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ARTICLE INFO ABSTRACT

Keywords: Green and sustainable chemistry principles have been employed in different industries to create greener and safer
Deep eutectic systems chemicals and processes, by replacing hazardous solvents with safer and more efficient ones. A state-of-the-art
Extraction analysis on deep eutectic systems (DES) shows their consistent growth in the fields of chemistry, particularly
Bioactives . . . . . .

Cosmetics as extraction solvents, mainly of bioactive compounds from natural sources. In this sense, a patent review was

carried out, to highlight the relevance of DES, formed by natural compounds, in the cosmetic industry and the
commercial added value of this technology at the industrial scale. Despite their good extraction efficiency, DES
physicochemical properties need to be considered, as they may present some limitations in the process scale-up.
This implies the study of several parameters, such as the cost of raw materials, the investment necessary to adapt
or implement new equipment, energy consumption (for instance for pumping, heating, and stirring), and
treatment of any by-products and wastes, in both the upstream and the downstream operations. Due to their
inherent properties, DES can also be used as stabilizing agents of the bioactive compounds extracted, allowing
their direct use in final products, namely in cosmetics, which is translated into a reduction of the downstream
costs. This work further reports a case study of the extraction of grape anthocyanins with DES, and the necessary
steps required to take this process from a laboratory scale to an industrial scale, targeting the cosmetic industry.

Green and sustainable chemistry

greener chemicals and processes (Principles of Green Chemistry, 2021).
One of the most efficient ways to achieve greener processes is by

1. Introduction

In recent years, attention has been focused on improving the quality
of life around the world. The Paris Agreements (PA) and the 2030
Agenda for Sustainable Development (ASD) are examples of such efforts.
They both aim to bring a global partnership working towards ending
poverty, reducing global warming, and preserving wildlife across all
ecosystems. A viable solution to tackle some of the problems that were
presented by both the PA and ASD is the use of green and sustainable
chemistry (GSC), which covers at least ten out of the seventeen goals of
the 2030 ASD, (goals 2, 3, 6, 7, 9, 11, 12, 13, 14, and 15). The imple-
mentation of GSC aims to revise and improve current chemical products
and processes by reducing and/or removing the use of hazardous sub-
stances. In 1998 Anastas and Walker proposed the 12 principles of green
chemistry (PGC), intended as a starting guideline when developing

replacing hazardous and inefficient solvents with safer and more effi-
cient ones.

A class of solvents that fit these criteria are deep eutectic systems
which will be explored throughout this work. The use of DES is dis-
cussed, concerning the benefits and challenges linked to its application
in cosmetic industry, through a patent review, which seeks to address
the difficulties of scaling up extraction processes, and a case study that
emphasizes the potential environmental and economic impacts related
to DES-assisted extraction of active compounds.

The aim of this review is to give a brief overview of the current
knowledge regarding the use of DES as extraction solvents in a trans-
lation context, from a proof of concept in a laboratory setting to an in-
dustrial application, exploring future directions in designing efficient
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and sustainable extraction processes.
2. DES and their relevance to green and sustainable chemistry

DES are mixtures of two or more compounds, a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA), which, due to intermo-
lecular interactions, when mixed in a certain molar ratio, suffer a large
depression of their melting point, becoming a liquid at room tempera-
ture. Since they are formed through intermolecular interactions, mainly
hydrogen bonding (Paul et al., 2017; Liu et al., 2018), there is usually no
reaction taking place, meaning 100% atom economy and no waste
production in the preparation. DES preparation is usually done by
mixing the HBA and HBD at a certain molar ratio and stirring the
mixture at elevated temperature (usually 60 °C), with no need for
further purification steps (Smith et al., 2014; Pena-Pereira and
Namiesnik, 2014). Due to these characteristics, DES preparation has an
exceptionally low E-factor (ratio of waste produced per product formed),
complying with several principles of green chemistry. The intermolec-
ular interactions between the used HBA and HBD are responsible for the
physicochemical properties displayed by DES, including low melting
point, low volatility, nonflammability, low vapor pressure, acidity (Qin
et al., 2020), tailor-made polarity, chemical and thermal stability, and
miscibility (Zainal-abidin et al., 2017; Zhang et al., 2012).

DES are also able to easily solubilise compounds, such as phenolic
compounds or active pharmaceutical ingredients, increasing their
availability (Dai et al., 2013a; Garcia et al., 2016). By changing the
nature of the HBA:HBD or the molar ratio, it is possible to tune the
physicochemical properties of DES, making them versatile solvents in
different fields of applications, as seen in Fig. 1. A literature search on
the Web of Science with the key words “deep eutectic solvents”
demonstrated a substantial number of research fields (104 different
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fields and 6774 articles). Most of the categories represented in Fig. 1
belong to the field of Chemistry, with the most notable exceptions being:
Multidisciplinary Material Sciences (6%), Energy Fuels (5%), Food Sci-
ence Technology (3%) and Thermodynamics (3%).

As shown previously, DES have been used in a myriad of research
fields, with diverse types of applications in mind, such as electrochem-
istry (Enrica et al., 2021), environmental chemistry (Malolan et al.,
2021; Chen et al., 2021), and use as solvents (Cao and Su, 2021), bio-
sensors (Svigelj et al., 2021), and lubricants (Donato et al., 2021),
among others, with an emphasis on the study of their physico-chemical
properties (Aroso et al., 2017; Paiva et al., 2014). However, this
manuscript focuses on their use as a solvent for the extraction of ver-
satile bioactive compounds (Kalyniukova et al., 2021), highlighting the
use of these extracts for cosmetic products. Namely, DES have proven to
be able to dissolve a wide array of compounds (Garcia et al., 2016; Dai
et al., 2013b), are easy to produce, can be safely handled, and can be
tuned to selectively extract certain compounds (Rente et al., 2021;
Ivanovic et al., 2018). An example of DES tunability can be seen in Xu
etal. (2019) and Cao et al. (2018) where DES polarity was tuned in order
to increase the extraction yields of flavonoids. Other properties, such as
DES ratios and composition, can also be tuned to increase extraction
yields (Mansur et al., 2019; Ali et al., 2019).

Fig. 2 compiles data from around 650 articles, dealing with DES-
assisted extraction of various compounds, most of which are phenolic
compounds (50%), followed by metals, pesticides, proteins, and ligno-
cellulosic materials. The number of publications has been increasing
considerably since 2013, with an exponential growth.

Taking into consideration the interest in using DES as an extraction
solvent, and the PGC to achieve green and sustainable processes, waste
from the food and agricultural industries can be also used as a matrix to
supply bioactive compounds of interest, creating new products of high-
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Fig. 1. Versatility of DES reflected by the number of articles published in various research fields (data available on Web of Science using keywords “Deep eutectic

solvent” accessed on 07.12.2021).
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Fig. 2. DES-assisted extraction publications in the period 2013-2021 and distribution of original scientific articles according to the compound of interest (source:

Web of Science).

added value.

These compounds are interesting due to their anti-inflammatory,
neuroprotective, antimutagenic and anti-carcinogenic properties (Dai
and Mumper, 2010) allowing them to be used in the production of
cosmetics, pharmaceuticals, and nutraceuticals, as well as other food
additives (Zainal-abidin et al., 2017; Viviane et al., 2019). A recent re-
view by Wils et al. (2021) on the valorisation of biomass in France
showed that research into DES used as extraction solvents follows
similar steps: (i) DES, largely choline chloride based, are prepared and
characterised, (ii) the biomass is prepared for extraction, (iii) extraction
of bioactive compounds is conducted, (iv) extract properties, such as
stability, phenolic content, antioxidant activity, and toxicological
behaviour are studied, and then (v) a final formulation is discussed. The
authors identified that the final formulation is often targeted towards
the cosmetics industry, due to the advantageous properties of DES’, in
conjunction with the extracted compounds and biomass valorisation.

This work intends to evaluate the use of DES for the extraction of
phenolic compounds and the implementation challenges for the scale-up
of the extraction process, using the extraction of grape anthocyanins as a
case study (Panic et al., 2019a, 2019b).

3. Patent review

The relevance of the field for industrial purposes can be measured by
the number of patent applications filled. A review of patented processes
was herein conducted; patents were searched in worldwide.espacenet.
com, and data was narrowed down using the following Boolean string:
“deep eutectic” AND (solvent OR system) AND “extraction”. The first
patent on the use of DES for extraction purposes (van Spronsen et al.,
2011),was published in 2011, by Spronsen et al. (van Spronsen et al.,
2011) (U.S. patent No.: US9441146B2) from the University of Leiden,
Netherlands. Since then, about 24 patents on the topic have been pub-
lished. From a geographical point of view, about 75% of patents appli-
cants are based in China, with the rest 25% of applicants based in the
Netherlands, the United Arab Emirates, the United States of America,
and France, Fig. 3.

B Netherlands
H China
m UAE

USA

M France

Fig. 3. Geographical distribution of patent applicants regarding DES and
extraction methods.

It is important to note that most patent applicants are academic in-
stitutions such as universities, rather than industrial companies. The
patents produced out of these academic institutions focus mostly on
small and laboratory-scale methods and, therefore, the viability of the
process at a pilot or industrial scale is not demonstrated. In terms of
patents with direct industrial applications, Petcavich (2013) (Chinese
patent No.: CN104130798A39) shows that it is possible to use a choline
chloride urea-based DES to extract liquid hydrocarbons from oil rock.
The patent describes a method that can be used at a smaller scale to
process oil rock, either by heat and stirring processes or by
microwave-assisted extraction, or at a larger scale by pumping the DES
into the geological formations that contain oil rock to promote the
extraction.

Peters et al. (2017) (Chinese patent No.. WO02019106406A1)


http://worldwide.espacenet.com
http://worldwide.espacenet.com
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describes a method for preparing a hydrophilic DES that can extract
mercury from hydrocarbon feeds, as well as a method for recovering the
mercury from the extraction mixture. A patent filled by Tran et al.
(2020) from William Marsh Rice University, USA, (United States patent
No.: US20200399737A1) discloses the possibility of recycling Li-ion
batteries, using green chemicals and processes. This patent describes a
method where DES are used to extract, recover and recycle metals from
spent lithium-ion batteries and waste materials. It also shows that it is
possible to recover the metal ions from the DES and to regenerate
cathode materials using the recovered metallic ions.

Concerning the patents with industrial applicants, only three were
published, and two of them were granted, Caprin et al. (2015) (French
patent No.: FR3036618 B1), Charton et al. (2019) (United States patent
No.: US10363212 B2), Lavaud et al. (2015) (French patent No.:
WO02016162703 Al). Caprin et al. (2015) patent, entitled: “Extraits
Vegetaux destines a la cosmetique, solvants et procedes pour les obte-
nir”, filed by Gattefossé S.A.S., described a method for the preparation of
DES capable of extracting bioactive compounds from Calendula offici-
nalis, complemented with cytotoxicity assays, as well the application of
the DES/extract on a gel/emulsion for use in cosmetic products. This
patent points out the drawbacks of commonly used extraction solvents
in the industry, such as water (where additives such as microbiological
stabilisers are needed), glycols (which present potential toxicity prob-
lems and a poor perception by end consumers), and ethanol (volatility
makes transport and storage difficult), while presenting DES as an
alternative. The DES described, composed of a mixture of polyols,
sugars, and amino acids, can efficiently extract bioactive compounds,
especially chlorogenic acid from Calendula officinalis. From the same
applicant, Charton et al. (2019) patent, describes a method for the
extraction of bioactive compounds from Aesculus hippocastanum, using
DES. It describes methods to study the biological activities of the extracts
and their incorporation into a cosmetic formulation.

Lavaud et al. (2015) patent, filled by Naturex, describes a method for
the extraction of bioactive compounds from an array of matrices such as
cherry blossoms, horsetail, plantain and saffron flowers, among others,
using betaine-based DES for the formulation of different cosmetic,
pharmaceutical and nutraceutical products. It also appears that these
documents are related with cosmetic applications (classification A61K).
At the end of this work, we will try to identify why cosmetic industry
seems to take the lead in the adoption of DES at a larger scale. These
patents describe different DES that can be used for the extraction of
bioactive compounds of interest from vegetable matrices, detailing the
DES preparation and the extraction methodology, while also providing
data on the cytotoxicity of the DES/extract mixture.

Spronsen et al. (van Spronsen et al., 2011), from the University of
Leiden, entitled “Process for extracting materials from biological mate-
rial”, describes the possibility of using DES to extract a large amount of
non-polymeric and polymeric compounds from natural sources such as
plants, animals or micro-organisms.

Dalian University, China, filled a patent on a method for the prepa-
ration of a DES-supported liquid film, in a porous support, for the
extraction of tryptophan Li et al. (2013) (Chinese patent No.:
CN103357278A) and one method of extracting five types of mecamides
in Maca by using DES Li et al. (2017) (Chinese patent No.:
CN107748211A) Other works from China report a method for extracting
anthocyanin from Alnus elata, by utilizing a deep eutectic solvent, as
well as a purification method for the anthocyanins, with the application
of a macroporous resin adsorption Lou et al. (2016a) (Chinese patent
No.: CN105777696B). The IP behind the extraction of rutin, from
Sophora japonica, using DES, was protected by the South China Uni-
versity of Technology. It includes a description of the preparation of the
DES, extraction method and conditions, separation of the solid and
liquid phase, and rutin purification Lou et al. (2016b) (Chinese patent
No.: CN106046082A). Nanjing Forestry University, China, filled a series
of patents based on the extraction of bioactive compounds (organic
acids, cyanidins) from Ginkgo biloba, namely, “Deep eutectic solvent for
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synchronously extracting five organic acids from folium ginkgo and
preparation method and extracting method thereof” Cao et al. (2017)
(Chinese patent No.: CN107694147A); Su et al. (2017a) (Chinese patent
No.: CN107759556A) and Su et al. (2017b) (Chinese patent No.:
CN107789376A).

A method for the preparation of a DES for the extraction of cellulose
from fruit and vegetable wastes, as well as a process for the esterification
of the extracted cellulose, is disclosed by Bai et al. (2018) (Chinese
patent No.: CN108611897A). Gao et al. (2019) (Chinese patent No.:
CN110317156A) illustrates the preparation of a micro emulsion by
mixing in a mass ratio: 10-50% DES, 45-80% composite surfactant
(mixture of a surfactant and a co-surfactant in ratio 5:1-3:1), and 5-40%
cyclohexane, to extract astaxanthin from shrimp shells.

The Tobacco Research Institute (TRI) of the Chinese Academy of
Agricultural Sciences (CAAS) is the applicant of two patents on. Tan
et al. (2018a) (Chinese patent No.: CN110698526A) describes a method
for the ultrasound assisted extraction of isoflavones from freeze dried
chickpea shoots. Tan et al. (2018b) (Chinese patent No.:
CN110693939A) describes a method for the extraction of flavonoids
from the money plant tree leaves.

China is proliferative in the production of IP. Rao (2019) patent
(Chinese patent No.: CN110721206A) describes a method for the
extraction of flavone from Phellinus igniarius (mulberry) using DES. Hong
et al. (Hong and Tao, 2020) (Chinese patent No.: CN111116443A)
protects a method for extracting a carotenoid by using natural deep
eutectic solvents. Chen et al. (2020) (Chinese patent No.:
CN111171095A) describes a method for the preparation of DES, useful
for the extraction of flavone di-C-glycoside from Premna Fulva. The
Institute of Bast Fiber Crops, Chinese Academy Of Agricultural Sciences,
submitted an application related to the extraction of polysaccharides
from Ganoderma lucidum Tan et al. (2020) (Chinese patent No.:
CN111269328A). A method for separating and extracting lignin by
in-situ synthesis of deep eutectic solvent is protected in a patent by Yang
et al. (2020) (Chinese patent No.: CN112029115A), which aims the
preparation and extraction of lignin using a DES. Yu et al. (2020)
(Chinese patent No.: CN112125894A), from the Inner Mongolia Uni-
versity for Nationalities, discloses a method for green and efficient
extraction of red clover isoflavones using natural DES.

The DES systems described in the patents, as well as the extraction
method used and post-processing after extraction, are presented in
Table S1. Details such as extractions conditions, mainly extraction time
and temperature, are not considered in this table since they are quite
broad. A large majority of the used DES contain choline chloride or
quaternary ammonium compounds as primary components. Nonethe-
less, it is important to notice that the European Union regulations ban
the use of choline chloride for cosmetic applications (Regulation (EC) No
1223/2009) (European Commission, 2009). As such, the information in
these patents can be used as a starting point for the development of new
products; for instance, when choline chloride can be replaced by other
molecules with a similar behaviour in the formation of DES, like betaine,
although clear comparisons cannot be made. This issue was already
mentioned by, Caprin et al. (2015), Charton et al. (2019) and Lavaud
et al. (2015), and the solution presented was, in fact, the use of betaine.

Ultrasound-assisted extraction method is often retrieved in the cited
patents. While extraction efficiency is higher using ultrasound at labo-
ratory scale, the scale-up of this technology needs to be deeper evaluated
before being proposed as an alternative to the well-established heating
and stirring method (Vilkhu et al., 2008).

Post-processing of the extractions always requires the separation of a
solid phase and the desired liquid phase. To do so, filtration or centri-
fugation are typically employed. At this step, two approaches can be
followed: (i) purifying the desired bioactive compounds into a crystal-
line form using chromatographic or adsorption methods or (ii) produce a
ready-to-use DES/extract mixture. An advantage of creating ready-to-
use extracts comes from the fact that extra purification steps are not
needed, reducing the costs of the downstream processes (as discussed
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later). Furthermore, DES are known to be stabilizing agents, hence
contributing to the preservation of the bioactive properties of the
extracted molecules for longer time.

4. Engineering an extraction process from the lab to the
industrial scale

In its simplest theoretical aspect, an extraction process consists in
promoting the mass transfer of molecules of interest from a solid phase
(e.g., plant raw material) to a liquid phase called the solvent. During the
extraction process, two different major steps can be identified. The first
one is the impregnation of the solid by the solvent, which can be per-
formed by adequate stirring, and optimised by tuning different param-
eters, such as temperature or solid/liquid ratio. Except for highly viscous
solvents, this step is generally quick, easy to scale up, and non-limitative
for the process. The second step is the diffusion of the molecules of in-
terest from the solid to the liquid phase according Fick’s law. This
occurring mass transfer depends on the nature of the solvent (e.g.,
density, polarity, volatility), and mostly rely on kinetic aspects (e.g.,
temperature and extraction time).

The cost factor of a process is an issue of major concern for the in-
dustries. Its evaluation encompasses the cost of raw materials, potential
investments, energy consumption and treatment of potential by-
products and wastes. In practice, an industrial extraction process
cannot be designed without considering the upstream and the down-
stream operations. By upstream operations, we consider all sourcing
activities of the solid phase (mainly from plant origin), from the culti-
vation field to the loading of the extraction reactor. Different aspects
must be deeply explored and controlled, going from the way that the
plant material is harvested (location, type of soil, reproducibility, in-
dustrial quantity projection, supplier’s technical constraints) to the
physical state of the raw material further extracted (drying, grinding,
sieving, packaging, stability). On the other hand, downstream opera-
tions include the recovery of the liquid phase after extraction, the pu-
rification of extracted molecules and, eventually, the solvent
regeneration.

Thus, an extraction process is a global multistep process, in which all
unitary operations are interconnected. Even if some theoretical chemical
engineering tools could help to define and optimise an extraction pro-
cess, the design of an industrial extraction process requires a back-and
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forth strategy between different scales, Fig. 4.

Since the early stage of laboratory scale development, the economic
viability of a process is evaluated considering the company’s limitations
(e.g., regulation, safety, environmental impact commitments). This im-
plies anticipating and solving potential issues that typically appear
during the scale-up development. The first obstacle that can hinder
scaling up is an insufficient knowledge of the plant. Indeed, an effective
sourcing strategy must include the industrial projection and future
specifications to use the raw material in an industrial way. For instance,
the particle size of a ground plant must be settled at laboratory scale,
considering the extraction kinetic aspects and the feasibility of the solid/
liquid separation step. Depending on climatic conditions, the phyto-
chemical content of a plant raw material may vary between two crops.
The best knowledge of the composition of extracted compounds is
crucial to control the kinetics aspects and to determine the future
specifications of the extract. This is usually an analytical challenge, but
it is decisive to establish the toxicological profile of an extract.

The extraction conditions should be adapted during scale-up. Clas-
sically, laboratory reactors are made of glass but, when it comes to in-
dustrial ones, stainless steel is always preferred. The heating rate and the
heat transfer are different and imply several adaptations of the process
parameters. Technological choices, such as pump dimensioning or
filtration technology and surface, are typically studied at the pilot scale.
This scale is the cornerstone in the development of an extraction process,
and allows the refinement of the estimates made at the laboratory scale,
according to good manufacturing practices. Sometimes, fractioning or
purifying an extract could be detrimental to the global biological activity
of the crude extract (totum extract). In this case, the optimization of the
process is guided through a compromise between the content of the
main phytochemical families identified and biological activity assays.
This is typically the case in the cosmetic industry, where biological and
chemical extraction processes’ guidance is carried out in parallel.

To sum up, all extraction processes represent a scale-up challenge
mostly dependent on the raw material/solvent pair. When it comes to
scaling up a DES extraction process, viscosity is the main issue. Mixing,
transporting, and filtering a DES or extract is certainly more complicated
than for conventional solvents. Thus, the potential benefits and transi-
tion to eco-extraction brought by DES solvents are accompanied by
other challenges related to their industrial implementation.

Optimisation at pilot scale

Time (min

Kinetic aspects

A

Solvent characteristics
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Technological choices
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Fig. 4. Engineering a plant extraction process: a back-and-forth strategy between different scales.
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5. Challenges related to industrial-scale applications of DES

Non-volatility and non-flammability (process safety), non-toxicity
and biodegradability (human safety and environmental protection),
and solvent-free preparation from broadly available natural raw mate-
rials are intrinsic properties of DES, which earned them the attribute
“environmentally friendly”. On the other hand, their tunability allows
the creation of perfect systems for solubilization and, consequently,
extraction of practically any biomolecule. However, the choice of a DES
for a particular process should be made carefully, keeping in mind the
final product, followed by the design of the process, to meet the eco-
nomic and environmental requirements.

5.1. DES properties in the context of industrial application

The most salient feature of DES is the ability to design an optimal one
for a particular purpose. While the variety of DES is extremely benefi-
cial, it makes selection difficult and time-consuming. This search can,
sometimes, be simply governed by experience and data available in the
literature, but could also be aided using computational methods. Look-
ing at the DES application at industrial level, besides extraction effi-
ciency, there are several other DES properties (e.g., viscosity, corrosion
activity, environmental impact and price) that need to be considered in
the search for the so-called ideal DES (Fig. 5). In the last 5 years, the
influence of the structure of the DES on extraction efficiency has been
thoroughly studied. Therefore, the focus here is only on the challenges
associated with the selection of these solvents, in the context of indus-
trial application.

The key concern of DES application at the industrial level is their
relatively high viscosity (Mitar et al., 2019). Moreover, the viscosity of
the solvent, not only affects the efficiency of the extraction due to low
mass transfer, but also raises additional challenges in equipment design,

p\‘Opeﬂ:\es
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and increases the energy requirements for agitation and pumping. The
viscosity of DES is highly dependent on the components that make it up.
For example, sugar- and acid-based DES are more viscous than
polyol-based ones. DES viscosity is also a function of temperature and
water content; therefore, viscosity can be easily lowered by running the
process at higher temperatures, or adding water to the system. For
example, for the DES choline chloride:urea (1:2 mol), increasing the
temperature from 293.15 K to 323 K resulted in a 10-fold decrease in
solvent viscosity (Abbott et al., 2004), while adding water to DES from
10 to 50% (w/w) could decrease viscosity by several orders of magni-
tude (Mitar et al., 2019). However, it should be kept in mind that the
addition of water could lead to the weakening of hydrogen bonds be-
tween the components and, consequently, to the loss of DES supramo-
lecular structure and extraction capacity (Dai et al., 2015).

To transfer DES from scientific concepts to practical applications, the
corrosive activity of DES could be detrimental when in contact with
various metals (Rublova et al., 2019). Indeed, the pronounced corrosive
effect of choline chloride-based DES containing oxalic acid as a
hydrogen bond donor on steel was confirmed, with a corrosion rate of
176 pm yr’1 (Amin et al., 2007). On the other hand, choline
chloride-based DES with urea and ethylene glycol showed very low
corrosion rates on steel, nickel, and aluminium, even when DES con-
tained water. It was also observed that the addition of water to DES
could affect the corrosion activity of metals. However, the influence of
water content on the corrosive activity of the solvent was not found
(Mitar et al., 2019).

Regarding the DES ecological footprint, DES generally show low to
moderate toxicity toward bacteria, fungi, plants, animals (vertebrates
and invertebrates) and various animal cell lines (Mbous et al., 2017;
Radosevic et al., 2015a). It appears that the pH value of DES is the most
important DES characteristic affecting its toxicity. This means that DES,
which contain organic acids such as HBD (e.g., oxalic, citric, malic, or

b
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Fig. 5. Design and selection of DES for industrial application.
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tartaric acid) are moderately toxic (Paiva et al., 2014; Radosevic et al.,
2016). On the other hand, DES which consist of choline, sugars, and
polyols are less toxic, possibly because these ingredients are essentially
required for cellular metabolism and the cells have a higher tolerance to
them. In addition, the high viscosity of DES is often thought to be
associated with increased lethality (Radosevic et al., 2015b). Several
authors reported that DES, which were produced from natural metab-
olites, could be classified as “biodegradable”, according to OECD
guidelines (Radosevic et al., 2015b; Torregrosa-Crespo et al., 2020).
However, DES based on choline chloride were more biodegradable than
those based on choline acetate, while the DES with urea and acetamide,
as the hydrogen bond donors, were more susceptible than those with
glycerol and ethylene glycol.

The economic evaluation of DES showed a large price difference
depending on their primary components, with an average price ranging
from €7 to €100 kg~!, which is comparable to organic solvents. For
example, the cost of DES choline chloride: ethylene glycol at a molar
ratio of 1:2 is about €65 kg !, while malic acid:glycerol at a molar ratio
of 1:1 with 25% (v/v) water is €18 kg_1 (Panic et al., 2020). DES with
amino acids are more than 20 times more expensive than those with
sugars as hydrogen bond donors (Panic et al., 2017, 2019a). These
substantial price differences in DES imply that the final decision on the
choice of solvent should also be based on these criteria.

At this point, it should be noted that it is usually difficult to predict
which DES, and at what water content, would result in an effective DES,
and which crucial solvent properties would come into play. However,
there are a large number of publications reporting DES’ physical, ther-
mal, chemical or biological properties, that can be used as a guide for
selecting an ideal DES for a particular purpose. Moreover, an online
collection of the physicochemical properties of DES is available, free of
charge, for both academic and industrial researchers (Data-
base@dessolutio), whose main objective is to collect information from
scientific peer-reviewed publications on the experimental study of the
physicochemical properties of DES. Finally, in-silico methods for pre-
dicting the properties of DES have recently been developed, leading to
more informed DES selection decisions than the previous “trial and
error” procedure (Wojeicchowski et al., 2020; Milani et al., 2020).

5.2. To purify, or not to purify, that is the question: downstream vs ready-
to-use extracts

Since DES have a very low vapor pressure, isolation of the biologi-
cally active compounds is one of the major challenges for their industrial
application (Panic et al., 2019a; Jeong et al., 2015). Therefore, it is
questionable whether there is a need, and whether it is financially
viable, to purify the compound(s) of interest from DES-based extracts, as
DES could be considered safe for use. Jeong et al. (2017) were among the
first to suggest that DES could serve as a multifunctional extraction, and
storage medium, for bioactive natural cosmetic or pharmaceutical
products for use on the skin, being itself an active ingredient. The
components of DES are abundant in nature and are part of our daily diet,
as well as a dietary supplement already on the market (e.g., choline,
citric acid, betaine, amino acids, etc.); so, it is expected that the extract
obtained by DES can be directly used in food, pharmaceutical, cosmetic
and agrochemical products as ready-to-use extracts (Dai et al., 2013a).
Moreover, when ready-to-use DES extracts of biologically active com-
pounds are considered, the contribution of DES to the stability and
biological activity of the extract should also be considered (Panic¢ et al.,
2019b; Torregrosa-Crespo et al., 2020). For example, the acidity of
organic acid-based DES promotes anthocyanins stabilisation, and it
seems that this stabilisation effect is related to the interactions between
anthocyanins and DES-forming compounds, especially through
hydrogen bonds (Panic et al., 2019c¢). Moreover, plant extracts based on
DES have a different and usually higher biological activity than extracts
obtained by conventional methods (Panic¢ et al., 2019b; Grillo et al.,
2020), due to the specific and unique profile of bioactive compounds in
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the DES extract. Also, DES have been shown to enhance the antioxidant
activities of the obtained plant extracts, due to the reactive oxygen
species scavenging DES itself, or the DES forming compounds (Nam
etal., 2015); thus, it is expected that such natural extracts could serve as
product preservatives, even better than the currently known antioxi-
dants (Durand et al., 2017). Finally, based on reported DES antibacterial
activity (Radosevic et al.,, 2018; Wikene et al., 2017), DES-based
ready-to-use extracts might also be less susceptible to microbial
contamination.

However, if the goal is to obtain a purified extract that is free of
solvents, other methods must be coupled with extraction to obtain a
particular compound from DES-based extracts. These are, for example,
(i) liquid-liquid extraction, (ii) solid-liquid extraction with microporous
resin, and/or (iii) addition of antisolvent. Isolation of bioactive com-
ponents by liquid-liquid extraction usually requires the use of hazardous
volatile organic solvents (e.g., n-hexane, n-heptane, toluene, diethyl
ether, etc.), but recent works have been able to overcome this, reporting
the use of green agro-solvents (e.g., ethyl acetate, 2-methyl tetrahy-
drofuran, ethyl lactate, etc.) (Chemat et al., 2019). After liquid-liquid
extraction, DES can be easily reused for another process cycle. On the
other hand, high consumption of aprotic solvent, and low solubility of
some species (e.g., polyphenols) in aprotic solvent, can be expected
(Ruesgas-Ramon et al., 2017). The second most common method used at
the laboratory scale for purification of bioactive compounds is
solid-liquid extraction, using various macroporous resins as solid phase.
The principle of this method is the adsorption of compounds from the
extract to the macroporous resin, elution of DES with water, and
desorption of compounds with an appropriate solvent (Ruesgas-Ramon
et al., 2017). The third method described in the literature to obtain the
product from the extracts of DES is its precipitation by the addition of
antisolvent. The solubility of DES in polar solvents (ethanol (EtOH),
water, etc.) allows complete dissociation and solubilization of the
DES-forming components, leading to precipitation of the solubilized
bioactive compounds and allowing their recovery after filtration, while
consequent evaporation of the filtrate allows the restoration of the
original DES structure (Ruesgas-Ramon et al., 2017). The possibility of
reusing DES with high yield (~10% less yield than that of freshly syn-
thesised DES), in at least 3 cycles, as well as the recycling yield of DES
(~60-90%, depending on the recycling method used) was reported
(Pani¢ et al., 2019a).

Based on the above, the preparation of ready-to-use extracts, without
additional purification of the extracts, seems to be an excellent oppor-
tunity, both from the technological point of view and from the aspect of
product quality. Extracts prepared in this way, not only imply a simpler
purification process, but also exert a unique phytochemical signature
and biological activity, and could have a longer shelf life. However, it
should be mentioned that binding guidelines and laws should be
established in terms of when and how these ready-to-use extracts are
safe for human consumption. Finally, if the purified product is the final
goal, existing and well-established downstream methods could be easily
applied, and what is also important, DES could be successfully recycled
and reused.

5.3. Greenness and sustainability of DES-assisted extraction processes

It is widely argued that DES contribute to improved environmental
performance and sustainability of certain processes, due to its green
attributes. Also, the lack of a thorough understanding of DES process
parameters is a major challenge in convincing investors to establish a
commercial DES-based industrial process. Therefore, to encourage the
use of these solvents in new or existing industrial processes, a more
holistic approach needs to be taken that considers economics (the cost of
DES, capital investment and utility costs), specially designed equipment
for pumping and mixing viscous fluids, the complexity of product
isolation (especially due to the non-volatility of these solvents), and DES
reusability.
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To the best of our knowledge, to date there is no study addressing the
techno-economic evaluation of the DES-assisted extraction process to
obtain biologically active compounds intended for the cosmetic in-
dustries. However, some important conclusions from the DES-assisted
process for biorefinery of agricultural residues, and biogas production,
could be a reasonable guide for evaluating the economic feasibility of
the said process. For example, Kumar et al. (2020) found that focusing
on increasing the number of high-value and low-volume products,
instead of low-value and high-volume products, can significantly
improve the economics of a DES-based biorefinery of lignocellulosic
agro-residues. Also, recycling and reuse of solvents for subsequent op-
erations reduces the share of raw materials in operating costs by up to
65%, which means that DES reuse is mandatory. As for the evaluation of
the environmental friendliness of a given DES-assisted process, Lopez
et al. (2020) showed that DES-assisted extraction of free selenium amino
acids, from lyophilized and powdered milk samples, leads to a signifi-
cant reduction in the use of hazardous reagents, energy and generated
waste, compared to the conventional method.

The lack of a techno-economic and environmental assessment of
DES-assisted extraction of biologically active compounds led us to
perform a rapid and simplified evaluation of the sustainability and costs
of this kind of extraction process, in relation to a conventional extraction
procedure, using the extraction of anthocyanins from agricultural waste

Grape pomace

Extraction
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(grape pomace) as a case study (Panic et al., 2019a, 2019b), Fig. 6. For
this purpose, industry-accepted factors describing the sustainability of a
process were calculated (V = 0.1 dm?’), that is the ratio of the weight of
generated waste to the total weight of the end product (E-factor),
E-factor multiplied by an environmentally hazardous quotient (EQ), and
the ratio of the total mass used in a process and the mass of the end
product (PMI) (Paul et al., 2017). Additionally, for process greenness
evaluation, we applied a simple, recently developed user-friendly
metric: the complementary green analytical procedure index (Com-
plexGAPI (Piotka-Wasylka and Wojnowski, 2021)). Finally, a simplified
techno-economic evaluation of the DES-assisted and conventional pro-
cesses was carried out.

As can be seen in Fig. 6, the central part (i.e., extraction) of both the
conventional and DES-assisted processes, was performed in the same
manner (mixing at room temperature for 2 h), but the processes differed
significantly in the complexity of downstream processing. In the con-
ventional extraction process, the solvent was removed after extraction
by reduced pressure and an unpurified solid anthocyanin extract was
obtained. In the DES-assisted process (using chloride:citric acid with
30% water (w/w)), the obtained extract could be directly prepared as
ready-to-use (Scenario 1), or the extracts could be purified by adsorption
chromatography, to obtain anthocyanins as a crude extract (Scenario 2).

As can be seen in Table 1, the production of the ready-to-use extract

EtOH or DES

waste

Grape pomace

T=25°C,t=2 h

Filtration

Conventional
extraction
(EtOH)
Solvent
recyclation

(EtOH) (60 %)
Removal of solvent

(reduced pressure)
Water

UNPURIFIED
ANTHOCYANINS

Conv.

DES-assisted

extraction
(ChCit)
Solvent
recyclation
(DES) (97 %)
Adding a solvent READY-TO-USE
ANTHOCYANINS
" EXTRACT
Adsorption (UNPURIFIED)
chromatography
(Sepabeads 825L) = | ... Sc.1
TA=99.6%) Water
PURIFIED
ANTHOCYANINS
Sc. 2

Fig. 6. Scheme of the extraction of anthocyanins from grape pomace, by using conventional solvent and the DES choline chloride:citric acid with 30% of water (w/
w) as a case study. For DES-assisted extraction, two scenarios were considered: Scenario 1 (Sc 1.) where DES extracts were directly prepared as ready-to-use, and
Scenario 2 (Sc. 2) where purification of anthocyanins was considered. The central part of the process (extraction) was the same for each process.
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Table 1
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Green credentials (0.1 L — scale) and cost estimation (50 L — scale) of conventional (EtOH-assisted) and DES-assisted extraction of anthocyanins.

TARGET PROCESS Yield (mg E-factor” (kg EQ" (kg PMI‘ (kg Capital investment’ Annual operating
g ldw) mg™Y) mg™1) mg™Y) ©) cost? (€)
Conventional extraction 0.9 11.1 11.1 38.2 570000 190000
DES-assisted extraction (ready-to-use extract, Scenario 1) 0.9 0 0 38.2 450000 170000
DES-assisted extraction (complete purification of the 0.9 38.2 0 75.2 657000 240000

product, Scenario 2)

# The ratio of the weight of generated waste to the total weight of the end product (grape pomace as an industrial waste not included).

b E-factor multiplied by an environmentally hazardous quotient.
¢ The ratio of the total mass used in a process and the mass of the end product.

4 Estimated by SuperProDesigner: capital costs were estimated according to the cost of equipment, installation, process piping and instrumentation; annual oper-
ating costs were estimated by material costs and utilities; the software in its library contained all the necessary equipment models, unit operations and chemical

compounds (only data for DES were registered as a new compound); the costs of all

featured conventional equipment, material and energy balances, as well as the

calculation of electricity requirements, were obtained by the software and its default values in the database, and used for the calculation of investment cost and

operation cost.

DES (Scenario 1) led to the lowest sustainability factors, as no waste was
generated (E-factor and EQ values of 0 kg mg™1), suggesting excellent
sustainability. On the other hand, if product isolation is considered
(Scenario 2), the E-factor and PMI increase significantly (38.2 and 75.2
kg mg ™, respectively), leading to higher values than for the conven-
tional process (11.1 and 38.2 kg mg ™!, respectively). This was a direct
consequence of a more complex purification procedure of a DES-assisted
process, where a significant amount of water was consumed (for dilution
of the extract prior to adsorption chromatography). However,

Sample preparation Reagents and solvents

Workup and
purification

Yield and
conditions

Quantification Relatieri to

greer economy

Instrumentation

Sample
collection,
preservation
and transport

IVb

IVa

e

Method type

Reagents and
solvents

Instrumentation

considering the environmental impact of water as waste generated
(environmental hazard quotient equal to 0), EQ in the DES-assisted
process was 0 kg mg™!, while in the conventional process EQ = 11 kg
mg_l.

Furthermore, the greenness of the three extraction scenarios was
assessed and juxtaposed using the Complex GAPI tool, represented with
five pentagrams and an additional hexagonal field corresponding to
process yield, conditions used, accordance with green economy princi-
ples, type and quantity of reagents and solvents used, instrumentation

Conventional extraction

DES-assisted extraction
(ready-to-use extract, Scenario 1)

.-

0.0E+00 _

DES-assisted extraction

| Yield

Va Technical setup
Il Temperature / time

Vb Energy

Vc Occupational hazard

Il Number of rules met

IVa Amount
IVb Health hazard
IVc Safety hazard

of the end product
VIb Purity
Vic Waste

Vla Workup and purification

(complete purification of the product, Scenario 2)

Fig. 7. Evaluation of conventional (EtOH-assisted) and DES-assisted extraction of anthocyanins, using ComplexGAPI tool (Plotka-Wasylka and Wojnowski, 2021).
Pictograms were drawn by a freeware software available at: https://mostwiedzy.pl/en/justyna-plotka-wasylka,647762-1/complexgapi (red fields indicate steps that
may be hazardous to the environment, yellow fields indicate steps with medium environmental impact, and green fields reflect eco-friendly steps).
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used, and complexity of workup and purification (Plotka-Wasylka and
Wojnowski, 2021). This metric was originally developed to evaluate
analytical procedures, therefore slight adjustments to the methodology
had to be made to appropriately rate different procedures for anthocy-
anins extraction (e.g., rating purity of the product, amount of solvent
used, and energy consumed). By comparing the five pentagrams and a
hexagonal field of the extraction methods, Fig. 7, DES-assisted prepa-
ration of ready-to-use anthocyanins extract (Scenario 1) proved to be the
eco-friendliest, which concluded with 17 green regions (eco-friendly
step), compared to 14 and 12 green regions for conventional extraction
and DES-assisted extraction followed by anthocyanins purification
(Scenario 2), respectively Table 1. Additionally, only extraction in Sce-
nario 2 resulted in two steps potentially hazardous to the environment
(fields coloured in red), related to advanced purification methods
(adsorption chromatography) and waste generated during anthocyanins
isolation from DES-based extract (contaminated water that is difficult to
recover in a pure enough form for reuse), assigned as red regions in the
pictogram. As for conventional extraction and preparation of
ready-to-use DES-based extracts, the DES-based process was superior in
terms of waste generation (completely waste less production), workup
and purification (no purification required), and safe chemicals.

The economic evaluation was performed by using standard calcula-
tions and the development of a process simulation model designed using
SuperPro Designer® (Ochoa et al., 2020). To make a comparison of
simulated technologies at an industrial scale, the processes were scaled
up to 50 L extractor capacity (the process yields and extract composi-
tions at the industrial scale were presumed to be the same as at the
laboratory scale). The conditions for each operation unit were based on
works published by Ochoa et al. (2020) and Adeyl et al. (Adeyi et al.,
2021). As shown in Table 1, the lowest investment cost (equipment,
installation, process piping and instrumentation), and operating costs
(material cost and utilities), were obtained for the DES-assisted process
in Scenario 1, which was a direct consequence of the elimination of
downstream operations, especially compared to DES-assisted process in
Scenario 2, where complex procedures are required for DES removal
before further use of the extract. These differences were especially
evident within the capital costs (equipment, installation, process piping)
of the three compared processes.

Overall, this rough economic and environmental assessment showed
that the DES-assisted extraction of anthocyanin crude extracts led to
slightly higher ecological impacts, higher capital investments and higher
operating costs of the extraction process at a larger scale. However,
switching from a process that involves product isolation to one that
yields ready-to-use extracts, has a positive impact on the process sus-
tainability. Considering the previously discussed advantages of ready-to-
use extracts based on DES (product stability, higher biological activity,
no microbial contamination, etc.), this approach represents an excellent
option to produce high-quality plant extracts for use in the cosmetic
industry.

6. Application of the extracts - why the cosmetic industry is
taking the lead in the adoption of DES at larger scale

Despite a large number of patents concerning plant extraction with
DES, only a few have been applied by industries and, among them, the
cosmetic industry seems to be the most active. This raises the question of
why the cosmetic sector is taking the lead in the wider adoption of DES.
The first element of the answer is based on the regulatory and societal
context of this type of industry. Indeed, personal care active ingredients
must comply with a restrictive regulatory framework, but also meet
various growing requirements in terms of naturalness, and environment
and biodiversity preservation (Benoit et al., 2021). In short, the safety
orientation of the benefit/risk balance in the cosmetic industry has been
seen as a limitation to creativity for years, but is becoming a major
source of technical innovation. For more than 10 years, the development
of bio-based extracts for cosmetic ingredients has followed a “green
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revolution” of practices and brought a technological shift towards
eco-extraction. Furthermore, mandatory environmental issues are,
nowadays, supplemented by all the themes of corporate and social
responsibility.

The cosmetic industry seeks to promote the sensible use of renewable
raw materials through an efficient sourcing strategy. For example, the
upcycling of by-products from the food industry is gaining momentum.
The use of safer extraction processes is also encouraged, and the use of
green and biobased solvents has become the main priority. The number
of extraction solvents to perform plant extraction in the cosmetic field
has shrunk with increasing sustainable requirements. Thus, DES systems
rapidly appeared as a promising opportunity to bring innovation and
novelty. DES possess low melting point, low volatility, nonflammability,
low vapor pressure, and chemical and thermal stability; so, they
constitute appealing candidates to perform plant extraction at industrial
scale. Moreover, its physicochemical properties are maintained after
extraction, and generate stable and easy to handle viscous liquid ex-
tracts. Thus, the use of purification or stabilizing techniques is avoided,
and the global cost of the process is positively impacted.

Another aspect concerns the plant extraction performance of DES, in
comparison with conventional solvents. Quickly, it appears that such
new solvents bring opportunities to revisit well-known plants and obtain
extracts with a unique phytochemical content. These crude (totum)
extracts had shown a good compatibility with skin cells and the bio-
logical efficacies were detected regarding several classical cosmetic
claims (moisturising, anti-aging, blue light protection) as shown in
patents by Lavaud et al. (2015), Charton et al. (2019) and Caprin et al.
(2015). Furthermore, the use of NaDES extracts in cosmetic is driven by
the hydrogen bonded structure of these solvents. Indeed, a cosmetic
formulation contains a large amount of water. When a NaDES extract is
poured into a water-based formulation, the hydrogen bonded structure
of the NaDES is disrupted, leading to the spread of active ingredients
within the formula. Considering that an active ingredient represents less
than 5 wt% of a cosmetic product, a liquid and ready to use NaDES
extract can be added to all types of formulations, without dramatic
changes of rheological properties or sensorial profile.

7. Conclusions and perspectives

Recent trends in the extraction of valuable plant metabolites, in the
context of cosmetic industry techniques, have largely focused on finding
solutions that enable the achievement of high-quality extracts, with
boosted biological activity and long shelf-life, while trying to minimise
the use of harmful solvents during the production process. The use of
DES, as a new class of green solvents with exceptional structural flexi-
bility, provides the opportunity for rational solvent design, in order to
meet the requirements of the cosmetic industry in the production of
truly natural and safe plant extracts. By performing a greenness and
sustainability assessment of DES-based extraction of plant metabolites,
we have shown herein that the production of ready-to-use DES-based
extracts, both upstream and downstream processes, can be advanta-
geous compared to the conventional extraction methods in terms of
environmental sustainability and process cost. To summarise all the
advantages and disadvantages of DES-assisted extraction of natural
bioactive compounds for use in cosmetics, and to stress the perspective
of the presented approach as well, we have applied a common tool used
in strategic planning -Strengths, Weaknesses, Opportunities, Threats
(SWOT) analysis Fig. 8. Strengths and opportunities of DES-assisted
extraction (i.e., process according to green chemistry principles, eco-
nomic feasibility without high capital expenditure, the discovery of new
properties of well-known plants due to the unique phytochemical
signature of DES-based extracts) give us a clear insight into why pro-
ducers of cosmetic bio-based active ingredients identified the potential
of DES to overcome the constraints they have to face. Research and
development efforts can lead to the appearance of brand-new DES-based
extracts, that are in line with the regulatory and societal context of the
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. Human and environment safety process according
to green chemistry principles

e  High dissolution capacity and extraction selectivity

e Unique phytochemical signature

e  Long-time stability (microbial, physical, chemical)

. Easy to formulate

° Economically feasible process without high capital
expenditure

e  Technological shift towards eco-extraction

e  Predictive approach of physico-chemical properties
of NaDES is complex

e  Potential high viscositiy could be detrimental for
industrial scale-up

. Downstream of DES-assisted extraction (if needed)
is more complex than for extraction process using
common organic solvents

. Studying instead of implementing

e  Well-known assisted-extraction technologies could
be applied to NaDES extraction

e  Discovery of new properties for well-known plants

e  Patent application possibility

e  Networking between industry and academia

e A conventional solvent substitution to obtain the
same properties is impossible with a NaDES

e  Time-consuming research efforts are required

e  Substance selection for NaDES design is limited
regarding regulatory requirements

Fig. 8. Strengths, Weaknesses, Opportunities, Threats (SWOT) analysis of DES-assisted extraction of natural bioactive compounds for use in cosmetics.

cosmetic industry, without compromising safety and biological efficacy.
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