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Solvent exchange is a promising method for developing structured materials like oleogels and aerogels. The
method can potentially be used in other food processes, such as microencapsulation, modification of
biopolymers, development of novel packaging materials, etc. However, the literature on such studies in
food applications is limited. The present review discusses these applications where the solvent exchange
process can be implemented. It explores the current challenges and potential of solvent exchange

methods in the food system. The sustainability of this method is highly dependent on the solvent used
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Accepted 27th September 2025 and the efficiency of solvent recovery. The scalability of the process is compromised due to the

complexities involved in the solvent handling and its economic cost. This review discusses critical
parameters for solvent selection, including regulatory considerations and physicochemical properties,
and highlights the need for further research to improve industrial applicability.
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Sustainability spotlight

The solvent exchange method can be sustainable, as, unlike other methods, it does not involve processing at higher temperatures and harsh environmental
conditions, causing lower energy consumption. It involves using solvents, which can help achieve a sustainable and greener process. The two main features of
the solvent exchange method are the selection of solvents and the recovery of these solvents, which can determine the sustainability of the process. It aligns with
the UN Sustainable Development Goals (SDGs), particularly Goal 3 (Good Health and Well-being), Goal 9 (Industry, Innovation, and Infrastructure), and Goal 12
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(Responsible Consumption and Production), by promoting the solvent exchange method in the food industry as a sustainable process.

1. Introduction

Intermediate processes during the formation or extraction of
the desired product are common in the food industry. Some
examples of intermediate steps include vacuum evaporation,
precipitation, filtration, size reduction, extraction, and so on.
These methods have been instrumental in the food industry for
ages and are widely studied and reported in the literature for
their principles, applications, process parameters, challenges,
and advancements. With the advent of the drift of the research
community toward the development of nutraceutical formula-
tion, the intermediate process, such as solvent exchange, came
into light. Specifically, the pioneering work on gels with the
solvent exchange process was done by Kistler in 1932.* From
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there, it has become one of the known methods for producing
oleogels and aerogels.

Apart from the production of oleogels and aerogels, the
solvent exchange phenomenon is found in other applications in
the food industry, such as encapsulation, purification, modifi-
cations of biopolymers, and so on. As the name suggests, the
solvent exchange method replaces one solvent with another in
the matrix to get the desired effect. The matrix solvent inter-
action, solvent-solvent interactions, and environmental prop-
erties such as temperature, pressure, ionic strength, pH, and
chemical presence govern the process's thermodynamics and
kinetics. The thermodynamics, as well as the kinetics of the
solvent exchange method, are important in deciding the fate of
the final product.” The phenomenon is instrumental on a large
scale in various chemical operations, and the research and
advancement are now more on the path of sustainable
approaches.®* However, when it comes to applications in the
food industry, the method is still primitive. The solvent
exchange or solvent swap method is predominantly used in
producing aerogels or oleogels in the food industry. These gel-
based matrices are becoming quite popular as a carrier agent
for pharmaceutical and nutraceutical ingredients in functional
foods. Sensitive compounds such as fish oils and resveratrol
have been encapsulated into the aerogels and oleogels synthe-
sized using the solvent exchange method.*® The structural
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integrity of the aerogels and the oleogels on production using
the solvent exchange method makes it an ideal method for
these gels. Most of the work carried out in the food domain for
the solvent exchange method revolves around the applications
in gel synthesis. Apart from this, the solvent exchange as
a method has also extended its foray into encapsulation,
modification of biopolymers, especially starches, and some
analytical procedures. For instance, Park et al.” encapsulated
a protein into capsules using this method. The method encap-
sulated protein without aggregation, showed a protective effect,
and sustained protein release.

Similarly, this method is quite popular for imparting phys-
ical changes, namely, the porosity in the starches, changes in
the density and surface area, and developing starch-based
foams.* Foam-based materials, such as packaging and
petroleum-based foam products, are part and parcel of many
industries that have raised societal concerns due to their envi-
ronmental effects. To this, starch-based foams provide
a sustainable solution. The solvent exchange method is one of
the many methods for producing starch foams. Nevertheless,
the method provides an edge over others regarding control over
the foam's porosity and environmental implications.

Though the solvent exchange method is quite promising in
some applications in the food industry, it is never highlighted
in the literature. Many factors, such as the parameters of the
method, the challenges, the advancement, and the future scope,
are under the shadow. The United Nations has laid down 17
sustainable development goals (SDGs). In the context of the
solvent exchange process, SDGs 3, 9, and 12, related to good
health and well-being, industry, innovation, and infrastructure,
and responsible consumption and production, are important.
The questions on the sustainability of the solvent exchange
method against the other methods for specific applications are
unanswered in the literature. This article attempts to discuss
the applications of the solvent exchange method in the food
industry, the scope of the method, and its sustainability in the
food industry.

2. General principles

In literature, solvent exchange is not highlighted exclusively;
however, it can be defined as the process by which one solvent
replaces the other within a given system matrix. Considering
this, it can also be termed a simultaneous adsorption and
diffusion or penetration process. Subrahmanyam et al. (2015)
have described the process in terms of pseudo-second-order
kinetics. The interactions among the solvent, antisolvent, and
the matrix govern the process. Many studies have reported the
interaction primarily of dispersion, dipole-dipole, and
hydrogen bonding.® Thus, these interactions between the
solvent, antisolvent, and the matrix form the basis of the solvent
exchange process. Studies suggest that hydrogen bonding,
among all other interactions, is dominant in determining the
kinetics and the characteristics of the final product formed."
The solubility parameter of the solvent considers all the inter-
action terms. The equation for the total solubility parameter for
the solvent is given by the Hildebrand solubility parameter (6,)
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Here, the subscripts d, p, and h indicate dispersion interaction,
dipole-dipole interaction, and hydrogen bonding, respectively.
The Hildebrand solubility parameter for each solvent is unique
and determines the nature of the interactions. Similarly, the
matrix, the system's third component, also plays a crucial role.

3. Application in the food industry
3.1 Oleogel formation

Bioactive gels such as oleogels and hydrogels are gaining huge
interest in research work and industrial applications. Though
the hydrogels are easy to form and flexible, the oleogels often
show higher stability over temperatures and shelf life. The use
of these oleogels as fat replacers and in frying applications is
also found to be quite promising. However, it is quite a well-
known fact that the formation of oleogels is difficult because
of the poor solubility of the biopolymers in the apolar solvents.
Nevertheless, the biopolymers’ modifications have always hel-
ped improve the solubility in apolar solvents. The modifica-
tions, however, affect the structural properties and
functionality, especially in the case of proteins. The solvent
exchange method to develop the oleogel from hydrogels has
been extensively studied to help with this problem.™

Adding to this, the solvent exchange method also provides
better control over the gelation process and gives a clean label to
the process. The method is one of the most employed indirect
methods for forming gels, as the shrinkage incurred during the
process is less (as low as 4%)."> Also, studies have shown that
the method is superior in generating a larger surface area than
the freeze-drying method."* However, one should note that the
method can be carried out using stepwise and single-step
methods, and the former offers a lower shrinkage than the
latter.” The general process of formation of oleogel with the
solvent exchange process is depicted in Fig. 1. It involves the
addition of biopolymers into the polar solvent (usually water)
for dissolution, followed by gelation upon the appropriate step
employed to trigger the gelation. The hydrogels, once formed,
are then suspended in the intermediate solvents, followed by
the hydrophobic apolar solvent, usually oil, to form the
oleogels.

Fig.1 Steps to form oleogels from hydrogel by the solvent exchange
method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In most cases, water is the initial polar solvent used for the
hydrogel formation. Alcohols with varying chain lengths and
acetone are used as intermediate solvents, and liquid oils are
mostly used as apolar solvents. Table 1 gives the list of ingre-
dients used for making the hydrogel (solvents, biopolymer, and
gelling agent), along with the intermediate solvents and oil used
in the literature for the formulation of oleogel through the
solvent exchange method.

The solvent exchange process in the oleogel formation case
depends on the intermediate solvent used to replace the polar
solvent. The characteristics of the final oleogel formed depend
on the structure of the gel, oil holding capacity, shrinkage, and
so on. It is well-reported in the literature that these factors
depend on the solvent exchange's properties and kinetics. The
differences in the characteristics of the oleogel formed can be
attributed to the polarity of the solvent and dielectric properties.
In a study to develop protein-based oleogels from whey protein
isolate, it was observed that the two solvents used for the solvent
exchange process resulted in different levels of shrinkage of the
oleogel. The authors reported that the oleogel formed using
tetrahydrofuran showed a higher shrinkage than that formed
using acetone. This was attributed to the lower dielectric
constant of tetrahydrofuran than acetone.™

Similarly, within a given class of solvents, the characteristics
are dependent on the polarity of the solvents.* Li et al. (2023)
observed that the alcohols with varying chain lengths, such as
methanol, ethanol, ethylene glycol, propylene glycol, and tri-
hydric glycerol, showed differences in the oleogels formed.'®
The same study also highlighted a critical criterion for selecting
the intermediate solvent: the miscibility with the oil or the
apolar solvent in the solvent exchange process. The study
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suggested that the lower the solubility of the intermediate
solvent with the oil, the higher the oil's strength, resistance, and
distribution of the oil during the process of solvent exchange.
Along similar lines, the interaction between the biopolymer
matrix and the solvent also influences the nature of the gels
formed and the solvent exchange process. A recent study
observed that the nature of the gels formed, i.e., the size of the
aggregates formed from different sources, influenced the gel
strength. Smaller aggregates led to a more extensive network
formation than the larger aggregates.'”

As previously mentioned, the process's kinetics, that is, the
rate at which the solvent exchange progresses, is another
influencing factor. A faster solvent exchange rate observed led to
more structural damage to the oleogel, and vice versa.** This
could be attributed to the concentration gradient created
during the process; a sudden change in the concentration
gradients leads to the collapse of the gel network, leading to
shrinkage, whereas a slow solvent exchange rate provides ample
time for the gel structure to get acquainted and maintain
structure.

Though the solvent exchange process is a prospectus
candidate for the formation of the oleogel, problems such as the
residual presence of intermediate solvent and lack of control
over the textural properties are some of the problems that still
need to be resolved. Another class of gel matrices that are
trending are aerogels and cryogels. These gels are characterized
by a high area, usually more than 150 m* s, low density, and
a highly porous structure with a 95-99% porosity.”® These
characteristics have made these gels quite popular for drug
delivery systems, biomedical applications, pharmaceutical
applications, and food-related applications. The formation of

Table 1 Solvent, intermediate solvents, and the matrix used for oleogel formation using the solvent exchange method

Hydrogel/emulgel components Intermediate solvent Oil Reference
Whey protein isolate (20% w/w) and Acetone and tetrahydrofuran (30, Sunflower oil (30, 50, 70, and 100%) 14
water 50, 70, and 100%)
Konjac glucomannan (0.8 wt%), Methanol, ethanol, propanol, Paraffin oil (oil : intermediate 16
water, paraffin oil (20 wt%), sodium ethylene glycol, propylene glycol, solvent = 2: 8 (v/v))
carbonate (0.16 wt%) trihydric glycerol (gel : intermediate
solvent = 1: 8 (v/v))
Cellulose nanofiber (2 wt%), water Methanol (methanol : hydrogel = Castor oil 18
3:1)
Whey protein isolate, water Acetone Sunflower oil 11
Egg white, water Ethanol Soybean oil 19
Whey protein isolate, water Acetone Sunflower, olive oil, castor oil, and 20
medium-chain triglycerides
Whey protein isolate, water Acetone Sunflower oil 21
Protein isolates from whey, egg, pea, Acetone Sunflower oil 17
potato, and soy
Sucrose esters (contains 50% Ethanol (97%) Monoglycerides, lecithin 22
monoester), rapeseed oil, and water
Soy protein isolate, water, and Acetone Pine nut oil 23
tannic acid
Cellulose nanofiber (2% w/w), water Methanol Castor oil 24
Konjac glucomannan (0.8% w/w), Methanol, ethanol, or 1-propanol Paraffin oil 16
water
Egg white (3 : 1 v/v) with water Ethanol (3-step solvent exchange, 1, Soybean oil 25

3,and 5 h)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aerogel and cryogels can be carried out using the solvent
exchange method. The steps are similar to those of oleogels,
with an additional step of supercritical carbon dioxide drying or
freeze drying for aerogels and cryogels, respectively (Fig. 2). The
different matrices used for forming aerogels and cryogels
available in the literature, along with the solvents used for the
process, are provided in Table 2.

3.2 Microencapsulation

Stability of the active compound, as well as controlled and site-
specific release, is highly important in the delivery system for
food. Among the sensitive compounds, such as enzymes, vita-
mins, essential oils, active drug ingredients, and many more,
the encapsulation problems with the protein susceptible to the
harsh encapsulation process are still persistent. The proteins
easily undergo denaturation on exposure to the solvent during
emulsification, shear stress experienced during the encapsula-
tion process, acidic environment, temperature, and the hydro-
phobic nature of the polymer used for encapsulation.*
Microencapsulation of bioactive compounds has become the
need of the time, and various advancements and innovations
are being carried out to incorporate the drug or active
compound within the capsules. Yeo et al. (2003) have developed
a new process of microencapsulation based on the solvent
exchange phenomenon, where these issues are overcome using
a simple encapsulation process.** The process involves atom-
ising the two solutions, namely, the aqueous solution with the
active compound and the polymeric solution, followed by the
collision of the two solutions. The process of solvent exchange is
the primary phenomenon involved during the mechanism of
the formation of the microcapsules, which are eventually
collected in the water bath. In this microencapsulation tech-
nique, the solvent exchange acts as an interfacial process, and
the capsule's formation depends on the solvents used for the
atomization purpose. The method requires the spreading of the
polymer over the aqueous droplet, which depends on the
solvent property, such as the surface tension and miscibility of
the solvent. Fig. 3 gives the schematic of the process for

Heatingsystem

Cryo-gel formation

Freezeoning

Fig. 2 Steps for the formation of aerogel using solvent exchange
method.
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microencapsulation via the solvent exchange method. The
solvent should be such that it possesses lower interfacial
tension and is also miscible with the aqueous solvent to
a certain extent.** In this case, the selection criteria of the
solvent are required.

The solvent selection can be based on the Hildebrand solu-
bility parameter, Hansen's multicomponent parameter, solu-
bility in water, and surface tension. The authors have
demonstrated the screening of the solvent based on the criteria
mentioned.*»** Further, ethyl acetate was selected for the
encapsulation of lysozyme. Several studies were further con-
ducted by the same research group, where the advancement in
the atomization technique was varied.”**** The study demon-
strated that the solvent exchange method for microencapsula-
tion can effectively preserve sensitive proteins such as lysozyme.
The study also revealed that the size and morphology of the
capsules formed and the encapsulation efficiency depend on
the solvent exchange rate. A lower solvent exchange rate led to
a smaller size of the capsule formed and enhanced protein
stability.” It is worth highlighting that the presence of the other
components of the formulation, such as the mannose and
sodium chloride (excipients), also plays a crucial role in
deciding the fate of the capsule formed and the stability of the
protein.

3.3 Purification/crystallization

The crystallization or purification of any compound is associ-
ated with the supersaturation of the solute, followed by the
nucleation and crystal growth; however, the solvent exchange
method can also be employed for this purpose. A limited liter-
ature is available on the crystallization using this method.
Moreover, the method can be of huge importance to get the
desired characteristics of crystals. The method is usually used
for pharmaceutical ingredients. However, a research group has
demonstrated the oiling of B-alanine using this method.*
Similarly, the oiling out of vanillin and lauric acid can be
carried out using this method.* The crystallization process is
characterized by the solvent, solute, and antisolvent (in the
presence of the solute crystals), the channel height, and the flow
rates of the antisolvent. The entire droplet creation process,
crystal growth, and number of crystals, their shape, and size are
highly governed by the antisolvent's flow rate and the channel's
height provided for the solvent exchange process. The flow rate
of the antisolvent determines the array of the solute oiling out;
a faster flow rate induces the formation of a crystal film with
large and regular holes in the array, and a slow flow rate induces
the formation of small crystals, which are numerous as
observed in a study conducted by Choi et al.*” In the same study,
it was observed that the shape of the crystals formed can be
polygonal, diamond-shaped, or completely irregular based on
the flow rate of the antisolvent. The channel's distance or height
for the solvent exchange also governs the nature of the crystals
formed. For instance, the size of the droplet is small when the
height is smaller for a given flow rate of the antisolvent. The
influence of these parameters on the nature of the product
formed can be explained based on the relative affinity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Solvent, intermediate solvents, and the matrix used for aerogel formation using the solvent exchange method

Superecritical carbon dioxide or

Components of hydrogel Intermediate solvent freeze-drying Reference
Alginate (3, 1, and 0.5 wt%), water, Alcohols, ketones and glycol Supercritical CO, (333-338 K, 9
calcium carbonate (solution-to-gel weight ratio 5:1) 12 MPa, 24 h)
(30 and 50 wt%)
Sodium alginate (1% (w/w)), Ethanol (10, 30, 50, 70, 90, and Supercritical CO, (74 bar, 31.5 °C) 12
calcium chloride, water 100%)
Pectin (2.0%), calcium carbonate, Ethanol (ethanol to water was 10: Supercritical CO, drying (323 K, 27
water 90, 30:70, 50: 50, 70 : 30, 90 : 10, 12 MPa, 6 h)
and 100% (w/w))
Polyhydroxybutyrate, chloroform, or Methanol Freeze drying 28
tetrahydrofuran
B-Glucan, flaxseed mucilage, water Ethanol Supercritical CO, 29
Low and high methoxy pectin, Ethanol (2-step solvent exchange) Supercritical CO, (40 °C, 150 bar, 6 30
xanthan gum, alginate, and guar h)
gum (4%), water
Corn starch (3, 5, 7.5, 10, and Ethanol gel : ethanol was 1:20 (v/v) Supercritical CO, (12 MPa, 50 °C for 31
15 wt%), water, dimethyl sulfoxide 3 h)
(solvent : DMSO was 20 : 80, 30: 70,
50:50, 70 : 30, 50: 50, 70 : 30, and
80 : 20 w/w)
A pea starch or cornstarch (7, 10, or Ethanol (99.8%, single step solvent Supercritical CO, (318 K, 11.0 MPa 32
15% (w/w)] exchange) for 1,2, 4, or 8 h)
Barley B-glucan (5, 6, and 7% (w/v)) Ethanol (20, 40, 60, 80, and 100% (v/ Freeze drying (frozen at -18 °C 33
and water v)) overnight, freeze dried at 85 Pa for
24 hours with shelf temp of -3 °C)
Wheat starch (10%) and water Ethanol (5-step solvent exchange) Supercritical CO, (10 MPa, 40 °C for 34
4h)
Corn starch or sodium alginate (10 g Ethanol (5-step solvent exchange) Supercritical CO, (100 bar, 45 °C) 35
in 100 mL water)
Cellulose nanofiber (1, 1.5, 2% w/w) Ethanol and acetone Freeze drying in vacuum at —110 °C, 36
over a period of 72 h
Potato starch (10% w/w), vinegar, Ethanol Supercritical CO, (78 bar, 35 °C) 37
and glycerol
Bacterial cellulose (0.4%) Glutaraldehyde solution diluted 200 Atmospheric pressure at 60 °C for 3 38
times with ethanol (3-step solvent h
exchange)
Whey protein and spirulina (20% w/ Ethanol (25, 50, 75, 100, and 100% Superecritical CO, (11 N m™?, 45 °C) 39

w, different ratios)

v/v) multistep

solute in the solvent and antisolvent and the kinetics of the
interaction between them. This could be studied in more detail
based on the ternary phase diagram of the three components,
namely, solute, solvent, and antisolvent. These studies suggest
that the solvent exchange process can help to get the desired
shape of the crystal; however, the potential of the solvent
exchange method in crystallization is not fully explored yet. This
gap can be because of the complexity of food matrices; further
research is needed to open new avenues for this method in the
crystallization process, especially in food systems.

3.4 Packaging

The non-biodegradable nature of petroleum-based packaging
material is one of the world's main challenges. The biode-
gradable packaging materials are an excellent antidote to this
problem. However, shortcomings like poor physical strength,
thermal stability, and permeability still limit its applications.
Incorporating nanoparticles in the packaging materials has
enabled them to impart improved barrier properties and

© 2025 The Author(s). Published by the Royal Society of Chemistry

physical strength to the packaging material. Nowadays, food
waste-based nanoparticles, especially cellulose-based, are in
trend for this purpose.*® The reinforcement of cellulose-based
nanomaterials has reasonably solved the problems associated
with biodegradable packaging materials. Yet, the hydrophilicity
of the cellulose nanoparticles renders a lower reinforcement
efficiency and is incompatible with the biodegradable pack-
aging material due to poor dispersibility. To solve this issue, the
method of solvent exchange is used. The process involves the
solubilization of cellulosic nanoparticles into the hydrophilic
solvent, amidst the hydrophilic nature of the nanoparticles.
Further, the solvent (hydrophobic) compatible with the
biodegradable polymeric material and the nanoparticle is
added to the dispersion, and the hydrophilic solvent is removed
by evaporation or other suitable method. The dispersion of the
nanoparticles and the hydrophobic solvent is then used to cast
a film or a packing material*’ [acetone is the first solvent usually
used]. There are several articles in search where the solvent
exchange method is used to develop the nanoparticle-

Sustainable Food Technol.
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Fig. 3 Microencapsulation using the solvent exchange method.

reinforced food packaging material. Bhardwaj et al. developed
polyhydroxyalkanoates nano-cellulose-based nanocomposites
using a solvent exchange method.” Similarly, poly-
hydroxybutyrate and cellulose-based nano films are also devel-
oped for food packaging applications.’* The solvent exchange
method was effective in increasing the reinforcement efficiency
at the same time and was able to disperse the nanoparticles
without agglomerating them.

3.5 Modification of biopolymers

Biopolymers, especially starches, celluloses, and seaweed-based
biopolymers, find a wider application in modifications of their
natural structures. The modifications can be carried out using
different methods, from chemical, physical, microbiological,
and enzymatic ones, based on the desired characteristics of the
biopolymers. One such physical modification can be carried out
using solvent exchange when the porosity of the biopolymer is
desired to be improved. The porosity or the desired structural
changes can be obtained by merely drying the biopolymer and
the hydrophilic solvents. However, the solvent exchange process
helps to overcome the pore collapse phenomenon observed in
such processes. In the case of atmospheric drying, the pressure
gradient in the pore wall is in the range of 100 to 200 MPa,
which can potentially lead to the destruction of the structure,
shrinkage, and cracking.? Also, it is reported that the solvent
exchange method provides 40 to 60% higher porosity than the
air-dried samples.* This method is instrumental in developing
porous starches for different applications. The starches such as
corn, potato, and tapioca have been modified physically using
this method.>*** Apart from these, other biopolymers such as
agar, alginate, and proteins such as gelatine are physically
modified with this method.***” The process involves the gela-
tinization of the starches in a polar solvent, followed by the
replacement of the solvent with the antisolvent, which
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eventually gives porous starch granules. Fig. 4 shows the
structural changes induced in the biopolymer by the solvent
exchange method.

The foamed starches or modified polymers provide higher
adsorption capacities and enlarged pore cavities.”® The formed
product has immense applications as a carrier agent and drug
delivery system. For instance, poorly water-soluble flavonoids
were encapsulated using mesoporous starch developed by
solvent exchange using ethanol as an antisolvent. Apart from
this, it is worth mentioning that the solvent exchange process
increased the amount of resistant starch than porous starches
prepared by other methods.* Different factors can alter the final
product's porosity and structural characteristics. The shear rate
applied during the process plays an important role in the
characteristics of the modified biopolymer.* A higher shear rate
ensures a highly porous structure of the starch particles
obtained.

Similarly, another study suggested that the rate of solvent
exchange governs the opacity as well as the density of the
modified biopolymers.*® A faster rate of solvent exchanges leads
to a consistency in the density of the biopolymer. Table 3 gives
the different modifications carried out and their effect on the
biopolymer using the solvent exchange method.

4. Selection of solvent

The solvent selection is crucial to ensure the desired charac-
teristics of the process and sustainable process development.
The product's characteristics influenced by the solvent used are
the shape, colour, texture, transparency, and strength. The
selection procedure's general criteria are availability, cost,
handling, reusability, disposal, and handling. The most
commonly used intermediate solvent is ethanol. Still, a study
suggested that dimethyl sulfoxide as a solvent for the solvent
exchange process was found to be better regarding the
shrinkage of the matrix.” However, there are known toxic
effects of dimethyl sulfoxide on humans.®® Hence, the toxicity of
the solvent is the most important criterion. The other specific
criteria for the selection are based on the interaction between
the matrix and intermediate solvent and the polarity of the
intermediate solvent in relation to the initial solvent. The
intermediate solvent should have a lower surface tension to
replace the initial solvent from the matrix.>

Different regulatory bodies worldwide have specified the list
of solvents permitted to be used in food and their limits to be
present in the final food product or food ingredients. The US
FDA has classified the solvents as class 1, 2, and 3, with unac-
ceptable toxicities, less severe toxicity, and low toxicity poten-
tial, respectively.®* Similarly, other regulatory bodies such as the
Food and Agriculture Organization, European Union Legisla-
tion, the Food Safety and Standard Authority of India, the
Canadian Food Inspection Agency, and Japan External Trade
Organization have listed the list of solvents to be used at GMP
levels, and some solvents with limits.®=*® Table 4 gives the list of
permitted solvents by the Food and Agriculture Organization,
along with the specifications to be used in the food products or
food ingredients, along with their surface tension. It should be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Biopolymer modification by the solvent exchange process.

noted that the permitted levels provided for the respective
solvents are user-specific. The uses specified by the Food and
Agriculture Organization are related to the extraction of
compounds. An exclusive permitted level for the solvent residue
after the solvent exchange process is still awaited. It would be
recommended to be established considering the products
developed by the process, such as the packaging materials, gels,
porous matrix, foams, etc. The surface tension and the polarity
of the solvent can provide an idea about the interaction of the
solvent with the initial solvent and the matrix. Table 4 provides
the surface tension and polar surface area of the solvents
specified by the Food and Agriculture Organization. The re-
ported values are retrieved from the Royal Society of Chemistry -
ChemsSpider database.

Considering the interaction between the intermediate
solvent and matrix, having a higher affinity between the inter-
mediate solvent and matrix is desirable to have minimal
structural changes in the final product.” The solvent selection
should be process-specific; for instance, in the case of aerogel
formation with a supercritical carbon dioxide drying step,
a solvent with miscibility both in water (initial solvent) and
supercritical carbon dioxide is the minimum requirement. The
solubility of the solvent is the governing factor in any solvent
exchange procedure. The solvent interactions, such as the
dispersion, dipole-dipole, and hydrogen bonding, can help
identify the solvents. The Hildebrand solubility parameter can
be used as the criterion for selection. Some studies have

View Article Online
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revealed that the hydrogen bonding of the solvent is the most
dominating parameter contributing to the solvent's overall
solubility, i.e., the Hildebrand solubility parameter. This
suggests that the solvent's polarity, which determines the
solvent's surface tension, is the deciding factor in the selection
of solvent and the anti-solvent during the solvent exchange
process.

5. Challenges with solvent recovery

Solvent recovery and reusing are essential for environmental
sustainability as well as the economic feasibility of the process,
given the high cost of industrial solvents. However, recovery is
often complicated because of the formation of complexes
between solvents and process constituents. For instance, most
alcohols tend to form an azeotrope with water, which makes it
very difficult to recover.®

Among various recovery methods, distillation is the most
widely used method. However, it is an energy-intensive step in
solvent exchange-mediated processes. The efficiency of solvent
recovery is influenced by several factors, including process
design, the physical and chemical properties of the solvent, and
the separation method employed.”” Moreover, the flammable
nature of many solvents, the presence of impurities, and limi-
tations in distillation efficiency pose significant challenges to
scaling up solvent exchange processes. These issues not only
affect operational safety but also hinder the economic viability

Table 3 Details of the modifications carried out on different polymers using the solvent exchange method

Initial solvent and biopolymer Antisolvent Effect of modification Reference
Corn starch (24 g) and water (276 ) Ethanol (20, 40, 70, 90, and 100%) Low density and high brightness of 53
the microcellular structure formed
Corn starch (5%) and water Ethanol (ethanol/water ratio was Porous starch with the 58
100/0, 80/20, 60/40 and 40/60%) incorporation of halloysite
nanotube
Corn starch with 25-28% of amylose Ethanol (100%) Starch particles with a higher 59
specific surface area
Hyacinth bean starch and water Ethanol Starch was porous and also had 52
resistance to starch
Agarose (0.8 g) and water (100 mL) Ethanol (70, 80, 90, and 100%) and Biopolymer to be used as a sorbent 60
octanol in different applications
Cellulose (1:10) Acetone (cellulose to acetone - 1: It can be further used for a polymer 61

10) and maleic anhydride (cellulose
to maleic anhydride - 4:1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Permitted solvents by the Food and Agriculture Organization in food processing, their permitted levels, and physical properties

Surface tension Polar surface area

Solvent Permitted levels (dyne per cm) (A%
Ethanol GMP 22.4+3 20
Acetone GMP 18.8 £3 17
Ethyl acetate GMP 23.6 £3 26
Propane GMP 142 £ 3 0
Butane GMP 16.7 £ 3 0
Methyl acetate 20 mg kg ! 21.84+ 3 26
Ethyl methyl ketone 20 mg kg ! 21.0 £ 3 17
Dichloromethane 2 mg kg™* 232 £3 0
Methanol 10 mg kg " 18.9 + 3 20
Propan-2-ol 10 mg kg™ 22.6 + 3 20
Diethyl ether 2 mg kg ™" 19.1+3 9
Butan-1-ol 1 mg kg™ 26.1+ 3 20
Butan-2-ol 1 mg kg ™! 24.4 + 3 20
Propan-1-ol 1 mg kg ' 24.6 + 3 20
1,1,1,2-Tetrafluoroethane 0.02 mg kg * 9.10 + 3 0

of large-scale implementation. Hence, precautions need to be
ensured while solvent recovery to confirm its sustainable and
safe usage/applications.

6. Sustainability of the solvent
exchange method

As seen in the above sections, the solvent exchange method
produces oleogels, aerogels, modified biopolymers, etc. The
researchers are now extending this technique to microencap-
sulation, crystallization, and other solvent-related processes in
terms of the product quality obtained. Looking at the benefits it
offers over the conventional methods, its utilization is expected
to increase in the coming years. The method can be sustainable
as, unlike other methods, it does not involve processing at
higher temperatures and harsh environmental conditions.
However, the longer process time and solvent recovery step can
potentially increase the energy consumption. The feasibility of
the process, both economical and industrial scalability, is
highly dependent on the solvent selected.

Moreover, the selection of the solvents is already narrowed
down by the criteria mentioned in Section 4; the sustainability
of the process depends on the solvent's recovery from the
process. Fig. 5 gives the decision tree for the selection of the
solvent, considering all the aspects mentioned in Section 4 and
the sustainability of the process.

7. Comparison of the solvent
exchange method with alternative
methods

Solvent exchange as a process is gentler and can potentially
provide better structural properties to the final product.
However, the present alternative methods tend to offer better
economic and technical feasibility compared to this method.
The formation of oleogels with the direct method is simple
and offers better industrial scalability as it involves dissolving

Sustainable Food Technol.

the gelator at an elevated temperature (80-300 °C), followed by
cooling.” While this method is simple and solvent-free, the
high energy demands have a moderate environmental impact.”
Notably, another alternate method for oleogel formation based
on emulsion-based oleogelation provides a sustainable
approach. The method utilizes water as a solvent, operates at
a low temperature (<100 °C), and minimizes energy and solvent
usage.”’* Though a bit complex than the direct method, it
offers lower energy and cost requirements and better industrial
scalability than the solvent exchange process. Alternatively,
solvent exchange relies on the organic solvents with large
volumes for the production period extending from 8 to 16 h,
along with complex solvent recovery systems. These factors

Assess Food Matrix Type

I

Is matrix non-polar?

0] o ® iNei | Consider new solvent or
Is matrix polar?
re-evaluate

Use Non-polar /
Hydrophobic Green
Solvents

Conduct Thorough Risk
Assessment &
Demonstrate Compliance

Is solvent restricted or
lack regulatory clarity?

Does solvent have food- | |
use approval & limits?

Consider new solvent or
re-evaluate

(Repeat Step 1)

Is it have low toxicity, [ 373

biodegradable, renewable, [F====
cost-effective & scalable?

Solvent Selection

Fig. 5 Decision tree for steps involved in solvent selection.
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contribute to high environmental impacts as well as economic
expenses despite the ability to form the desired morphological
characteristics of the gels.

Likewise, for aerogel formation, alternative methods such as
supercritical carbon dioxide extraction and ambient pressure
drying are available options. Among these, supercritical carbon
dioxide takes longer process times (48-72 h), demands
specialized infrastructure, and is energy intensive.” Besides
these, the ambient pressure methods are more viable as they
eliminate the need for a pressure controlling system, reduce the
energy consumption by 90-95%, reduce the solvent use, carbon
dioxide emissions, and the processing time by 56% compared
to supercritical methods.””” On the flip the solvent exchange
method poses a higher environmental impact due to solvent
utilization and also hinders the scalability.

Furthermore, for methods such as ecrystallization and
microencapsulation, solvent exchange is a relatively new
approach and would provide a higher environmental impact
and expenses amidst the use of solvent. However, this method
can be utilized for fine-tuning the desired characteristics of the
product.

8. Current challenges and future
prospects

Obtaining the desired characteristics of the product with
a gentler process is one of the main advantages of the solvent
exchange method. However, the selection of the solvent,
considering the compatibility of the solvent along with the
toxicity, availability, regulatory aspect, economic constraints,
and handling, limits the utilization and scale-up of this process.
The residual solvent in the final product is another challenge to
be resolved by optimising the processing conditions for the
removal of the selected solvent.”® Moreover, the residual of the
first or the initial solvent in the matrix is also undesirable; an
incomplete solvent exchange process in some cases can lead to
the residual of the initial solvent, which is water in most cases,
and this, in turn, can hinder the removal of the intermediate
solvent in the later stages. The initial solvent's presence reduces
the intermediate solvent's overall diffusion coefficient, leading
to the residue in the final product.” In the context of the
solvents available from the domain, as specified by the regula-
tory bodies, the solvents provided are especially for the extrac-
tion process of the compounds in the food ingredients, and no
special efforts are made for the list of solvents regarding their
use in the solvent exchange process. Similarly, a comprehensive
LCA comparison between solvent exchange and conventional
methods is currently limited by the lack of standardized data
and context-specific variables. Future studies should aim to
generate detailed process-level data to enable robust environ-
mental assessments of solvent exchange applications and
compare them with conventional approaches. This is because
the solvent exchange process is not carried out on a large scale.

Additionally, the method requires the transfer of the inter-
mediate products from one vessel or, at a commercial level, from
one reactor to another, owing to the process's multiple steps.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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have successfully implemented the solvent exchange process in
a single vessel with a higher efficiency of loading the active
compound in an aerogel. However, limited such studies are
available in the literature. Thus, the commercialization of the
process on a larger scale is another challenge to be worked on.
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