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Abstract

The increasing interest in natural bioactive compounds is pushing the development of new extraction processes that may
allow their recovery from a variety of different natural matrices and biomasses. These processes are clearly sought to be more
environmentally friendly than the conventional alternatives that have traditionally been used and are closely related to the 6
principles of green extraction of natural products. In this trend article, the most critical aspects regarding the current state
of this topic are described, showing the different lines followed to make extraction processes greener, illustrated by relevant
examples. These include the implementation of new extraction technologies, the research on new bio-based solvents, and
the development of new sequential process and biorefinery approaches to produce a full valorization of the natural sources.
Moreover, the future outlook in the field is presented, in which the main areas of evolution are identified and discussed.

Keywords Bioactive compounds - Natural matrices - Agri-food by-products - Green extraction - Biorefinery

Introduction

In spite of the efforts of some climate change negationists
and global warming skepticism leaders behaving as if they
were part of the film “Don’t look up” by Adam McKay,
strong scientific evidence points to the effect of human activ-
ity on climate change [1]. This observation has even led to
the definition of Anthropocene as a new geological epoch
[2]. As we scientists build our work on facts and not on
beliefs, efforts are being produced in every research field to
reduce the impacts on the environment, and analytical chem-
istry is not an exception. The need for a more sustainable
approach to research in Chemistry was already envisaged
25 years ago by Anastas and Warner who defined the 12
principles of Green Chemistry [3]. From that point, differ-
ent milestones and principles have been developed for the
practice of green analytical chemistry [4, 5], green sample
preparation [6], and for the green extraction of natural prod-
ucts [7] (Fig. 1). This latest field of application is at the core

Published in the topical collection Advances in (Bio-)Analytical
Chemistry: Reviews and Trends Collection 2024.

P< Miguel Herrero
m.herrero @csic.es

Laboratory of Foodomics, Institute of Food Science
Research—CIAL (CSIC-UAM), Calle Nicolas Cabrera 9,
28049 Madrid, Spain

of the present manuscript, and has experienced an exponen-
tial growth in the last years.

Besides the focus on more sustainable extraction tools for
the recovery of natural bioactive compounds, the relevance
of this field is also related to the target compounds. The
food industry is demanding a new range of compounds and
extracts from natural origin to address consumers’ needs
and preferences related to the development of new products.
Nowadays, the use of natural compounds is clearly preferred
over the use of synthetic alternatives. Moreover, in a context
in which purely nutritional needs are largely covered in the
western countries, consumers move their attention to prod-
ucts that are able to provide an additional health benefit. The
combination of these factors is pushing the search for new
natural sources of bioactive compounds, both known, and
novel promising compounds. Although the list of potentially
natural bioactive compounds being investigated at present
is huge, some groups of components that attract attention
include polyphenols, carotenoids and other terpenoids, alka-
loids, polyunsaturated fatty acids, or saponins, just to name a
few. The variability in the chemical composition of the natu-
ral matrix as well as the level of purity desired will guide the
selection and complexity of the extraction protocol.

In terms of natural samples, traditionally, biomasses rich
in bioactive secondary metabolites, such as plants and sea-
weeds, have been widely studied [8]. However, in the last
years, as a result of the push towards sustainability and to the
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Innovation by selection of varieties and
use of renewable plant resources

Use of alternative solvents and
principally water or agro-solvents

Reduce energy consumption by energy
recovery and using innovative
technologies

Production of co-products instead of
waste to include the bio-and agro-
refining industry

Reduce unit operations and favor safe,
robust and controlled processes

Aim for a non denatured and
biodegradable extract without
contaminants

Fig. 1 The six principles of green extraction of natural products, as
proposed by Chemat et al. [7]

development of circular economy-related approaches, agri-
food by-products have raised significant attention. There is a
wealth of research showing how some of these by-products
that were traditionally underused or entirely disposed are
still rich on bioactive compounds that can be valorized into
added-value products [9]. Lastly, the use of microalgae as
natural sources for bioactives is also very relevant, as these
microorganisms can be cultured under specific conditions to
overproduce particular compounds of interest [10]. Besides,
non-arable land might be used for their production. Both
photobioreactor technology and biotechnology advance-
ments are fostering the commercial production of an ever
increasing number of different strains [11].

All these factors are combined at present in the search
for new green alternatives. In this context, the six princi-
ples of green extraction [7] are closely related to the change
observed in the recently published applications and develop-
ments towards a more sustainable approach. In fact, all of
them are linked to the current and future trends observed in
the field of natural bioactives extraction. The present Trends
article presents a succinct non-comprehensive overview
highlighting the most relevant recent applications devel-
oped around these principles illustrating the most impor-
tant advancements made in the field, as well as the future
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perspectives, developments, and research directions in the
area.

Current situation

As already mentioned, the current state within the extrac-
tion of bioactive compounds from natural matrices field
is strongly marked for the development of new processes
that may either improve the existing ones in terms of sus-
tainability, greenness, and efficiency or that can be used to
explore the possibilities for underused biomasses. The most
successful advanced extraction techniques used in the field
so far include microwaves-assisted extraction (MAE), ultra-
sounds-assisted extraction (UAE), the use of compressed
fluids under different conditions (supercritical fluids extrac-
tion, SFE; pressurized liquids extraction, PLE; gas-expanded
liquids, GXE), pulsed electric fields (PEF), and enzyme-
assisted extraction (EAE). Table 1 shows a summary of the
most notable features of these techniques. Other techniques
have also been reported as being green and efficient, as
those based on mechanochemical reactions or high-pressure
homogenization.

In this section, the most notable recent advances in the
field are discussed and commented, highlighting the evolu-
tion observed in the last 10 years regarding the principles
of green extraction, summarized in Fig. 1. Although shown
separately, it has to be considered that many of the current
approaches are closely related to several of those principles.

Innovation by the selection of varieties and the use
of renewable plant resources

This section represents one of the most important points in
the last years. The study of new natural sources of bioactive
compounds is continuously growing both to discover new
interesting compounds and to gain advantage of underused
biomasses. Among them, as it has been already mentioned,
the use of agri-food by-products represents a subfield of
special interest. The use of these materials allows not only
the proper recovery of the bioactive components but also to
generate added-value solutions from wastes, increasing the
sustainability of the industrial processes as well as improv-
ing aspects related to circular economy [12]. The number
of by-products studied so far is huge, being the applications
reported related to several extraction tools [13, 14]. The
scientific evidence pointing at their rich profile on bioac-
tive compounds, in general, is increasing [15]. For instance,
PLE has been used to recover bioactives from artichoke by-
products [16], whereas UAE is one of the most extended
advanced extraction methods for the recovery of a variety
of different compounds, such as chlorophylls from tomato
and carrot by-products [17].
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Table 1 Summary of the most-used advanced green extraction techniques used at present for the recovery of bioactive compounds from natural

samples
Technique Typical extraction conditions  Advantages Disadvantages Target bioactives
Microwaves-assisted extrac- ~ Power: 100-600 W Fast extractions Need of temperature control ~ Polyphenols
tion — MAE Temp: 30-100 °C Good efficiency Polysaccharides
Press: 1040 MPa Carotenoids
Extraction time: 5-30 min
Ultrasounds-assisted extrac-  Frequency: 20-100 kHz No high temperatures needed Non-modifiable polarity Polyphenols
tion — UAE Temp: 30-60 °C Fast and cheap Alkaloids
Extraction time: 15-80 min Variety of solvents
Supercritical fluid extraction ~ Temp: 35-60 °C Very selective Low affinity for polar com- Terpenes
—SFE Press: 10-40 MPa Solvent-free extracts pounds Carotenoids
Extraction time: 60-180 min Costly equipment PUFAs
Pressurized liquids extraction Temp: 50-200 °C Fast extractions Relatively lack of selectivity ~ Polyphenols
—PLE Press: 5-15 MPa Lower volumes of solvent Possibility of degradation Carbohydrates
Extraction time: 5-30 min needed
High total extraction yields
Gas-expanded liquids extrac-  Temp: 35-60 °C Selectivity modulated by Costly equipment Carotenoids
tion — GXL Press: 10-25 MPa expanded solvent More difficult process opti- Fatty acids
Extraction time: 60-120 min ~ Tunable solvent properties mization Terpenoids
Polyphenols
Pulsed electric fields — PEF  Electric field strength: Lower energy consumption Need of solvent-based Polyphenols
0.5-30 kV/cm Higher extraction yields recovery Sterols
Pulse duration: 2-5 ps Polysaccharides
Number of pulses: 20-200 Carotenoids
Enzyme-assisted extraction Temp: 30-50 °C Improved recovery Long process times Lipids
— EAE Extraction time: 2-24 h Mild conditions Need of post-extraction treat- Oils
ments Polyphenols
Carbohydrates

Temp, temperature; press, pressure; PUFA, polyunsaturated fatty acids

Another remarkable example is the search for new organ-
isms that could be grown for the production of bioactive
compounds, such as microalgae or fungi. The use of green
approaches, such as UAE, was demonstrated to provide with
higher efficiency for the recovery of interesting compounds
from Scenedesmus obliquus microalga, compared to conven-
tional extractions [18]. Moreover, the use of SFE provided
with a high selectivity towards the extraction of carotenoids
with a high-purity extract. Another very interesting approach
was followed for the extraction of bioactive compounds from
Tetradesmus obliquus by SWE. In this case, the overall sus-
tainability was even improved by the fact that the culture was
developed using poultry wastewater as growth medium [19].

Use of alternative solvents and bio-based solvents

This point implies a great potential for further develop-
ment. The need to avoid the use of petrochemically derived
solvents is evident and the search for alternatives has been
intense. In this regard, there are two main possibilities. The
first one is characterized by the use of solvents from a bio-
based origin. Bio-ethanol is the most used, as it can be rela-
tively easily obtained by fermentation from a variety of natu-
ral biomasses. The use of ethanol together with advanced

green extraction tools to recover bioactive compounds is
quite extended [20]. In the last years, however, other bio-
based solvents that may be obtained from renewable feed-
stock have been proposed in combination with green extrac-
tion methods including limonene [21], gamma-valerolactone
[22], cyclopentyl methyl ether [23], or 2-methyl tetrahydro-
furan [24]. Some of these solvents are particularly interest-
ing to substitute low polarity volatile organic solvents, such
as hexane, thanks to their physico-chemical properties [24].
The other group of alternative solvents is composed of natu-
ral deep eutectic solvents (NADES). Deep eutectic solvents
emerged as greener alternatives to ionic liquids, and are
formed by heating two components, a hydrogen bond accep-
tor and a hydrogen bond donor, that are solid separately but
form a liquid after mixing and being combined. When the
donor and acceptor are natural organic compounds, the mix-
ture is called a NADES and presents similar properties but
significantly less toxicity and enhanced biodegradability.
An interesting feature is that NADES can be tailor-made
with properties depending on their particular components.
Although relatively new, the applications of NADES to a
variety of extraction techniques with the aim to decrease the
environmental impact of the recovery of natural bioactive
compounds are constantly growing in the last years [25, 26].
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There is a huge variety of different NADES reported that
have been applied for the extraction of compounds of differ-
ent chemical nature, such as polyphenols [27], carotenoids
[28], and other pigments [29], saponins [30], or alkaloids
[31], among others. Figure 2 shows how NADES selection
significantly influences the recovery of proanthocyanidins
from grape pomace [32], demonstrating the need for proper
exhaustive study about the exact composition to be used for
extraction. Interestingly, new hydrophobic NADES have
been also identified, thanks to the study of Hansen solubil-
ity parameters, to defat soybeans during valorization of by-
products, making them as useful alternatives to conventional
organic solvents such as n-heptane [33].

Reduce energy consumption using innovative
technologies

Frequently, the information found in the literature about
the greenness of an extraction process to obtain natural
bioactives is limited to the type of solvent or the approach
followed. However, other important parameters have to
be considered to estimate if a process is more sustainable
than its benchmark, and one of these is energy consump-
tion and recovery. Although generally considered greener
than conventional approaches, advanced extraction tech-
niques sometimes require particular conditions that may
involve energy-intensive processes, such as the use of very
high pressure. For this reason, a proper assessment for each
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Fig.2 Extracts obtained after extraction by MAE at 130 °C for
10 min using different NADES as extracting solvents. Reproduced
with permission from [32]
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application could be of high interest. One of the most inter-
esting tools in this sense is life cycle assessment (LCA).
Thanks to the implementation of quantitative comparisons,
the environmental impacts of each process and technology
available can be actually compared. For instance, it has
been shown how the use of microwaves- and ultrasound-
assisted extractions is more energy-intensive per time unit
than conventional processes such as maceration or Soxhlet
extraction. However, when comparing a particular applica-
tion, such as the recovery of the bioactive carotenoid asta-
xanthin from Haematococcus pluvialis microalga biomass,
it is demonstrated how the use of MAE or UAE leads to
lower environmental impacts than maceration, which needs
less energy demands, thanks to an improved recovery and
significantly lower processing time [34]. Indeed, the most
efficient and faster methods may need less overall energy
consumption per product unit, although the final result will
strongly depend on the particular application. For instance,
MAE was shown to require less energy than UAE for the
recovery of phenolic acids from distillery by-products [35].
Other approaches to reduce energy consumption should be
based on technological improvements on existing equip-
ment, for instance through reusing the generated heat dur-
ing extraction.

Production of co-products instead of waste
to include the bio- and agro-refining industry

The reduction of wastes that are meant to be disposed or
landfilled through the generation of co-products is the most
important aim of biorefinery approaches [36]. The target
markets for biorefinery-derived products are wide, includ-
ing food, pharmaceutical, cosmetic industries, and the gen-
eration of fine chemicals, among others. From a circular
bioeconomy perspective, the concept and generation of
biorefineries is highly relevant, as it may derive in com-
plex and complete processes in which no real wastes are
generated. For this reason, the implementation of this kind
of approaches is a perfect match to green extraction tech-
niques for the attainment of natural bioactive compounds,
thus, increasing the overall sustainability and reducing the
impact on the environment as much as possible. Several of
these approaches have been already reported. Citrus peels
retain a good potential for full valorization following a zero-
waste approach, as they are still rich in several groups of
components after juice extraction. Green approaches, based
on the use of MAE and UAE, have been proposed to recover
interesting natural bioactives, such as polyphenols [37].
Figure 3 shows the potential of a biorefinery implementa-
tion involving the use of green extraction processes for the
valorization of orange peels. Similarly, a full biorefinery
process involving the use of green extraction steps for the
full valorization of Saccharina latissima seaweed biomass
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has been proposed, and its feasibility confirmed through
a LCA studying all the relevant aspects, from cultivation
and harvesting to the generation of different products for
different fields [38]. The use of LCA allowed the identi-
fication of the most relevant environmental hot-spots that
can be further improved. Similar approaches, adapted to
each biomass, have been reported for other materials, such
as legumes [39] and other vegetables [40, 41], halophytes
[42], and microalgae. This latter group of organisms are
promising biomasses for biorefinery approaches based both
on their typical chemical compositions and to the possibil-
ity of using other waste streams as feeds for their produc-
tion. As an illustrative example, a compressed fluids-based
biorefinery-like approach was proposed to obtain different
kinds of bioactives from P. cruentum biomass [43]. Each
step was optimized separately and allowed combining tools
with different polarity targets, such as SFE, PLE, and GXLs.
Indeed, the use of compressed fluids-based extraction tools
retains an excellent potential to be part of wider biorefinery
processes [44].

Reduce unit operations through technical
innovation and favor safe, robust, and controlled
processes

The reduction of unit operations is foreseen as a means to
decrease the environmental impacts of the extraction pro-
cesses. By implementing intensified processes, some steps
can be avoided. An interesting proposal has been reported

for the valorization of corn by-products, combining several
approaches and technologies to reduce operating costs and
to generate new products [45]. As can be observed in Fig. 4,
a process strategy based on compressed fluids was designed
to allow the recovery of different interesting products from
corn milling by-products either by using supercritical fluids
of pressurized ethanol. This contribution demonstrates the
interest of using an equipment to operate under different
conditions so that multiple products can be obtained in a
single facility. Another example of process intensification is
illustrated by the development of a one-pot strategy for the
recovery of proteins and xanthohumol, an important bioac-
tive compound, from spent hops from the brewing industry
[46]. A DES-based extraction protocol was firstly developed
to recover the interesting proteins and bioactives from the
spent hops starting material. Later on, water is employed
as an antisolvent to produce the precipitation of the target
components, producing a selective recovery.

Aim for a non-denatured and biodegradable extract
without contaminants with “green” values

This last principle of green extraction of natural compounds
involves and combines some of the research work already
described in previous points. The generation of this kind of
extracts is directly related to the solvents employed during
extraction. A perfect example is the attainment of solvent-
free extracts when using SFE with neat supercritical CO,
for the recovery of the bioactive compounds. Once the SFE
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process is finished and the pressure is released, the obtained
extract is completely dried and free of solvent residues; this
is the most favorable case. However, other interesting situ-
ations may occur when NADES are the selected extracting
solvents. One of the problems that can be found towards the
application of the obtained extracts is related to the need of
evaporating or eliminating the extracting solvent. Thus, the
search for the most appropriate NADES in a way that the
extract can be straightforwardly used is of utmost interest
[47]. In this case, aspects related to toxicity of the solvent
should be considered, although it has also been pointed out
the possibility that bioactive extracts are even more active
when dissolved in a proper NADES than in other solvents
[48]. Moreover, NADES have been shown to generally pos-
sess high stability at high temperatures and may also be used
to increase the stability of the bioactive compounds over
time [49].

The use of water as extracting solvent is, in principle, the
greenest approach and provides with extracts that might be
fully compatible for a given application. However, there are
multiple examples of applications in which water has to be
eliminated, which usually implies a costly process. In this
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case, the drying technique should be able to eliminate the
water without significantly affecting the resulting extract.
Another worrying point when extracting bioactive compo-
nents with water is the chance of occurrence of non-desired
reactions when high temperatures are used. This point has
been repeatedly demonstrated and could raise safety con-
cerns depending on the compounds formed in the extracts
[50, 51].

Outlook

As it is briefly illustrated in this manuscript, the field of
green extraction of natural bioactive compounds is in con-
stant evolution and increasing interest. It is foreseen that the
future developments will expand the applicability of more
sustainable extraction approaches for a variety of natural
biomasses. In particular, the use of agri-food by-products
as raw materials for the development of full valorization
processes will most probably attract great attention, as the
generation of circular bioeconomy processes is at the core of
some of the most important research programs worldwide.
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Linked to this point, the use of novel bio-based safe and
biodegradable solvents will continue its expansion. The use
of solubility prediction models based on Hansen solubil-
ity parameters or conductor-like screening model for real
solvents (COSMO-RS) can be helpful tools to develop this
kind of new solvents, such as NADES, ad hoc for particular
applications. However, apart from the starting biomasses and
natural sources for bioactive components and solvents, some
interesting aspects related to technology developments and
implementations are also expected.

Up to now, as discussed here, the focus has been centered
on the development of new applications and green processes
to recover natural bioactives. However, as these techniques
are gradually more widespread and routinely used, the
chances for technology improvements are open. A particular
aspect that should be tackled is related to the characteristic
chemical variability of natural biomasses. As the outcome of
the extraction procedure will be directly linked to the chemi-
cal composition of a particular natural sample, the need of
fine-tuning or adjusting the extraction protocol or conditions
to selectively recover the highest possible amount of the
target compounds is a reality. In practice, this aspect implies
that if the extraction conditions remain unchanged from
batch to batch, the full utilization of the starting material
may not be taking place. At this point is where digitalization
technologies may provide a strong point. Automatic on-line
tuning of the extraction process (i.e., extraction conditions)
retains great promise to significantly improve the use of the
raw materials, producing more valuable products with less
environmental impact.

Moreover, technological improvements mean that extrac-
tion conditions that were not easily attainable before, can
now be operated. An example of these future advancements
is the use of ultra-high pressures under SFE. It is relatively
frequent to find SFE processes operated at 400—600 bar, but
the development of processes at significantly higher pres-
sures, ca. 1000 bar, may change dramatically the achiev-
able results. This kind of development opens the door for
future complex developments in which new intensified
processes may be designed for the full valorization of the
natural biomass. In any case, it is also necessary to men-
tion that, although much effort is being put today to study
the possibilities behind numerous natural sources, the pre-
sented results are not always worthy. It is quite easy to find
published reports in which green processes are developed for
the recovery of valuable natural bioactive compounds from
sources in which they are found in very little amount. Not
every by-product, plant, or natural biomass can be effectively
used or valorized to produce bioactives in a feasible way.
Even if the developed process is, in principle, considered
green, energy and other materials requirements will mean
that the process is not economically favorable and, thus,
other applications may be more promising.

Lastly, although a genuine environmental concern is pre-
sent in this field, the risk to fall under pompous greenwash-
ing speeches should be avoided. To this aim, the evaluation
of the greenness of an extraction method is unavoidable.
Close evaluation of the environmental impacts of the extrac-
tion processes should be offered to fully demonstrate their
superiority compared to other possibilities, either by using
LCA or any other measurement tool. Specific developments
similar to AGREE tool [52] or green analytical procedure
index (GAPI) to evaluate the greenness performance of ana-
lytical methods would be of great interest for the field of
green extraction. The development of such dedicated tools
for extraction processes and their widespread use will surely
help researchers in the field to evaluate and assess the green-
ness performance of the developed process for each specific
application.
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