantly with increasing content of NCF in NCF/TPS films.   
Seydibeyoglu and Oksman (2008) estimated the WVTR of the KCRG/NFC 
nanocomposite film and found that the high WVTR of KCRG decreases due to the 
dispersion of NFC in the KCRG matrix.

Song et al. (2014) conducted the WVTR tests on packaging paper coated with 
PLA/NCF composite material at 23 °C and 50% RH and at 37.8 °C and 90% RH 
according to the TAPPI standards. They reported that nanocomposite-coated paper 
samples showed a lower WVTR compared to packaging paper. Pereira et al. (2014) 
reinforced CNCs as fillers in PVOH matrix. The addition of 5 wt% CNCs decreased 
the WVP of pure PVOH films from 0.61 ± 0.04 g.mm/kPa.h.m2 to 0.44 ± 0.01 g.
mm/kPa.h.m2. Reddy and Rhim (2014) reported a significant improvement in the 
water vapor barrier properties of agar composite films when reinforced with 
crystallized nanocellulose following the standard method of ASTM E96-95 with 
modification. The nanocellulose reinforcement (0.3 wt. %) lead to an improvement 
in the WVP of the composite film than pure agar film and, therefore, the resulting 
nanocomposite films could be used in completely biodegradable food packaging. 
The moisture vapor transmission rate (MVTR) tests were conducted gravimetrically 
on nanocellulose-reinforced semi-IPN composite films of PVA/PAAm using an 
ASTM method (ASTM Method 04.06:E96, 1983) by Mandal and Chakraborty 
(2015). These authors reported the highest barrier property for composite films 
with nanocellulose reinforcement of 5 wt. %.

Gray et al. (2018) reported that WVP coefficient and WVTR of the LDPE/TPS 
blends were greatly reduced by 1% CNC reinforcement, leading to better water 
vapor barrier properties. The results can be attributed to a good interfacial adhesion 
between the CNC and the starch which restricts the swelling and moisture diffusion 
of composites. In addition, the CNC loading at a certain level creates a dense and 
rigid network with hydrogen bonds which acts as a physical barrier for the transport 
of diffusing molecules.
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27.7.3  �Stiffness and Strength Properties

The stiffness and strength properties of nanocellulose polymer composites depend 
to a large extent on the shape of the nanocellulose. TS is the stress required to 
break the polymer material while being stretched. TS of the polymer increases 
with increasing saturation of the molecular weight at a given value. The nanocel-
lulose upon the reinforcement improves the TS of the polymer composites as com-
pared to traditional fillers. The TS of polymer materials was tested by using an 
universal testing machine by different researchers, namely Ching et  al. (2015) 
reported that the YM of PVA-nanocellulose composite films increased with the 
reinforcement of small amount of nanocellulose due to the homogenous distribu-
tion of the nanofillers and the high interfacial surface area between the nanocellu-
lose and the PVA matrix. YM is the ratio of stress to the strain in the linearly elastic 
region of polymer composite. It is a measure of the stiffness of the material and is 
measured using an Instron. Yakkan et al. (2015) characterized the YM of PP/CNF/
Fusabond hybrid composite samples by tensile testing according to the ASTM 
D638 standard. They observed that there was 87% increase in the YM of PP/CNF 
composite (1.067 GPa) compared to that of pure polypropylene (0.570 GPa) indi-
cating good dispersion of CNFs in the PP matrix with (0.1 wt %) loading of cou-
pling agent Fusabond.

De Menezes et al. (2009) prepared a nanocomposite film by reinforcing cellulose 
nanowhiskers (CNWs) in highly hydrophobic semicrystalline commodity plastic 
LDPE. The nanocellulose whiskers were added at 5, 10 and 15 wt. % and the sur-
face of the cellulose whiskers was chemically modified using organic acid chlorides 
such as stearoyl chloride. The homogeneity of the nanocomposite increased with 
the length of the grafted chains. The elongation at break increased when sufficiently 
long chains were grafted onto the surface of the nanoparticles. The TS of the film 
decreased by 23%, while the YM increased by 24% with respect to the LDPE when 
it was reinforced with 5 wt. % of nanocellulose whiskers.

Paralikar et al. (2008) observed an increase in TS and toughness in the mem-
branes of the PVA matrix with NCC as a filler. The performance of nanocomposite 
further improved with the additional addition of poly(acrylic acid) (PAA). Ruiz 
et al. (2000) prepared NFC epoxy nanocomposites. These authors observed that 
the nanocomposites had the ability to be associated by means of hydrogen bonds 
and showed great aspect ratios. The benefits were associated with strong interac-
tions between the epoxy network and the CNCs and the creation of a percolating 
network linked by hydrogen bonds between the NFC-epoxy. The best results were 
obtained with a 2% NFC reinforcement in epoxy resin with increased mechanical 
properties. Nakagaito and Yano (2008) also reported the effect of fiber content on 
the mechanical and thermal expansion properties of biocomposites based on NFC. A 
linear increase in YM with a fiber content of up to 40% was observed using a PF resin. 
The results also showed a correlation between the CTE relative to fiber content, 
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which indicates the effective reinforcement reached by the NFC. The compression 
molding method was used to prepare composite with NFC sheets impregnated with 
phenol formaldehyde. The composites mechanical properties were YM (19 GPa) 
and bending strength up to 370 MPa.

27.7.4  �Thermal Degradation

Very limited studies have been conducted to study the thermal degradation behavior 
of MFC-reinforced composite films. The thermal properties depend mainly on the 
MFC preparation process, as well as on the drying process Lavoine et al. (2012). It 
has been reported with respect to the first point that TEMPO-oxidized cellulose 
displays multiple degradation peaks Ruiz et al. (2000). Between 225–231°C, maxi-
mum weight loss occurs (60–80%). Quievy et al. (2010) studied influence of the 
drying process on the thermal stability of MFC films obtained by homogenization. 
After freeze drying, the MFC gel formed a mat corresponding to the microfibril 
aggregates, in which some of the microfibrils remained distinct. The freezing step at 
20 °C played an important role in the formation of agglomerates. In addition, this 
step even changes in the rheological properties of the MFC suspension.

27.7.5  �Biodegradability

The degradability of the composites is important when a polymeric system is 
applied in daily life, since their degree of weight loss has a direct influence on the 
environment (Gutiérrez 2018c). The effect of different amounts of NCF on the 
weight loss rate of the film is done by the burial test in the soil. Different researchers 
have conducted studies of biodegradation of nanocellulose-reinforced polymer 
composites, since biodegradability is one of the key factors that influence the use of 
nanocellulose as a filler in the composites.

Bras et al. (2010) studied the effect of cellulose whiskers on the biodegradation 
of natural rubber (NR)/cellulose whisker nanocomposites. These authors observed 
that the cellulose whiskers significantly improved the biodegradation of the NR in 
the soil. Net NR lost about 19% of its weight after being buried in the soil for 
4 weeks, while NR containing 7.5 and 12.5 wt% of cellulose whiskers lost about 62 
and 71%, respectively, after the same period buried in the soil. Machado et  al. 
(2012) developed biodegradable packaging using cassava starch plasticized with 
glycerol and nanocellulose extracted from coconut fiber. During storage, the 
packaging materials were oxidized, thus serving as a sacrificial material to minimize 
oxidation of the contents of the package. Abraham et al. (2012) studied the biodeg-
radation of NR reinforced with nanocellulose by the vermi composting method 
with reference to the crosslinking of the NR matrix. They reported that the weight 
percentage of reinforced nanocellulose greatly influences the rate of biodegradation 
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of the nanocomposite. The rate of biodegradation by vermi composting was com-
paratively higher in non-cross-linked composites than its cross-linked counterpart.

Maiti et al. (2013) studied the biodegradation behavior of PMMA/microcellulose 
crystalline (MCC) nanocomposites prepared by in situ polymerization (IPC) and ex 
situ dispersion method (EPC). Biodegradation studies of IPC and EPC films were 
performed in a simulated aerobic compost environment for 60 days. IPC showed a 
greater weight loss compared to the EPC and unreinforced PMMA. Arrieta et al. 
(2014) studied the degradability of PLA-PHB-CNC composites under composting 
conditions based on ISO 20200 standard. These authors observed that PLA-CNC 
and PLA-PHB-CNC lost more than 90% of the initial matter in 10 days; PLA and 
PLA-PHB-CNC in 14 days and PLA-PHB in 21 days. Luzi et al. (2015) studied the 
biodegradability of surfactant modified CNC (s-CNC)-reinforced PLA composites. 
They reported that the nanocomposite films disintegrated in less than 14 days and 
CNC modified with surfactant promoted the disintegration behavior. They summa-
rized that films may have a potential application for short-term food packaging with 
low environmental impact. Gois et al. (2018) studied the biodegradation behavior of 
PLA nanocomposites with net (PLA/CNW) and surfactant modified CNWs (PLA/
s-CNW) in garden soil. They reported that addition of surfactant accelerated the 
biodegradation of nanocomposites films and PLA/CNW/PEG1000 showed the fast-
est biodegradation rate.

27.8  �Application of Polymer Nanocomposites in Food 
Packaging

The nanocellulose during the last few years has been used for the preparation of 
nanocomposites due to its reinforcing property (Table 27.3) Lavoine et al. (2014). 
The dimension of nanocellulose and its ability to build a strong entangled nanopo-
rous network has fostered the emergence of high-value applications. Various materi-
als have been cross-linked with nanocellulose by various approaches to obtain 
multifunctional properties such as improved coloration and dyeing, mechanical 
properties, barrier properties and WVP. Cs (a natural linear polysaccharide) is the 
second largest natural polysaccharide available which consists of 1,4-linked 2 
amino-deoxy β–D glucan. It is a non-toxic, biodegradable, biofunctional and bio-
compatible material. Many researchers have reported that it has strong antifungal 
and antibacterial activities Darmadji and Izumimoto (1994). Films made from Cs 
have been used successfully as packaging material for the preservation of quality 
foods (Jo et al. 2001). It was found that 3–5% NCC-loaded Cs films gave the best 
TS values. The improvement in mechanical properties was mainly due to the forma-
tion of a percolating network and stronger filler-matrix interactions. NCC also 
causes improvement in the barrier properties by reducing the WVP and swelling 
properties. The study of the surface morphology of nanocomposite films indicated 
the homogeneous structure due to the adequate dispersion of NCC into the Cs 
matrix. Therefore, nanocomposite films produced by reinforcement of NCC would 

27  Nanocellulose-Polymer Composites: Novel Materials for Food Packaging…



580

Ta
bl

e 
27

.3
 

A
pp

lic
at

io
n 

of
 n

an
oc

el
lu

lo
se

 b
as

ed
 c

om
po

si
te

s 
an

d 
th

ei
r 

pr
op

er
tie

s

Po
ly

m
er

Ty
pe

 o
f 

N
C

Pr
od

uc
ts

M
ec

ha
ni

ca
l p

ro
pe

rt
ie

s

A
pp

lic
at

io
ns

R
ef

er
en

ce
T

S 
(M

Pa
)

Y
M

 (
M

Pa
)

G
B

P 
(g

m
 

m
—

2  d
ay

 
kP

a)
E

B
 (

%
)

W
V

P 
(g

m
 m

—
2  d

ay
)

C
hi

to
sa

n/
C

hi
to

sa
n 

So
di

um
 

ca
se

in
at

e/
 

N
an

oc
el

lu
lo

se
/ 

C
hi

to
sa

n

N
C

C
N

C
C

–c
hi

to
sa

n 
na

no
co

m
po

si
te

 
fil

m
s/

bi
od

eg
ra

da
bl

e 
fil

m
s

55
.3

 —
 

24
5 

(I
nc

re
as

ed
)

44
30

 
(I

nc
re

as
ed

)
D

ec
re

as
ed

47
3.

31
–2

.2
3/

0.
23

  
+

 1
0.

11
/1

2.
91

T
ra

ns
pa

re
nt

 
fu

nc
tio

na
l 

pa
ck

ag
in

g/
ed

ib
le

 f
oo

d 
pa

ck
ag

in
g 

na
no

re
in

fo
rc

er
 

m
at

er
ia

ls
 in

 
bi

od
eg

ra
da

bl
e 

pa
ck

ag
in

g/
ed

ib
le

 fi
lm

s 
fo

r 
im

pr
ov

in
g 

sh
el

f 
lif

e

A
ze

re
do

 
et

 a
l. 

(2
01

0)
; 

D
eh

na
d 

et
 a

l. 
(2

01
4)

N
an

oc
om

po
si

te
 

fil
m

12
.6

 
(I

nc
re

as
ed

)
23

7.
6 

(I
nc

re
as

ed
)

—
9.

2
10

.9
 ×

 1
013

 K
g 

m
/P

a 
s 

m
2

E
di

bl
e 

fo
od

 
pa

ck
ag

in
g

Pe
re

da
 e

t a
l. 

(2
01

0)
M

et
hy

lc
el

lu
lo

se
 

(M
C

)
N

C
N

C
–M

C
 

na
no

co
m

po
si

te
 

bi
od

eg
ra

da
bl

e 
fil

m
s

—
—

50
 k

G
y

—
6.

34
 (

D
ec

re
as

ed
)

B
io

de
gr

ad
ab

le
 

ce
llu

lo
si

c 
ba

se
d 

pa
ck

ag
in

g

K
ha

n 
et

 a
l. 

(2
01

0)

Po
ly

ca
pr

ol
ac

to
ne

 
M

C
 m

at
ri

x
N

C
C

N
C

C
-

re
in

fo
rc

ed
 

na
no

co
m

po
si

te
 

an
tim

ic
ro

bi
al

 
di

ff
us

io
n 

fil
m

s

18
.7

 +
 3

.7
12

4.
1 

+
 1

4.
6

—
—

—
V

eg
et

ab
le

 
pa

ck
ag

es
B

ou
m

ai
l 

et
 a

l. 
(2

01
3)

A. K. Bharimalla et al.



581

K
ap

pa
-

ca
rr

ag
ee

na
n

N
FC

N
FC

–k
ap

pa
-

ca
rr

ag
ee

na
n 

ba
se

d 
na

no
co

m
po

si
te

 
fil

m
s

26
—

—
—

—
Fo

od
 

pa
ck

ag
in

g
Sa

va
de

ka
r 

et
 a

l. 
(2

01
2)

A
lg

in
at

e 
bi

op
ol

ym
er

/
A

lig
na

te

C
el

lu
lo

se
 

na
no

pa
rt

ic
le

s
N

an
oc

om
po

si
te

 
fil

m
s

18
.0

3–
9

48
0

—
13

14
Fo

od
 

pa
ck

ag
in

g
A

bd
ol

la
hi

 
et

 a
l. 

(2
01

3)
, 

(2
01

0)
K

en
af

/C
or

n 
st

ar
ch

C
N

C
C

N
C

–S
ta

rc
h 

na
no

co
m

po
si

te
 

fil
m

s

3.
5–

8.
2

32
6.

1
—

38
8.

68
B

io
ba

se
d 

 
pa

ck
in

g/
 

E
di

bl
e 

pa
ck

ag
in

g

Pi
er

m
ar

ia
 

et
 a

l. 
(2

00
9)

G
lu

co
m

an
na

n,
 

Pe
ct

in
, G

el
at

in
N

C
N

an
oc

om
po

si
te

 
fil

m
s

68
14

—
7

3.
3

Fo
od

 
pa

ck
ag

in
g

St
ua

rt
 e

t a
l. 

(2
01

0)
H

yd
ro

xy
pr

op
yl

 
m

et
hy

lc
el

lu
lo

se
M

FC
M

FC
 b

as
ed

 
na

no
co

m
po

si
te

 
fil

m
s

—
—

—
—

6.
39

E
di

bl
e 

fil
m

s,
 

T
ra

ns
pa

re
nt

 
fil

m
s

Z
hu

 e
t a

l. 
(2

01
1)

C
af

fe
in

e 
ba

se
d 

pa
pe

r
M

FC
M

FC
-c

oa
te

d 
pa

pe
rs

47
 +

 4
7.

3 
+

 0
.5

—
1.

2 
+

 0
.1

—
A

nt
im

ic
ro

bi
al

 
ac

tio
n 

fo
r 

fo
od

-
pa

ck
ag

in
g 

ap
pl

ic
at

io
n

L
av

oi
ne

 
et

 a
l. 

(2
01

4)

V
er

m
ic

ul
ite

 
na

no
pl

at
el

et
s 

+
 

N
an

oc
el

lu
lo

se
 

fib
er

N
an

oc
el

lu
lo

se
 

fib
er

s
B

io
hy

br
id

 
na

no
co

m
po

si
te

 
fil

m
s

25
7

17
.3

—
—

—
Fl

ex
ib

le
 

pa
ck

ag
in

g
A

ul
in

 e
t a

l. 
(2

01
2)

T
he

rm
op

la
st

ic
 

st
ar

ch
/ c

hi
to

sa
n

B
C

 o
r 

N
FC

B
C

/N
FC

 b
as

ed
 

na
no

co
m

po
si

te
 

fil
m

s

30
15

—
—

—
Fu

nc
tio

na
l 

pa
ck

ag
in

g
W

al
ke

r 
(2

01
2)

(c
on

tin
ue

d)

27  Nanocellulose-Polymer Composites: Novel Materials for Food Packaging…



582

Ta
bl

e 
27

.3
 

(c
on

tin
ue

d)

Su
ga

rc
an

e 
ba

ga
ss

e 
na

no
fib

er
s

C
el

lu
lo

se
 

na
no

fib
re

s
C

el
lu

lo
se

 
na

no
co

m
po

si
te

 
fil

m

14
0

12
.8

—
12

.8
5.

2
B

ar
ri

er
 a

nd
 

pr
ot

ec
tiv

e 
fil

m
 

in
 f

oo
d 

pa
ck

ag
in

g

G
ha

de
ri

 
et

 a
l. 

(2
01

4)

Po
ly

la
ct

ic
 a

ci
d 

(P
L

A
)

C
el

lu
lo

se
 

na
no

fib
er

C
el

lu
lo

se
 

na
no

fib
er

–P
L

A
 

na
no

co
m

po
si

te
 

fil
m

s

3.
6 

G
Pa

71
—

—
—

Fo
od

 
pa

ck
ag

in
g,

 
w

at
er

 a
nd

 m
ilk

 
bo

ttl
es

, 
de

gr
ad

ab
le

 
pl

as
tic

 b
ag

s/
gr

ee
n-

ba
se

d 
pa

ck
ag

in
g 

m
at

er
ia

ls
/

sh
or

t-
 te

rm
 

fo
od

 p
ac

ka
gi

ng

Jo
no

ob
i 

et
 a

l. 
(2

01
0)

L
D

PE
C

N
F

G
lo

ss
y 

an
d 

tr
an

sp
ar

en
t 

na
no

co
m

po
si

te
 

fil
m

s

31
50

0
—

67
5

0.
09

9
Fi

lm
 

ap
pl

ic
at

io
ns

, 
lik

e 
br

ea
d 

an
d 

fr
oz

en
 f

oo
d 

ba
gs

, fl
ex

ib
le

 
lid

s,
 

sq
ue

ez
ab

le
 

fo
od

 b
ot

tle
s

C
ha

m
bi

 a
nd

 
G

ro
ss

o 
(2

01
1)

Po
ly

m
er

Ty
pe

 o
f 

N
C

Pr
od

uc
ts

M
ec

ha
ni

ca
l p

ro
pe

rt
ie

s

A
pp

lic
at

io
ns

R
ef

er
en

ce
T

S 
(M

Pa
)

Y
M

 (
M

Pa
)

G
B

P 
(g

m
 

m
—

2  d
ay

 
kP

a)
E

B
 (

%
)

W
V

P 
(g

m
 m

—
2  d

ay
)

A. K. Bharimalla et al.



583

H
D

PE
C

N
F

T
ra

ns
pa

re
nt

 
na

no
co

m
po

si
te

 
fil

m
s

27
.8

—
—

—
0.

02
B

ot
tle

s 
fo

r 
m

ilk
, j

ui
ce

 a
nd

 
w

at
er

; 
m

ar
ga

ri
ne

 tu
bs

, 
ce

re
al

 b
ox

 
lin

er
s

Sm
ith

 
(1

98
6)

PP
C

N
F

N
an

oc
om

po
si

te
 

fil
m

43
15

50
—

60
0

0.
06

T
hi

n 
fil

m
 

co
at

in
gs

/
Y

og
ur

t 
co

nt
ai

ne
rs

 a
nd

 
m

ar
ga

ri
ne

 tu
bs

, 
m

ic
ro

w
av

ab
le

 
pa

ck
ag

in
g

A
ze

re
do

 
et

 a
l. 

(2
01

0)

PV
C

C
N

F
N

an
oc

om
po

si
te

 
fil

m
55

21
—

45
0

0.
2

Fi
lm

s 
fo

r 
im

pr
ov

in
g 

sh
el

f 
lif

e

A
ze

re
do

 
et

 a
l. 

(2
01

0)

Pe
a 

st
ar

ch
C

N
F

N
an

oc
om

po
si

te
 

fil
m

45
15

84
—

94
66

E
di

bl
e 

fil
m

s 
fo

r 
pa

ck
ag

in
g

A
ze

re
do

 
et

 a
l. 

(2
01

0)
Po

ly
 P

ro
py

le
ne

 
C

ar
bo

ca
te

 P
PC

C
N

W
N

an
oc

om
po

si
te

 
fil

m
26

.9
—

—
29

60
—

Fo
od

 
pa

ck
ag

in
g

Sa
in

z 
et

 a
l. 

(2
01

1)
Po

ly
 V

in
yl

 
A

lc
oh

ol
C

N
F

N
an

oc
om

po
si

te
 

fil
m

3.
4

—
10

8.
53

—
—

Pa
ck

ag
in

g 
fil

m
To

m
e 

et
 a

l. 
(2

01
3)

A
lg

in
at

e
C

N
W

N
an

oc
om

po
si

te
 

fil
m

22
.4

29
0

8.
25

1.
64

 g
/m

2  s
 P

a
Fo

od
 

pa
ck

ag
in

g
A

bd
ol

la
hi

 
et

 a
l. 

(2
01

3)

T
S,

 t
en

si
le

 s
tr

en
gt

h;
 Y

M
, y

ou
ng

’s
 m

od
ul

us
; 

G
B

P
, g

as
 b

ar
ri

er
 p

ro
pe

rt
ie

s;
 E

B
, e

lo
ng

at
io

n 
at

 b
re

ak
; 

W
V

P
, w

at
er

 v
ap

or
 p

er
m

ea
bi

lit
y;

 N
C

C
, n

an
oc

ry
st

al
lin

e 
ce

l-
lu

lo
se

; N
C

, n
an

oc
el

lu
lo

se
; N

F
C

, n
an

ofi
br

ill
at

ed
 c

el
lu

lo
se

; C
N

C
, c

el
lu

lo
se

 n
an

oc
ry

st
al

; C
N

W
, c

el
lu

lo
se

 n
an

ow
hi

sk
er

; M
F

C
, m

ic
ro

fib
ri

lla
te

d 
ce

llu
lo

se
; H

D
P

E
, 

hi
gh

-d
en

si
ty

 p
ol

ye
th

yl
en

e;
 P

V
C

, p
ol

yv
in

yl
 c

hl
or

id
e;

 C
N

F
, c

ar
bo

n 
na

no
fib

re

27  Nanocellulose-Polymer Composites: Novel Materials for Food Packaging…



584

have a promising impact on food packaging due to their excellent barrier and 
mechanical properties. A higher concentration of cellulose significantly increased 
the YM and TS of the composite films, but decreased elongation. Antimicrobial dif-
fusion films (ADFs) for food applications were developed by Boumil et al. (2013) 
which exhibited the highest TS on storage.

Savadekar et al. (2012) also successfully prepared NFC from short staple cotton 
fibers using a chemo-mechanical process. It was found in this study that it is impor-
tant to provide an idea of the use and characteristics of NFC in KCRG for the prepa-
ration of biocomposite films.

Abdollahi et al. (2013) developed a biobased nanocomposite by incorporating 
nanocellulose obtained from acid hydrolysis using sulfuric acid into alginate bio-
polymer using solution casting method. With the increase in nanocellulose content 
from 0 to 5%, the TS of composite films increased, but with the further increase in 
the filler content TS decreased. Nevertheless, with the incorporation of nanocellu-
lose, the transparency of the film decreased essentially at a high level (10%), which 
suggested the occurrence of a partial agglomeration of the fillers at 10% that coin-
cided with mechanical and micro structural results.

A novel protocol to combine vermiculite nanoplatelets with NCF dispersion into 
functional biohybrid films was proposed by Aulin et al. (2012). The NCFs of 20 nm 
diameter and several micrometers long were mixed with high aspect ratio exfoliated 
vermiculite nanoplatelets through HPH. The resultant hybrid films obtained after 
solvent evaporation were stiff (YM of 17.3 GPa), strong (strength up to 257 MPa) 
and transparent.

The study of the oxygen barrier properties revealed an oxygen permeability of 
0.07 cm3 μm m-2 d-1 kPa-1 at 50% RH for the biohybrid films. In addition, the addi-
tion of nanoclay also significantly improved the water vapor barrier properties of 
biohybrid films. The excellent oxygen barrier and optical properties of films could 
be explored in a flexible packaging for oxygen sensitive devices such as thin film 
transistors or organic light emitting diode displays. It would also be a suitable pack-
aging material for gas storage applications, barrier coatings/laminations etc. PLA is 
a versatile biodegradable polymer derived from natural sources. It is produced by 
ROP of lactide or by polycondensation of lactic acid. It is a suitable polymer matrix 
for the preparation of high-quality composite films by the incorporation of nanocel-
lulose (Tsuji 2005).

Jonoobi et al. (2010) investigated the effect of CNFs in PLA matrix in terms of 
mechanical properties and dynamic mechanical properties for food packaging 
applications. The nanocomposite films with 5% CNF showed an increase in TS, YM 
and a better viscoelastic behavior.

Ghaderi et al. (2014) used cellulose nanofibers extracted from sugar cane bagasse 
to be employed in all cellulose nanocomposite (ACNC) films. The study showed 
that a very low value agricultural waste can be converted into a high-performance 
nanocomposite (TS 140 MPa). It was also found that the WVP of ACNC increased 
with more dissolution time. Therefore, due to the promising properties of ACNC, 
such as toughness, biobase, biodegradability and acceptable levels of WVP, they 
can be considered a multi-performance material with potential for application in the 
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barrier and protective food packaging industry. The tensile properties of ACNC 
films are at least comparable or better than other biodegradable or nonbiodegradable 
films (Ghaderi et al. 2014).

The highest TS of 8.2 MPa was shown by a biocomposite having 6% CNC in 
thermoplastic cassava starch (TPCS). This suggests the stress transfer and interfacial 
interactions between the matrix phase and the filler, which is related to the high L/D 
and efficiency of the fiber treatment. The Kenaf fibers are also found to be compat-
ible with agar and starch made from potato, and films was tested for their potential 
use in food packaging (Piermaria et al. 2009; Smith 1986).

PLA is used as a food packaging polymer for short-term products such as drink-
ing cups, salad cups, containers, wrappers and laminated films (Sedlarik et al. 2012). 
But the gas and water vapor properties of the PLA make it insufficient for its use in 
some cases (Ljungberg and Wesslén 2002). Therefore, the preparation of PLA nano-
composites is a method to improve their properties. Song et  al. (2014) prepared 
novel biodegradable composites by incorporating hydrophobic-modified NCF into 
a biodegradable PLA matrix. These authors suggested that addition of NCF 
improves the water vapor barrier property of the PLA matrix. The modified NCF/
PLA composite at a concentration of 1 wt. % of NCF when coated on paper by a 
coating process reduced the WVTR of paper to 34 g/m2/d wrt from 1315g/m2/d of 
pure PLA. Paper is a promising green based packaging material. Similar effects on 
barrier of PLA/cellulose nanowhisker composites were also reported by Paralikar 
et al. (2008). Fortunati et al. (2013) prepared nanocomposite films by reinforcing 
NCC and silver nanoparticles in PLA matrix, which were found to be effective 
against Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria and yeast.

Similarly, Reddy and Rhim (2014) prepared completely biodegradable food 
packaging material using CNCs and agar. The addition of CNCs lead to the improve-
ment of the mechanical properties of the CNC/agar composite as it resulted in 
increased TS and YM and decreased in WVP.

The edible food packaging films were prepared by Pereda et al. (2010) by rein-
forcing the nanocellulose in the Cs matrix. Nanocellulose-based Cs composite films 
for antimicrobial meat packaging applications were prepared in a similar manner by 
Dehnad et  al. (2014) and Khan et  al. (2014). Ciesla et  al. (2014) prepared PVA-
starch-nanocellulose films for food packaging intended for radiation decontamina-
tion. They observed that the reinforcement of nanocellulose in starch-PVA films lead 
to an essential improvement in the mechanical properties of the films and a reduction 
in irradiation sensitivity as compared to starch-PVA films. They also noted that 
hydrophilicity of composite films can be reduced by irradiation.

27.9  �Future Prospects and Challenges

Today, the current trend of packaging materials is that they are ecofriendly, biode-
gradable and not plastic. But, on the contrary, it is not so easy to avoid plastic due to 
its inherent quality, particularly in high population countries. However, the western 
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world countries have initiated commercial production and the use of biobased mate-
rial for packaging. But the problems are many and the availability of the raw mate-
rial and supply chain management for a sustainable production is a great obstacle to 
satisfy the enormous needs of the market. The future packaging can be addressed 
through the proper management of materials that address environmental concerns, 
e.g. nano based composite materials, 100% biodegradable packaging, IP, innovative 
packaging using unutilized agromass residues to reduce carbon footprint etc. The 
petroleum-based packaging material can also be reinforced with biobased filler to 
facilitate biodegradation. Appropriate chemistry must be developed to be able to 
easily resolve the compatibility of the hydrophilic and hydrophobic properties of 
materials.

Another nearby field in food packaging is the use of stimuli-responsive polymer 
materials. These novel type of packaging materials can adapt to the surrounding 
environment and regulate the transport of molecules according to the reaction in 
response to external stimuli (Buonocore and Iannace 2013). To sustain life and 
maintain biological function, nature requires selectively tailored molecular assem-
blies and interfaces that provide a specific chemical function and structure, as well 
as a change in their environment (Stuart et al. 2010). Nanocellulose reinforcements 
offer potential advantages in specific properties related to their lower density and 
other advantages such as low CTE, transparency and barrier properties. NFCs have 
begun to receive additional attention as reinforcement material due to reductions in 
energy requirements to break down cellulose fibers to NFC.

Despite the continuous research in nanotechnology, there are many challenges 
that must be addressed in the future for economic production and, thus, ensure its 
efficient utilization as a filler/ reinforcement agent in different polymer compos-
ites. It is necessary to develop economical and profitable processes for the pro-
duction of nanocellulose with optimal characteristics. The widespread application 
of these materials will require additional research to address problems related to 
their hydrophilic nature in many applications. Appropriate chemistry and tech-
niques are needed to adequately disperse nanocellulose reinforcers or convert 
them into a useful form for incorporation into a variety of matrices and strongly 
bond them to it. A more efficient control of the structure at multiple scales is 
needed to tailor performance. The development of new analytical methods is nec-
essary for the simulation of processing and also for the prediction of the mechani-
cal properties of nanocellulose-based structures. The process modelling effort 
will be required to link the modelling of NFC distributions to optimize the proper-
ties. The appropriate applications requirement must be identified, investigated 
and demonstrated.

To date, the availability of significant amounts of nanocellulose has impeded 
faster research and development efforts on a large scale related to its use. If high-
value applications can be found, it may be possible to integrate nanocellulose pro-
duction into the materials flow of these bio-refineries, where it could potentially 
help improve economic announcements (Zhu et al. 2011) of commercial and gov-
ernment pilot plant-scale production facilities, which will probably improve the 
situation (Walker 2012).
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27.10  �Conclusion

Today’s society is an expert in technology, but at the same time it is also concerned 
about its surrounding and its future impact. The modernization and sustainable 
growth that refer to any sector are complimentary to each other and every individual 
of mother earth wants to make this complimentary bonding stronger.

Due to more advances in composite materials, there is paradigm shift in material 
science. The packaging material is preferred more natural and composite based 
instead of monolithic material. Nanomaterials are also equally important to improve 
the functional character of the packaging material and reduce the material require-
ment in terms of material savings for sustainable use.

Nanocellulose has an enormous application in food packaging due to its compe-
tition with synthetic materials and infinite availability. Functional properties such as 
physical, chemical and barrier properties in case of nanocellulose composites 
strongly recommend that it would be the most suitable material for ecofriendly food 
packaging material in future. The problem remains with the hydrophilic nature of 
the nanocellulose material and the dispensing capacity with the matrix, which can 
be addressed by chemical and mechanical action or a combination of both. It is also 
understood that the nanocellulose composite often outweighs the cost, concern and 
with time the problems will be further refined and also solve the various problems 
facing the food packaging industry in present era.
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Biodegradable polymers, 24

application, 248, 292
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development, 49
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biodisintegration, 225
bioerosion, 225
biofragmentation, 225
bulk degradation, 225
compostable plastic, 225
degradable, 225
degradable plastic, 225
degradation, 225
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measurement, 247
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Bioengineered polymeric nanoparticles, 58
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Biofertilizers, 7
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Biomaterials, 112
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by-products, 529
description, 529
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Biopolymer-based hydrogels
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See also Hydrogels

Biopolymer-based nanosystems, 167
Biopolymeric matrices, 112
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AgNP-loaded Cs coatings, 449
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Aloe vera gel, 384

bioactive compounds, 385
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classification, 530
conventional plastics, 379
covalently bonded monomeric units, 529
description, 526
Ecs, 392
one-component coating formulation, 380

Biosensors, 403
Black BMF, 250
Brassinosteroids (DI31 and S-7), 51, 58
Brominated vegetable oil, 151
Brushing, 436
Bubble, 186
Bubble bursting method, 173
Bulk degradation, 225

C
Carbohydrates, 151
Carbon black, 190
Carbon dioxide (CO2) evolution, 247
Carbon footprint

BDM, 201
Carboxylic groups, 72
Carboxymethyl cellulose (CMC), 103, 104, 

107, 110, 396, 477
Carboxymethyl Cs (CMCS), 79, 80, 82
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Carcinogen, 101
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Carrageenan based edible coatings, 365
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Carrier systems
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coating, metal nanoparticles, 57
crop applications, 51–55
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phytohormones, 56, 57
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elemental analysis, 560
nanocellulose (see Nanocellulose)
structural organization, plant cell wall,  
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Cellulose based bionanocomposites, 535
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Cellulose nanocrystals (CH-CNCs), 468
Certifications, bioplastics

ASTM D6400:2004, 286
UNI 11183:2006, 287
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UNI EN 14995:2006, 286

Charged inorganic compounds, 394
Chemical stability, nanoemulsions, 164
Chinese agronomic system, 259–261
Chitin elicitor receptor kinase 1 (CERK1), 58
Chitosan (Cs), 24, 48, 49, 51, 56–59, 73, 

365–366, 380, 395, 420
structure and functions, 466
toxicity, 466

Chitosan based bionanocomposites, 535, 537
Chlorantraniliprole, 82
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Chlorpyrifos, 78
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Ciprofloxacin hydrochloride, 73
Citric acid (CA), 447
Clean-label products, 167
Clear plastic mulches, 191
Climate change, 100
Cloxacillin benzatine (CLOX), 299, 300
CNC-Pickering oil-in-water emulsion system 

(CH-PCNCs), 468
Coacervation process
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solid-walled microspheres, 34
sorption process, 34

Coalescence, 164
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Coating application techniques

brushing, 436
coating process, 435
dipping, 435, 436
electrospraying, 443
fluidized bed, 444
fruits and vegetables, 436
functions, 435
panning, 443, 444
spray coating, 443

Coating efficiency, 488, 515, 517, 518
Coating materials

Aloe vera gel, 384

Cajanus cajan, 384
Cs, 385
Lactobacillus acidophilus, 385
O. ficus-indica, 384

Cold plasma technology, 333, 406
Colloids, 146, 152
Color, 190, 191
Composite films, 503

DMA, 572
DSC, 572
esterification process, 505
insoluble solids, 504
permeability, 570, 571
polarity, 506
SEM, 570
shellac and gelatin, 503–505
thermal analysis, 571
thermal stability, 572

Compostable mulches, 279–280
Compostable plastic, 225
Controlled release fertilizer (CRF)

EFF systems, 31
swelling mechanism, 37

Controlled release systems, 2, 6,  
149, 151

Conventional electrospinning, 294,  
301, 307

Conventional mulch films, 220, 221
Conventional mulches, 267
Conventional petroleum-derived  

polymers, 285
Core/shell structures, 11
Cost, 8
Crop production, BDMs, 198–199
Crops, 2
Cross-linked spirotetramat-enol, 80
Cs-based coatings

monolayer, Cs coated fruit, 467
antimicrobial features, 470–472
physico-chemical and nutraceutical 

features, 468–470
postharvest oxidative stress,  

473–474
ripening process, 467–468

multilayer
bi-layer edible coatings, 474
fruit surfaces, 474
layer-by-layer edible  

coatings, 475
minimally processed fruit,  

477–478
whole fruit, 474–477

Curcumin, 169
Cypermethrin (Cyp), 78
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Degradable plastic, 224, 225
Degradation, 225
Delivery systems

biopolymer-based nanosystems, 167
lipid-based nanosystems, 165, 167
natural emulsifiers, 167, 168
properties and characteristics, 165, 166
surfactant-based nanosystems, 167
types, 165, 166

De-protonate, 22
Destabilization mechanisms, 163
Dialdehyde, 80
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Differential scanning calorimetry (DSC), 572
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method, 172
Disintegration, 225
Disruptive forces, 170
Double coacervation, 15
Double emulsion, 50, 51
Dynamic light scattering, 80
Dynamic mechanical analysis (DMA), 572

E
Ecological environment, 68
Ecotoxicology assessment, 247
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ECs based on plant extracts (ECPE), 343
Edible coatings (ECs)

antimicrobial agents, 345
application methods, 384
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approaches, 343
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antimicrobial coatings, 368
plant extracts, 367
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coatings, 392
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commercial success, 345
components, 358
composition, 420
development, 356
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food processing, 344
food production, 377
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342, 344
fresh-cut technology, 343
fruits and vegetables, 378, 380–383,  

434, 435
functional ingredients, 342
functional materials, 393
functional properties, 356
functionality

active packaging, 419
protective waxy coatings, 419
shelf life, 419

GRAS, 356
horticultural crops, 341
LB technique, 393
L-b-L, 392
limitations, 424, 427
lipid-based coatings, 342
manufacturing, 343
migration, active compounds,  

451–453
molecular devices and sensors, 392
mono-/bi-layer, 465
nanotechnology, 345–347
organoleptic properties, 356
plant-based, 345 (see also Polysaccharide 

based ECs)
postharvest, 343–345
properties, 419, 420
pulsed light treatment, 384
quality deteriorations, 345
regulatory status, 427
role, 356
SFAEs, 418
shelf life, 341
on whole and fresh-cut fruits and 

vegetables, 437–442, 444–446
Edible films and coatings

A&I packaging, 379
categories, 378
Cs, 380
emulsified, 383
factors, 380
formulations and applications, 380–382
mango by-products, 385
materials, 378
nanoemulsions, 383
natural compounds, 383
polysaccharides, 378

Electrolyte groups, 72
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Electrospinning (ES)
agricultural uses, 280
antibiotics encapsulation, 299
apparatus, 280, 293, 294
applications, nanofibers, 293
description, 293
equipment, 293
experimental apparatus, 293
fertilizers encapsulation, 300, 301
fibrous materials, 283
food industry, 304, 306, 307
force balance, 294
history, 293
micro/nanofibrous architecture, 281
parameters

classification, 295
environment parameters, 296
processing parameters, 296
proper control, 295
solution parameters, 295–296

pesticides encapsulation, 302–304
techniques, 292
technology, 280
and 3D printing, 286
variables and interactions, 281

Electrospraying, 436, 443
Electrostatic repulsion, 72
Emamectin benzoate silica  

microcapsules, 81
Emulsifiable concentrates, 68
Emulsifiers, 165
Emulsion phase inversion (EPI), 172
Emulsions

development, 144
dispersion type, 50
droplet distribution, 144
macro-emulsions, 147
micro-emulsions, 146
nanotechnology (see Nanotechnology/

nanoscience)
natural and artificial materials, 144
O/W, 144–145
oil droplets, 143
polymerization, 15
suspo-emulsions, 147
W/O, 145, 146

EN 17033, EU standard, 197, 200
Encapsulation

advantages, 9
agricultural yield, 10
agrochemical systems, 38
agrochemicals, 10, 14
capsule properties, 10
carriers, 10

classes, 10
definition, 9
double coacervation, 15
drop-in crop yields, 10
emulsion polymerization, 15
environmental factors

enzyme-responsive polymers, 23
humidity, 22
light sensitivity, 20, 21
pH-responsive polymers, 21, 22
physical and chemical structure, 20
temperature-responsive polymers, 21

fertilizers
biodegradable polymers, 24
SAP, 23, 24
silicon-based nano-fertilizers, 23

food security, 10
green revolution, 10
in situ free radical polymerization, 17, 18
in situ polymerization, 15
interfacial polycondensation, 16
interfacial polymerization, 14
ionotropic gelation, 13, 16
material properties, 10
membrane emulsification, 15
microencapsulation (see 

Microencapsulation)
nanoencapsulation (see 

Nanoencapsulation)
nano-precipitation, 15
N-P-Ca-Mg encapsulated fertilizer, 16
physical characteristics, 11
slow/gradual release, active material, 11
solvent evaporation, 14
spray chilling, 17
spray drying, 13
thermally induced polymerization, 17
3-fluid nozzle (3FN), 37
tomato culture, 32
W/O, 12

Endocytic pathways, 59
Enhanced efficiency fertilizer (EEF)

academia and industry, 39
coacervation process, 34
core-shell material, 36–37
definition, 30
economic and socio-environmental, 31
mechanical and melt-processing, 35
microfluidics, 38–39
polymer coating, 32–33
polymers and agrochemicals, 39, 40
spray-drying technique, 37–38
techniques, 33

Environmental conditions, 109
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Environmental Protection Agency (EPA), 69
Environmental-responsive polymers

application, 70, 83
bio-intelligence, 70
enzyme, 75
EPA, 69
high-molecular, 71
intelligent polymer material, 70–71
pH, 72, 73
photoresponsive, 73, 74
polymeric materials, 70
redox, 75
single/multiple responses, 71
stimulus signals, 71
temperature, 71, 72

Environmental scanning electron microscopy 
(ESEM), 328

Environmental stimuli, see Environmental-
responsive polymers

Environmental stress, 164
Enzyme-based biosensors, 403
Enzyme-responsive pesticide-controlled 

release agent, 81–82
Enzyme-responsive polymers, 23, 75
Epichlorohydrin-modified 

carboxymethylcellulose (EMC), 81
Erosion, 225
Essential oils (EOs), 304, 346, 434, 447, 449, 

450, 453, 472
active food packages, 545
carnauba wax coatings, 549
edible films, 546–548
extraction, 546
food and material sciences, 545
loaded-edible films, 548
nanoemulsion, 546
polymeric films, 546

Ester gum, 151
Ethylcellulose, 116
European Bioplastics, 219
Evaporative ripening method, 173
Extracellular matrix, 57
Extrusion, 318, 319, 322, 324, 326, 333

F
Fertilizers, 7, 8

agriculture applications, 112
ammonium volatilization and nitrous oxide 

emission, 128
biocompatible polymer matrices, 114
biopolymer, 113
CRF

advantages, 128, 129

polymers/matrices, 129
requirements, 128

crop yields, 112
diffusion, 131–132
encapsulation

biodegradable polymers, 24
SAP, 23, 24
silicon-based nano-fertilizers, 23

erosion, 133–134
K sources, 114, 115
natural/synthetic chemical compounds, 112
nitrogen, 114
nitrogen lixiviation, 128
NPK, 113, 114
nutrients, 112, 113
polymer-based hydrogels, 112
polymer network, 130
polysaccharides, 114
reservoir and matrix/monolithic type,  

130, 131
smart, 112
swelling, 132–133
toxicity, 127
urea, 114

Fillers, 192
Film-forming materials

bioactive substances and biopolymers, 379
hydrocolloids, 378, 379
polysaccharides, 378, 379

Fluidized bed, 436, 444
Foams and emulsions, 2
Food, 320
Food additives, 434
Food and Agriculture Organization of the 

United Nations (FAO), 68
Food and Drug Administration (FDA), 427
Food emulsion, 144
Food-grade nanoemulsions, 161
Food industry

conventional electrospinning, 307
CRV, 305, 306
EOs, 304
vitamin A, 306, 307

Food matrix, 165, 168
Food packaging, 318, 392, 398, 403, 405, 407

active packaging, 555
antimicrobial substances, 556
bio-based, 554
biocomposites, limitations, 554
biodegradable polymer foams, 321 (see 

also Bionanocomposites)
cellulose (see Cellulose)
consumer demand and awareness, 555
consumers and marketers, 553
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continuous research, 554
food quality and safety, 553
growth sectors in India, 554
history, 556–558
IP, 556
nano-dimensional materials, 555
nanofillers, 555
nanotechnology, starch-based foams  

(see Nanotechnology)
petrochemical based polymers, 320
petroleum-based plastic materials, 554
pharmaceutical products, 554 (see also 

Polymer matrix)
polymeric foam, 318
TPS, 330
WVP, 555

Food processing/food emulsions, 150
Food properties, 444–446, 451
Food quality, 395, 399, 400
Food security, 10
Fortified nano-emulsions, 151
Fortify foods, 174
Fossil fuel-derived feedstocks, 195
Fragmentation, 225
Free oil-based polymers, 104
Free radical polymerization, 103
Freeze-thawing (F-T) procedure, 104
Fresh-cut processing, 434

consumer preferences, 339
flow sheet, 340
high-pressure processing, 341
internal factors, 340
technologies, 341

Fruit juice beverages, 145
Fruits

human diet, 434
intake, 434

FTIR spectroscopy, 196
Fully/partially biodegradable polymers, 218
Functional polymers, 68, 77, 82
Fungicides, 7

G
GA3, 51
Gastrointestinal tract (GIT), 165
Gelatin coating, 398, 406
Gelatins, 168
Gel/network, 102
Gelation mechanisms, 102, 103
Generally recognized as safe (GRAS), 356, 

366, 427, 546
Genetically modified (GM) organisms, 186
Glutaraldehyde, 73, 107

Glyphosate (Gly), 78
Good Manufacturing Practice (GMP), 427
Granules/dust, 6
Green BMF, 250
Green revolution, 10
Guar gum hydrogels, 107
Gum arabic, 145

H
Health awareness, 68
Health constituents, 145
Heavy metals, 218, 221
Herbicides, 7

advantages, 115
alachlor, 116
alginates-based formulations, 117
application, 115
CM-chit/H-bent composite gel, 117
control weeds, 115
dichlorophenoxy acetic acid/2,4-D,  

115, 116
encapsulation, 117
ethylcellulose, 116
formulations, 115
IMC, 117
IMR, 117
non-selective, 115
norflurazon, 116
paraquat/N,N′-dimethyl-4,4′-bipyridinium 

dichloride, 117
photodegradation rate, 117
photolysis, 117
soil-applied, 115

High-density PE (HDPE), 269
High energy methods, 169–171
Hormone-like activity, 58
Humidity, 22
Hydrocolloid, 145
Hydrogels, 2, 74

acrylate derivatives, 101
advantages, 101
applications, 100, 101
CRF

agroindustry, 138
bagasse, 137
behavior, 134
clays/silica, 138
coating materials, 134
crosslinking, 138
Cs-xanthan matrix, 137
efficiency, 136
epichlorohydrin, 136
Fickian diffusion, 136
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Hydrogels (cont.)
HPMC, 137
montmorillonite, 137
multilayer systems, 137, 138
N content, 137
nanoparticles/clays, 136
polymer matrices, 134–135
pseudo-Fickian, 136
soil water and nutrient retention, 134
trilayer-coated NPK, 136

cross-linked, 100, 130 (see also Fertilizers)
functional groups, 130
hydrophilic polymers, 129
PAAm, 101
swelling behavior (see Swelling behavior, 

biopolymer-based hydrogels)
synthesis (see Synthesis of biopolymer-

based hydrogels)
types, 112

Hydrolyzed milk proteins, 151
Hydrophilic lipophilic balance (HLB), 167
Hydrophilic polymers, 103
Hydroxypropyl methylcellulose (HPMC), 137, 

500, 507

I
Imazapic (IMC) herbicides, 117
Imazapyr (IMR) herbicides, 117
Imidacloprid (N-[1-[(6-chloro-3-pyridyl)

methyl]-4,5- dihydroimidazol-2-yl]
nitramide), 117

Immiscible liquids, 50, 161
In situ free radical polymerization, 17, 18
In situ polymerization, 15, 567
Inert ingredients, 9
Infrared transmitting (IRT) plastics, 191
Innovative mulch films, 244
Inorganic mulch, 267
Insecticides, 6
Intelligent packaging (IP), 556
Intelligent polymer material, 71
Intelligent/smart polymers, 102
Inter- and intradisciplinary professionals, 1
Interfacial engineering technology, 149
Interfacial polycondensation, 16
Interfacial polymerization, 14
Ionization capacity, 22
Ionotropic gelation, 13, 16

K
Kasugamycin, 81
Konjac glucomannan, 507

L
Langmuir-Blodgett (LB), 393
Larvicides, 7
Layer-by-layer (L-b-L) technique

advantages, 394
alginate and Cs, 395
antimicrobial efficacy, 396
assembling technique, 394
assembly, 393
buildup, 395
charged substrates, 394
composite coatings, 395
conventional method, 394
Cs and carboxymethyl cellulose, 395
drug delivery biomedical system, 347
electrostatic interactions, 394
food nanotechnology, 346
formation, structure, 395
IC formation, 347
LB and SAM, 393
materials science, 346
multilayer formation, 393
pervasive technique, 393
PVA/CEO/β-CD, 347
researches, 395

Lecithin, 165
Lemon grass EO (LEO), 346, 449–451
Life cycle, BDMs

agricultural weathering, 195, 196
biobased, 195
biodegradability, 197
feedstocks, 195
mulches service life, 195

Light-catalyzed reactions, 164
Light-responsive 2,4-D nano-controlled 

release agent, 79
Light sensitivity, 20, 21
Lignin, 321
Linear low density polyethylene (LLDPE), 

222, 223
Linear water-soluble polymers, 102
Lipase concentration, 169
Lipid-based nanosystems, 165, 167
Lipid phase delivery system, 168
Lipoxygenase (LOX), 473, 474
Liquid/semisolid food products, 151
Low density PE (LDPE), 249, 250, 269
Low energy methods

droplets sizes, 171
environmental conditions, 172
EPI, 172
fabrication, 171
formation, 171
phase inversion method, 173
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polydispersity, 171
SE, 172
thermal method, 172

Lower critical solution temperature (LCST), 
21, 71, 108

Lubricants, 192
LysM-containing receptor, 58

M
Macro-emulsions, 147
Macro-molecular chains, 107
Macro-molecular emulsifications, 150
Macrospheres, 16
Master batches, 186
Mastitis, 299
Mater-Bi®, 222, 227, 231, 232, 276, 277
Matrix structures, 11
Maximum degree of biodegradation, 225
Melt blown (MB) processing, 227
Melt intercalation process, 566, 567
Membrane emulsification, 15
Mesoporous carbon nanoparticles, 58
Mesoporous silica nanoparticles (MSN), 79
Metabolic activities, 356
Metal/metal oxide-carbohydrate 

bionanocomposites, 533, 534
2-Methyl-4-chlorophenoxyacetic acid 

(MCPA)-PHBV conjugate, 233
Methylene blue, 173
Metribuzin, 118
Micelles, 19
Micro- and nanoencapsulation, 2
Micro fertilizers, 8
Microcapsules

loading capacity, 81
types, 11

Micro-emulsions
characteristic properties, 146
drug delivery systems, 146
vs. food processing, 146
isotropic, 146
lipids, 146
thermodynamically stable, 146

Microencapsulation
biodegradable materials, 12
classification, 11
colloidal and surface properties, 11
differences, 12
environment-friendly, 12
microcapsule synthesis, 11
microcapsule types, 11
polycondensation, 16
urea-formaldehyde systems, 16

Microfibrillated cellulose (MFC), 332
Microfluidizer, 171
Microorganisms, 246
Microwave irradiation (MW), 17
Milk-based products, 145
Mineral oils, 173
Mineralization, 225
Minimally processed fruits and vegetables 

(MPFV) essential oils, 174
Modified atmosphere, 356, 357
Modified atmosphere packaging (MAP),  

341, 528
Modified starches/proteins, 150
Mono-glycerides, 150
Monoterpene alcohol, 306
Montmorillonite, 332
Moxifloxacin hydrochloride (MOX-HCL), 300
Mulch effect, 244, 256
Mulch films, 2
Mulches

agricultural, 216
biodegradable, 220
definition, 266
developments

biocomposites, morphological 
investigations, 283

bionanocomposite film formulations, 281
disintegrated electrospun mats, 282
dynamic and isothermal TGAs, 283
electrical potential, 280
electrospinning technology, 280, 281
flexible electrospun biocomposites, 283
PLA/PHB blend, 283
SEM, electrospun samples, 281, 282
water absorption and thermo-oxidative 

destruction, 283
films cost, 217
inorganic, 216
organic, 216
origin, 216
paper, 216
soil quality, 228
special, materials, 216
type and depth, 266
vantage, 266

Mulching, 216
advantages, 216, 266
alternative elements, 243
beneficial practices, 266
benefits, 217
disadvantages, 217, 266
gardening applications, 242
materials, 243

Mycotoxins, 218, 229
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N
NaAlg, 23, 24
NaAlg-Bent microcapsules, 13
Nanocapsules, 18, 19, 58

core-shell structure, 48
Nano-carrier materials, 68
Nanocarrier systems

development, 49
and nanoparticles, 50

Nanocellulose
automotive industry, packaging and 

furniture production, 560
classification, 562
description, 560 (see also Polymer 

composite films)
preparation and properties, 562–564
prepared from wood pulp, 561

Nanocomposite coatings, 448
Nanocomposites, 347
Nanoemulsions, 383

applications, 173–176
bioavailability, 149
bottom-up approach, 169
characteristics, 164–165
classification, 161, 162
and conventional emulsion, 144
delivery systems (see Delivery systems)
emulsifiers, 165
encapsulate oils, 149
fabrication, 160, 161, 169
in food and agricultural applications, 

150–151
formation, 169
healthy substances, 149
high energy approaches, 149
high energy methods, 169–171
in-body behavior, 168–169
in-product behavior, 168–169
interfacial engineering technology, 149
kinetically stable, 160
limitations, 174, 177
low energy approaches, 149, 150
low energy methods (see Low energy 

methods)
O/W, 160
production methods, 169, 170
properties, 150, 161–164
thermodynamically unstable, 160
top-down approach, 169
types, 149
water-dispersibility, 149
W/O, 160

Nanoencapsulation
active compounds, 12

differences, 12
mechanisms, 12
micelles, 19
nanocapsules, 18, 19
nanogels, 19
nanospheres, 19
SNCs, 93

ascorbic and oxalic acid, 95
nanocarriers, 95

SNPs, 93
antioxidant, 95
catechin, 95
cross-linking/esterification, 93
curcumin, 94
D-SNP, 94
gallic acid and butylated 

hidroxytoluene, 93
high-amylose corn, 94
quercetin, 95
techniques, 94

structures, 18
Nano-fertilizers, 8
Nanogels, 19
Nanoparticles, 347, 405

PGRs
advantages, 46
aqueous/continuous phase, 50
biodegradable polymers, 49, 50
carrier systems (see Carrier systems)
characteristics, 46
copper-containing Cs, 57
Cs, 56, 57
development, 48
distribution, 57–59
double emulsion, 50, 51
evaluations, 56, 57
hydrophobic/hydrophilic  

molecules, 50
immunological activity, 57
phytotoxic/stimulate effects, 56
polymer synthesis, 50
preformed polymers, 50
silver nanoparticles, 57
simple emulsion method, 50
structure, 48
transport, 57–59
ultrasound probe, 50
uptake, 57–59

Nanopesticide, 69
Nano-precipitation, 15
Nanoscale Science and Engineering for 

Agriculture and Food Systems 
research program, 69

Nanosensors, 173
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Nanospheres, 19, 81
polymeric matrix, 48

Nanostructured multilayer emulsions, 149
Nanotechnology

food packaging
application, 331
biocomposite foams, 332
bioplastics, 331
clay, 331
cold plasma technology, 333
CuO, 332
definition, 331
exfoliation, 332
improved packaging, 331
kaolin, 332
nanoscale fillers, 331
properties, 331

LbL approach, 346–347
nanoemulsions

essential oils, 346
food sector, 346
in vitro antimicrobial activity, 346
LEO, 346

nanomaterials, 345
NPs

food-grade biopolymers, 347
nanocomposites, 347
nanometric-sized particles, 347
SLNs, 347

Nanotechnology/nanoscience
advancements, 160
in agricultural production, 148
applications, 68, 69, 147, 148
characteristic properties, 147
definition, 9
derivatives, 160
development, 68
in food processing, 149
nanoemulsions (see Nanoemulsions)
scientific fields, 147

Nanotoxicology, 454
Natural additives, 404
Natural chemicals, 149
Natural emulsifiers, 167, 168
Natural plant extract, 357, 367
Nestle, 150
Neurotoxin, 101
Nitrogen, 7
Nitrogen-fixing bacteria (NFB), 12
Nitrogen use efficiency (NUE), 128
Non-biodegradable polymer-based  

hydrogel, 115
Non-degrading petroleum-based polymers, 23
Non-metallic oxygen scavengers, 405

Nonwovens, 193
Norflurazon, 116
Norrish type photochemical reactions, 196
NPK fertilizers, 113, 114
Nucleating/clarifying agents, 192
Nutraceuticals, 163, 172, 174, 177
Nutra-Lease, 150
Nutrients, 112, 113
N-vinylimidazole (VIM), 72

O
Oil droplets, 143
Oil/water (O/W) emulsions

active ingredient, 144
classification, 145
concentration, 145
food and agro applications, 145
food processing industrial sectors, 144
functional activity, 145
stability, 145
structure and composition, 160

“OK Biodegradable soil”, 220
Oligonucleotide, 73
Omega-3 (ω-3), 149, 151
o-Nitrotoluene type (o-NB), 74
Optical properties, nanoemulsion, 163
Organic mulches, 216

advantages, 267
replacement frequency, 267

Osmotic pressure, 109
Ostwald ripening, 164
Oxodegradables, 194

P
Packed and un-packed food, 159
Pan coating, 443
Pancreatic lipases, 168
Panning, 435, 436, 443, 444
Paper mulches, 193, 194
Paraquat/N,N′-dimethyl-4,4′-bipyridinium 

dichloride, 117
Pasteurization process, 159
PBS-co-adipate (PBSA), 187, 188
PDQ-H, 194
Pectin, 508

edible coatings, 364
Pellets, 186
Permeability, 570, 571
Pesticide controlled release technology

active ingredient, 75
agricultural yield, 75
carrier material, 70
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Pesticide controlled release technology (cont.)
enzyme-responsive, 81–82
formulations, 70
pesticide pollution control, 75
photoresponsive, 79–81
pH-responsive, 77–79
redox-responsive, 82–83
stimulating responsive materials, 83
temperature-responsive, 76, 77

Pesticides, 6, 7, 68
agricultural products, 68
carrier, 69
carrier materials and loading methods, 68
controlled release technology (see 

Pesticide controlled release 
technology)

formulations, 68
loading system, 70
nano granules, 70

Petroleum, 216, 218
PGR-loaded nanoparticles, 57

agriculture use, 59
modulate growth, development and 

morphogenesis, 58
physico-chemical properties, 58
physiology processes, 58

pH variations, 108
Phase inversion composition (PIC) method, 

172, 173
Phase inversion method, 173
Phase inversion temperature (PIT) method, 

172, 173
Phase separation method, 76
Phase separation property, 21
Pheromones

and biocontrol agents, 304
biodegradable polymers, 303
laboratory bioassays and field trapping 

tests, 304
Lobesia botrana, 303
pest management, 303
types, 303

Phosphorus (P), 7
Photocracked self-assembled monolayers, 74
Photodegradables, 194
Photodegradative reactions, 196
Photoisomerization reaction, 74
Photolysis, 117
Photo-reflective (PR) mulch films, 257, 258
Photoresponsive pesticide-controlled release 

agent, 79–81
Photo-responsive polymers, 20, 21, 73, 74
Photo-selective mulch films

agronomic yields, 256

description, 251
film systems, 256
functionalized mulch films, water  

saving, 257
heating/cooling, soil, 252
high-quality crops, 251
infrared region, transmittivity, 252
intellectual approach, agricultural plastic 

films, 251
international market, 252
materials and methods, 257–259
photo-reflective mulch film, 254
physical characteristics, 252
properties, 251
solar spectrum, 251
temperatures, 253, 255
thermal mulch film, 253
transmissivity, 252
transmittivity, infrared region, 252, 254

pH-responsive controlled release pesticide 
(PRCRP)

alkaline conditions, 77
application, 77
characterization, 77
CMCS, 79
cypermethrin, 77
emulsion-based synchronous, 79
fabrication and application, 78
Gly and Cyp, 78
magnetic properties, Fe3O4, 78
MSN, 79
nano-controlled agent carrier, 77
PAA, 77
polydopamine-modified attapulgite, 78
PSI, 77

pH-responsive polymers, 21, 22, 72, 73
Phthalate-based plasticizers, 192
Physical stability, nanoemulsions, 163, 164
Physiological and physiochemical 

mechanisms, 174
Phytohormones, 8, 46, 47, 56
Phytotoxic/stimulate effects, 56
PLA/poly (butylene adipate-co-terephthalate) 

(PBAT) nanofibers, 299
Plant cell wall, 58
Plant growth promoting bacteria, 12
Plant growth regulators (PGRs)

active ingredients, 46
challenges, 59
contamination, 46
modified release systems, 48
nanoparticles (see Nanoparticles)
natural/synthetic substances, 46
phytohormones, 46, 47
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soil degradation, 46
supra-optimal concentrations, 48
types, agriculture applications, 46, 48

Plant hormones, 46
Plastic mulch films

additives, 244
advantages, 244
cast production method, 244
monolayer, 244
mulch effect, 244
types, 245

Plastic mulch technology, 230
Plastic mulches

advantages, 267, 268
aim, 268
BDMs (see Biodegradable plastic mulches 

(BDMs))
in crop production, 184
LDPE, 269
limitation, 268
LPLE, 269
PE mulch films, 269
plasticulture, 268 (see also Polyethylene 

(PE) mulches)
PP mulches, 272
repellents, pests, 272
thickness, 269
use, 268
with row covers, 271

Plastic waste, 217
Plasticizers, 192, 193, 358, 360, 500

application, 499
film forming, 499
PEG 400, 500, 501, 511
plasticizing effect, 499
polyol, 499
stabilization, shellac, 500, 501
WVPC, 489

Plasticulture, 268
Polarity property, nanoemulsions, 164
Poly (3-hydroxybutyrate) (PHB), 223, 228
Polymer composite films

in situ polymerization, 567
Poly(N-isopropylacrylamide) (PNIPAM), 71, 

72, 76
Poly(succinimide) (PSI), 77
Polyacids, 22
Polyacrylamide (PAAm), 23, 101
Polyacrylate, 23
Polyacrylic acid (PAA), 77
Polyamides, 103
Polybases, 22
Polybutylene adipate terephthalate (PBAT), 

187–189, 218, 222, 227, 230, 232

Polybutylene succinate (PBS), 187, 188
Polycaprolactone (PCL), 19, 105
Polyelectrolytes, 18
Polyesters, 187
Polyesters hydrogels, 103
Polyethylene (PE), 184–187, 193, 194, 

198–200, 202, 203
Polyethylene (PE) mulches

color parameters, 270–271
HDPE, 269
LLDPE, 269
photodegradable plastics, 272
PP mulches, 273
UHMWPE, 269

Polyethylene-based mulch films, 244
Polyethylene glycol, 80
Polygalacturonase (PG), 469, 470
Poly-glycerol polyricinoleate  

emulsifier, 146
Polyhydroxyalkanoate (PHA), 189, 190, 223

bio-based polymers, 218
physicochemical and mechanical 

properties, 219
Polyhydroxybutyrate, starch, glycerol and 

montmorillonite (PHBSGMMt), 36
Poly-lactic acid-based antioxidant  

films, 537
Polylactic acid (PLA), 188, 189

bio-based polymers, 218
composites, 222
description, 218
physicochemical and mechanical 

properties, 219
Polymer composite films

melt intercalation process, 566, 567
nanocomposites, 563
preparation, 564, 565
ROP, 568–570
solvent casting methods, 565, 566

Polymer foams
closed-cell aluminum, 319
extrusion foaming, 319
food packaging, 318
open cell, 319
PUs, 319
starch-based, 320
steps, production, 319
synthesis, 319
thermoplastic, 319
thermosets, 319

Polymer matrix
load application/transfer, 558
thermoplastic, 559
thermoset, 559, 560
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Polymer nanocomposites
applications, 579–585
biodegradability, 578
formation percolating nanoparticle 

network, 573
mechanical solicitation, 573
optical properties, 573, 575
stiffness and strength properties,  

577, 578
thermal degradation, 578
WVTR, 575

Polymer nanofibers
application efficiency, 292
electrospining, 292

Polymeric constituents, BDMs, 187–190
Polymeric mulches, 217, 233
Polymerization, 495–497, 499, 501, 512
Polymers

agrochemical systems, 2
agrochemicals (see Agrochemicals)
controlled-release systems, 13
CRF matrices, 137
Cs, 13
diffusion mechanism, 131
elicitor properties, 2
encapsulation (see Encapsulation)
erosion mechanism, 133
fertilizer-loaded, 129
hydrophilic, 129
matrices, 134–135
matrix/monolithic systems, 132
soluble inflatable matrix, 133

Polyoxyethylene-type nonionic  
surfactants, 173

Polyphenol oxidase (PPO), 474, 512, 514
Polypropylene (PP), 269, 273
Polypropylene carbonate (PPC), 187
Polysaccharide based ECs

cellulose and derivatives, 362, 363
chitosan (Cs), 365–366
composition, 362
gums, 366–367
pectin and derivative-based coatings, 364
polysaccharides, 362
seaweed extracts

alginates, 364–365
carrageenan, 365

starch and derivatives, 363
Polysaccharides, 18, 104, 107, 114, 167, 421, 

466
Polyurethane (PU) foams

advantages, 320
description, 319
petrochemical based polymers, 320

Polyvinyl alcohol/cinnamon essential 
oil/β-cyclodextrin (PVA/CEO/
β-CD), 347

Post-harvest, 2
edible coating, 384
fruits and vegetables, 378
Penicillium digitatum, 380
treatments, 385

Post-harvest loss
agriculture, Indian economy, 526
applications, 534–536
biological agents, 527
biopolymers, 526
chemical and gaseous treatments, 527
control, 527
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