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Conventional defatting and oil removal processes, employed for both oilseed and fish biomasses, are mainly
based on petrochemical solvents like hexane. The noteworthy drawbacks of these efficient methods
include the presence of residues in the products, environmental pollution, and high risks for the
operators. This review aims at comparing conventional hexane extraction with alternative and sustainable
defatting solvents, highlighting the parallel advantages, limitations, and research gaps identified in seed
and fish oil processing. Current advances in clean and sustainable defatting solvents, including alcohols,
terpenes, deep and natural deep eutectic solvents, ionic liquids, 2-methyloxolane, supercritical carbon

dioxide, and vegetable oils, are covered, emphasising their chemical, physical, and safety properties.
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Accepted 22nd January 2026 Actual constraints, mainly in terms of economic and technical feasibility and applicability, or industrial

exploitation and scalability, are also mentioned, along with possible approaches for a more successful

DOI: 10.1039/d5fb00702) employment of these promising solvents. In this review, a parallel evaluation is also made in terms of

rsc.li/susfoodtech main gaps and perspectives related to diverse pre-treatments for the optimisation of seed and fish defatting.

Sustainability spotlight

Conventional defatting approaches for seed and fish oils are based on toxic, petroleum solvents such as hexane, causing environmental and safety concerns.
This review critically compares sustainable solvent systems, such as alcohols, terpenes, deep and natural deep eutectic solvents, ionic liquids, 2-methyloxolane,
supercritical carbon dioxide, and vegetable oils, highlighting how they enable efficient, low-impact lipid recovery from plant and marine resources. The work
advances sustainability by encouraging solvent substitution strategies that limit volatile emissions, energy demand, and waste generation. It supports a circular
approach to defatting, integrating green chemistry and process design principles. This review aligns with UN SDGs 9 (Industry, Innovation and Infrastructure),
12 (Responsible Consumption and Production), 13 (Climate Action), and 14 (Life Below Water), addressing innovation, responsible production, climate
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challenge, and sustainable use of aquatic resources.

Introduction

The market and consumer demand for oils and lipids of vegetal
origin is currently rising worldwide due to their numerous uses
and applications as renewable energy sources and as significant
components in food items and other industrial products such
as cosmetics, soaps, varnishes, lubricants, resins, greases,
waxes, and adhesives." Notably, consistent amounts of by-
products containing valuable bioactives, like proteins, fibres,
and minerals, are generated after the oil extraction and
recovery.” In particular, plant proteins are playing a significant
role in nutrition, and the removal of lipids from food products
is required for healthy diets with low fat and high protein
intake.> Based on the quantity and quality of available
resources, oilseeds definitely stand out among the plant protein
sources the industry is focusing on. The possible lowest fat
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content in oil matrices is recommended, since residual lipids
can counteract the protein extraction and isolation process due
to the formation of emulsions leading to reduced concentration
and increased oxidation in the resulting isolates.*

Among the available sources, plant oils represent the
predominant alternative to fish oil, because of production
stability, cost reduction, and sustainability. However, fish oil
possesses a unique composition, rich in omega-3 fatty acids,
mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) and lower amounts of other fatty acids, such as linolenic
acid.® EPA and DHA are proven to be particularly beneficial
against serious disorders like diabetes, asthma, cardiovascular
and psychiatric diseases, and cancer. These polyunsaturated
fatty acids cannot be produced by the human body and a daily
intake of 0.65 g EPA and DHA is recommended for adults by the
National Institute of Health (NIH).® Efficient and sustainable
defatting techniques can enrich and foster the nutritional
features of other highly abundant compounds in the fish
matrix, including proteins, vitamins, and minerals.
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The most traditional practices for oil extraction include
mechanical pressing and chemical (solvent) extraction, usually
performed by using hexane. The first process's main limitations
are represented by the low yield and up-scaling possibilities, while
hexane is flammable and has been categorised as a CMR 2, namely
carcinogenic, mutagenic, and reprotoxic. Solvent extraction
requires huge volumes and energy utilisation, and leads to losses
in the solvent removal and recovery.” Thus, the need to identify
and apply greener, sustainable, and renewable options is signifi-
cantly increasing.

In this perspective, greener solvents for oilseeds and fish
defatting and oil removal are being developed aiming at reducing
the strong negative impact of harmful solvent treatments on the
health and environment.®* Among these, alternative solvents
including alcohols and terpenes, deep and natural deep eutectic
solvents (DESs, NADESs), ionic liquids (ILs), 2-methyloxolane (2-
MeOx), supercritical carbon dioxide (CO,), and vegetable oils are
discussed in this review, highlighting their potential, applications,
challenges, and future perspectives. In particular, it is worth
considering the valuable opportunities given by such processes in
terms of safer exploitation of defatted residual biomasses within
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different sectors and for diverse purposes. Clean defatting
methods can contribute to Agenda 2030 and Sustainable Devel-
opment Goals (SDGs) by reducing wastes and supporting their
utilisation, increasing productivity while improving environ-
mental performance, and promoting efficient and less resource
and cost-demanding processes.

Overview of traditional defatting and
oil removal processes

Defatting and oil removal represent pivotal processes in several
industries, including food production, cosmetics, and waste-
water treatment. Defatting is among the primary steps in the
valuable processing of oilseeds, such as peanuts, soy, and
others, as well as fish sources, particularly the fatty ones like
salmon.® Fat and oil removal results in obtaining a low-fat
product or defatted by-product, which would be rich in
proteins and other valuable ingredients exploitable in the food
industry. Thus, defatting processes produce extracted oils with
interesting fatty acid profiles and health benefits, which find
application in the pharmaceutical and cosmeceutical sectors,
along with defatted meals or cakes to be used in food formu-
lations due to their nutritional value.?

Oilseeds account for 20% of global grain production, and
soybean, rapeseed, palm, and sunflower oils are the most
produced oils worldwide.' Generally, partial or total mechan-
ical extraction or pressing is conducted as a first step for oil
extraction after oilseed cleaning, drying, dehulling, and other
conditioning processes. In case of required 2% or less residual
oil in the meal, solvent extraction is carried out. If oilseeds have
over 25% or 30% lipids, they are pressed totally or partially
before solvent extraction, while solvent extraction is applicable
straightaway for materials containing less than 20% oil."*
Solvent extraction is traditionally and commonly performed by
using continuous extractors or in batch by Soxhlet apparatuses,
with petroleum-based solvents, typically hexane,"*** petroleum
ether™ or other solvents such as diethyl ether and chloroform.*
At the industrial level, the continuous counter current flow
process is the most used for oil extraction, maximising its effi-
ciency. Normally, after extraction, the solid phase, or meal, is
separated from the liquid one, also called miscella, through
filtration or centrifugation. The miscella is then briefly sub-
jected to water vapour or noble gas injection for the separation
of the oil and solvent recovery. In this phase, the boiling point of
the solvent is reached, enabling its evaporation, followed by its
recycling and reuse.'® The meal passes finally through a toaster
for the complete removal of solvent residues. The crude oil can
be treated in several ways, based on its following applications,
and the defatted meal can be further processed for extraction of
bioactives, such as proteins, and their concentration."’

Similarly, the production of fish oil is mostly achieved by
rendering (wet, with added water, and dry), which consists of
heating the fish for protein coagulation along with oil and
bound water collection, followed by their removal, pressing of
the mixture and oil separation in a decanter, and then by
centrifugation. The water fraction undergoes concentration and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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is combined with the press cake, which is subsequently dried.*®
Alternatively, solvent extraction methods again encompass
Soxhlet and reflux extraction employing mainly hexane and
other organic solvents like diethyl ether and chloroform.*
Nowadays, the processing industrial sector releases a fish waste
quantity accounting for 20-50% of the overall fish weight and
these by-products can contain up to 40% oil.® Consequently,
huge amounts of fish wastes could be exploited for oil removal
and valorisation of the resulting biomass to recover valuable
bioactive compounds, including collagen, gelatin, enzymes,
proteins, and peptides. Fish oils are much more prone to
oxidation than seed oils, due to their complex composition rich
in omega-3 fatty acids, coexisting with phospholipids, waxes,
cholesterol, and other lipids.>® Moreover, proteins are often co-
extracted with lipids, producing emulsions and making their
separation and solvent removal more complicated.”* Thus, it is
essential to take these aspects into consideration and conduct
a deeper investigation for an adequate selection of fish defatting
solvents. For instance, terpenes such as limonene could be
themselves susceptible to oxidation, while other solvents like
alcohols can exert antioxidant effects. Additionally, high
temperature processes can facilitate lipid degradation, and the
protein-lipid interactions typical of fish matrices may be hardly
disrupted by low-polarity solvents.

Process limitations, and environmental
and health impacts of solvent-based
methods

The advantages of using hexane solvent for oil extraction
encompass easy product recovery, a low boiling point of less
than 70 °C, and very good solubilising capacity.”> Nevertheless,
its use has raised significant concerns in terms of process
quality and sustainability, as well as human and environmental
safety. Indeed, being a non-polar solvent, it extracts neutral
lipids effectively, but leaves a polar lipid-rich residue.* Gener-
ally, the oil produced by solvent extraction possesses lower
quality compared to pressing; moreover, solvent removal by
evaporation is an energy-consuming step of the process.”® In
addition, meal toasting can lead to thermo-sensitive compound
degradation, thus reducing its nutritional value.

Petroleum-based solvents make the oil extraction process
costly and highly demanding in terms of transport, storage, and
energy required for solvent recycling. A strong impact on the
environment and high risks for operators' safety are also asso-
ciated with hexane, as a solvent originating from non-renewable
sources. It is highly flammable and when released into the
atmosphere it can react with the other pollutants forming ozone
and other oxidant photochemicals.”* Hexane is also recognised
as neurotoxic due to its solubility in neural lipids.*® Neverthe-
less, its use is still permitted for food applications if the residue
in the oil is lower than 1 mg kg *.%*

The above-mentioned environment, health, and safety
drawbacks of these solvents have supported further investiga-
tion on alternative options for oil extraction, including the use
of green solvents.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Clean and sustainable solvent
extraction processes: advantages and
limitations

Mechanical and thermal pressing extraction

Traditional mechanical extraction, or pressing, is a simple and
safe oil extraction process, classified as extrusion and screw
pressing, hot and cold pressing, and hydraulic pressing.
Extrusion continuously works at high temperature for short
times, making the retention of nutrients higher. It usually
involves screw pressing, by the application of axial pressure
through volumetric compression. A screw press consists of
a horizontal screw in a perforated barrel.”® Screw pressing
combined with dry extrusion®” and dry air roasting® was
applied on peanuts without using any chemicals, resulting in
high oil removal and oxidative stability. Traditionally, pressing
is carried out in the industry employing continuous single-
screw presses, but twin-screw extrusion has recently emerged,
which allows valuable oil to be recovered, valorising at the same
time the residual cake, as in the case of sunflower,* coriander,*
and jatropha.** The twin-screw extruder can be used in place of
industrial extractors, where the biomass moves following the
opposite current to the solvent. During cold pressing, pressure
is applied to the material with temperature lower than 30 °C,
which prevents compound loss, and without using solvents.
Commercially, twin-screw presses and oil screw expellers are
employed.**** Hot pressing utilises heat for oil extraction,
inducing its oxidation.** Indeed, higher levels of carcinogenic
compounds, mainly aflatoxins, were detected in peanut oil ob-
tained by hot pressing than cold pressing.** Consequently,
quality of oil from cold pressing is considered greater and this
process is industrially preferred. However, cold pressing
extraction yield is lower and it leaves generally higher content of
residual oil in the biomass, with the consequent need for
applying a second process, mostly solvent extraction.*® Thus, in
order to increase the oil yield and quality, several options have
been industrially investigated, such as hydraulic pressing
applied on groundnut kernels.*” A particular improvement in
the oil extraction from peanuts through hydraulic pressing was
achieved by applying the ‘Mechanical Expression Preserving
Shape Integrity’ (MEPSI) process. The innovation relies on the
use of food grade specific materials for separation of the grains
in the press unit, whose purpose was to reduce the material
deformation and absorb the extracted oil.*® The process
parameters were optimised, limiting the oil lipid oxidation,*
and preserving peanut structural features. Indeed, MEPSI was
associated with a reconstitution step by Intensification of
Vaporisation by Decompression to the Vacuum (IVDV), con-
sisting of exposing the deformed material to 1.5 MPa steam
pressure, and then releasing it into the vacuum, causing the
expansion of the partially defatted peanuts.*” This integrated
technology allowed the development of an energy-effective
process with a more than 50% defatting ratio, and able to
maintain peanuts’ structural and organoleptic features,
improving consumers' acceptability and meeting their
demands for healthy products.

Sustainable Food Technol.
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8.4
7.7

0.423

0.902
0.810

77
118
56
177
155

Polar aprotic
Amphiprotic

C4Hg0,

Ethyl acetate
Butanol
Acetone

2.573
0.320
1.105
1.303
0.846
1.3
3.4
0.6

35

C,H,OH
C3HsO
C1oHia
CioHi6
C1oHie
CioHig
C10Hzo

Infinitely
0.0023
0.0002
0.0008

0.791
0.857
0.858
0.842
0.847
0.797
0.855

—18
47
33
48

Polar aprotic

Non-polar aprotic

p-Cymene

Non-polar aprotic

a-Pinene

178
169
168

Non-polar aprotic

Limonene
Pinane

Insoluble
Insoluble

4.1

42
44

Non-polar aprotic

Non-polar aprotic
Dipolar aprotic

p-Menthane

—-11
—23

CsH;0,0
CeHia

2-Methyloxolane

Hexane

0.310 0.001

0.675

69

Non-polar aprotic

“ Values extrapolated from the CHEM21 selection guide of organic solvents (increasing values are associated with rising hazardousness).*
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Similarly, for fish oil recovery, screw and hydraulic presses
are traditionally employed, preceded by a cooking step. As
examples, hydraulic pressing was used for oil extraction from
sardine wastes** and tuna heads,” and high treatment
temperatures enhanced the oil yield, while increasing lipid
oxidation and protein denaturation. For this reason, an accu-
rate choice of heating temperature and time is crucial to
preserve the fatty acids and the overall integrity of fish oil.
Indeed, higher oil quality can be achieved by cold pressing,
applied for instance on salmon waste,** but this process
generally results in limited oil yield. An alternative extraction
process consisting of biomass mincing, cooking, and oil sepa-
ration in one step using a three-phase decanter and without
including a pressing phase is conventionally applied to by-
products from salmon, herring, and Rainbow trout.*

Extraction with alternative and sustainable solvents

The above-mentioned limits and drawbacks of hexane and
other petroleum solvents are supporting a more extensive use of
less harmful and impactful solvents for defatting. The so-called
green solvents meet these requirements, having limited toxicity
and renewable origin.*” For instance, ethanol can be derived
from sugar-rich sources, and, along with CO, and bio-based
ethyl acetate and acetone, has shown compatibility with lipid
extraction and safe use for food components, ingredients, and
raw biomass processing.’ Table 1 displays and compares
solvents for oilseed and fish defatting, alternative to hexane, in
terms of their main physicochemical properties and indicators
of the safety profile and environmental sustainability. The latter
can be more realistically and concretely evaluated on a life cycle
basis, employing tools such as Life Cycle Assessment (LCA), and
estimating the impacts attributed to solvent development and
manufacturing, use, and disposal. For instance, the replace-
ment of hexane with ethanol has been assessed for soybean oil
extraction, resulting in a higher net present value for hexane,
measuring the financial viability and profitability of the process.
However, ethanol offered a lower global warming potential,
reducing CO, emissions significantly at an industrial level.*
Additionally, the environmental effects of limonene have been
evaluated in comparison to hexane, employed for extraction of
lipids for algae biodiesel production. The outcomes revealed
that, despite being recognised as hazardous, hexane exerted the
lowest environmental impacts in terms of climate change and
primary energy demand, and overall, in 11 out of 19 categories.
On the other hand, limonene was associated with the reduction
of the impacts in most of the other categories, due to its much
lower volatility than hexane (Table 1), non-hazardousness, and
environmental production. Notably, the use of pre-treatments
has been suggested to facilitate cell disruption, thereby
reducing most of the environmental impacts and the primary
energy demand.” Soybean oil production has again been sub-
jected to LCA, comparing hexane and supercritical CO, extrac-
tion. At a laboratory scale, supercritical CO, extraction and
separation processes were more energy-demanding, mainly due
to the low solubility of the oil in the supercritical fluid. This
serves as an example of a solvent which is itself environmentally

© 2026 The Author(s). Published by the Royal Society of Chemistry
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favourable, but the same cannot be necessarily stated for its
application. This fact suggested implementations to make this
technology more competitive and appealing for scale-up,
namely the introduction of membrane techniques for
improved CO, and oil separation, given the low viscosity and
high diffusivity of CO,.** From these insights, the need for
further investigations is emerging in relation to LCA for
sustainable and novel solvents, like 2-methyloxolane, particu-
larly shedding light on their synthetic and manufacturing
procedures.

Extraction with alcohols. In relation to oilseeds, alcohols
such as ethanol and isopropanol have been employed and
compared for oil extraction from crushed rapeseed® and
ground soybean collects.”* Ethanol or other polar solvents are
able to better extract polar lipids, and water presence can even
further limit lipids' dissolving capacity with respect to hexane.
Moreover, ethanol's higher latent heat of vaporisation makes
the recycling of this solvent more energy demanding. On the
other hand, these aspects can be exploited to simplify the
separation between the oil and solvent without fully evaporating
it but by simply cooling down the mixture.” Ethanol was
compared to hexane for lipid extraction from macadamia nuts,
showing similar performances and yields higher than 50%.%
The same two solvents have been used for oil extraction from
peanut press cake, giving comparable results with respect to
cold pressing, and suggesting ethanol as an alternative option
to hexane. Another alcohol, isopropanol, along with hexane
and ethyl acetate, was employed to obtain oil from macauba,
giving the highest yield and greater levels of f-carotene and free
glycerol, while ethyl acetate could extract flavonoids at higher
concentrations® (Table 2).

Regarding fish oil, ethanol has proven to be the most effec-
tive among the tested solvents in providing high oil yield (49%)
with abundant oleic acid content, obtained by Soxhlet extrac-
tion of mixed freshwater fish wastes. Moreover, a mixture of
ethanol : hexane in a 4: 6 ratio was used on krill shrimps and
the oil obtained from the ethanol layer showed significant
phospholipid and n-3 polyunsaturated fatty acid content (both
higher than 45%), and the lowest fluorine amount, which can
lead to health issues if contained at high levels*® (Table 2).
Overall, the positive defatting performance of ethanol and its
capacity to retain high-quality lipid components and fatty acids
in the extracted oils can be attributed to minimal lipid degra-
dation and oxidation, probably due to simultaneous extraction
of antioxidant and protective compounds, such as phenolics.
On the other hand, ethanol's lower volatility and affinity for
non-polar lipids can require greater solvent amount, extraction
time, and temperature, compromising the economic viability
and scalability of the process.**

Extraction with terpenes. Terpenes represent a class of
natural products consisting of isoprene units (CsHjg) originated
from agricultural residues, such as p-limonene from citrus
peels, and a-pinene from mint, pine trees, and ginger. They can
be employed as green extraction solvents and they are endowed
with anti-inflammatory, antimicrobial, antiviral, and antifungal
properties.”” Terpenes have been reported to possess similar
solubility characteristics to hexane, and a safer profile because

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of a higher flash point.*® The main limitation of using terpenes
as solvents can be the process scalability due to their high
boiling point, density, and viscosity. This could be overcome by
performing terpene extraction at low temperature and pressure
by Clevenger systems, allowing consistent recycling rates to be
achieved.”

Concerning oilseeds, few representatives of the terpene class
(i.e. plimonene, o-pinene, and p-cymene) were used in
comparison to hexane, ethanol, and isopropanol for the
recovery of rapeseed oil. Interestingly, the results showed p-
cymene as the most promising substitute for hexane, due to the
remarkable lipid extraction yield and selectivity, even though
the detected tocopherol, tocotrienol, and micronutrient levels
were relatively low.®® o-Pinene also showed better extraction
performances than hexane for soybean and sunflower oils.*
Other studies on rapeseed oil have highlighted for p-limonene
and p-cymene an equal or higher capability than hexane for
dissolving triacylglycerols or triglycerides, sterols, and tocoph-
erols.”® The oil from the same biomass, obtained using the
saturated and more stable pinane (cis/trans 7 : 3)*> and p-men-
thane,* derivatives of pinenes and p-limonene, respectively,
possessed a comparable yield to hexane (Table 2).

As for fish oil, limonene and p-cymene were used to extract
oil from salmon, containing higher amounts of di-glycerides
and lower levels of triglycerides compared to the other tested
solvents. Additionally, these terpenes provided extracts with
reduced content of certain unsaturated fatty acids, probably
because of compound degradation due to high temperatures
and susceptibility of the terpenes themselves, mainly limonene,
to oxidation.®* p-Limonene was also employed on anchovy fish
wastes, yielding an omega-3-rich 0il® through an economically
and environmentally advantageous process. Additionally, the
same terpene was used in combination with ultrasounds for the
oil extraction from milkfish by-products, providing more than
21 and 12% yield and omega-3 level, respectively, under the
optimised conditions.®® p-Limonene-based extraction was also
applied for shrimp head and carapace, to produce an oil rich in
the carotenoid astaxanthin and omega-3 lipids, which possess
synergistic antioxidant activity®” (Table 2).

Extraction with DESs and NADESs. Deep eutectic solvents
(DESs) and natural deep eutectic solvents (NADESs) are
emerging green solvents, with the latter being produced with
natural substances such as amino acids, sugars, and organic
acids, endowed with safety, biodegradability, and low environ-
mental impact.®?® These solvents present numerous advantages
in terms of cost-effective and relatively simple development,
and lower cost with respect to ionic liquids.** Their polarity,
density, and viscosity can be adjusted by adding water or
modifying the composition of the hydrogen bond acceptor
(HBA) and hydrogen bond donor (HBD) constituents, allowing
targeted compound extraction.®> However, their industrial
adoption is still challenging,®* due to commonly high viscosity,
especially for sugar-based DESs, which complicates the process
but can be reduced by adding water or increasing the temper-
ature.®® Additionally, despite the biodegradability, long-term
environmental effects and toxicity necessitate additional
exploration.® Even if recyclable, the solvent recovery processes

Sustainable Food Technol.
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Table 2 Conditions and efficiency of seed and fish oil extraction by sustainable solvents, compared to conventional solvent extraction

Extraction

Comparative conventional

Biomass solvent - conditions Lipid/oil yield extraction - oil yield References
Oilseed crop Alcohol extraction
Rapeseed Ethanol (92 wt% or 96 wt%), 83-84% with 96 wt% ethanol Hexane - 91% 50
isopropanol (84 wt% or and 88 wt% isopropanol;
88 wt%) — four stage cross- 46% with 92 wt% ethanol
current extraction (solvent/ and 66% with 84 wt%
seed ratio: 1500 g/100 g per isopropanol
stage, 10 min per stage,
stirring at 42 rpm and 50 °C)
Soybean collects Absolute and aqueous 19% (average, wet basis) — 51
ethanol with 6 and 12 with absolute ethanol >
mass% of water - stainless aqueous ethanol, except for
steel isothermal cylindrical 6% water/ethanol at 90 °C
reactor (solvent to solid mass
ratio of 3, 7 temperature
points from 40 to 90 °C)
Macadamia nut Ethanol - Soxhlet extraction >50% Hexane - comparable yield 53
(4 and 6 h) >50%
Peanut press cake Absolute ethanol - stainless- 87 + 4% with ethanol, 75 °C, Hexane, 2 stages, 55 °C, 54
steel batch extractor solid/solvent ratio 1/5, 3 solid/solvent mass ratio
(180 rpm, 1 h, 3 temperature contact stages 1/4 - 86 + 2%
points from 60 to 90 °C)
Macauba Isopropanol, ethyl acetate — 27.43 + 0.33% with n-Hexane - 23.39 + 0.15% 55
orbital shaker (40 °C, isopropanol; 22.97 + 0.33%
40 rpm, 4 h, biomass with ethyl acetate
weight : solvent volume 1: 8)
Oilseed crop Terpene extraction
Rapeseed p-Cymene, a-pinene, 38.22% (dry mass) with p- n-Hexane - 25.02% 60
limonene, ethanol, cymene; 28.18% (dry mass)
isopropanol, butanol - with a-pinene; 37.74% (dry
Soxhlet extraction (6 h, mass) with limonene; 9.79%
biomass weight : solvent (dry mass) with ethanol;
volume 1 :20) 35.74% (dry mass) with
isopropanol; 33.67% (dry
mass) with butanol
Rapeseed p-Cymene, p-limonene - 39.71 + 3.03% dry matter Hexane - 46.71 £ 0.75% 59
Soxhlet extraction (under with p-cymene; 36.94 + dry matter
reflux, 8 h, biomass weight : 0.82% dry matter with p-
solvent volume 1:10) limonene
Rapeseed Pinane (cis/trans 7 : 3) - 42.5% dry matter n-Hexane - 43.2% dry matter 62
mechanical stirring and
maceration (biomass
weight : solvent volume 1:
10, 4000 rpm, 1 h, room
temperature)
Rapeseed p-Menthane - Soxhlet 37.1 + 0.07% dry matter n-Hexane - 38.38 & 0.05% 63
extraction (biomass weight : dry matter
solvent volume 1: 10,
4000 rpm, 60 min, 25 °C)
Soya a-Pinene - Soxhlet extraction 21.1 + 0.2% (dry mass) n-Hexane - 19.5 £ 0.3% 61
(8 h, biomass weight : (dry mass)
solvent volume 1 :10)
Sunflower a-Pinene - Soxhlet extraction 67.2 + 0.2% (dry mass) n-Hexane - 52.6 £ 0.2% 61

Sustainable Food Technol.

(8 h, biomass weight :
solvent volume 1 :10)

(dry mass)
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Extraction Comparative conventional
Biomass solvent - conditions Lipid/oil yield extraction - oil yield References
Oilseed crop DES and NADES extraction
Cottonseed Choline chloride : oxalic acid 90.68% n-Hexane - 29.0% 68
(1:1)-ethyl acetate-water
mix (20% NADES, 20.4%
water, 59.6% ethyl acetate) -
homogenisation and
ultrasound extraction
(solvent volume : biomass
weight 5:1, 40 kHz, 200 W
ultrasound, 120 rpm, 30 °C,
60 min)
Oilseed crop Ionic liquid extraction
Soybean DBU amidine/ethanol 10.5% with DBU/ethanol Hexane, 60 °C - 23.3% 7
switchable polarity solvent - after 60 min at 25 °C, 20% after 60 min
sealed reaction vessel increase at 70 °C; 22.9% with
(biomass weight : solvent morpholine after 60 min
volume 1:5, 25 °C and 70 ©
C); morpholine secondary
amide switchable polarity
solvent - sealed reaction
vessel (biomass weight :
solvent volume 1: 5, 25 °C)
Oilseed crop 2-Methyloxolane extraction
Rapeseed 2-MeOx - Soxhlet extraction 45.96 £ 0.80% dry matter n-Hexane - 46.34 & 0.48% 69
(biomass weight : solvent dry matter
volume 1: 10, under reflux,
8 h)
Soybean 2-MeOx and 2-MeOx 95.5% - 23.5 £+ 0.1% dry matter Hexane - 18.8 £+ 0.1% 70
automatic Soxhlet extraction with 2-MeOx; 23.7 £ 0.1% dry matter
(8h) dry matter with 2-MeOx
95.5%
Oilseed crop Supercritical CO, extraction
Soybean residue High-pressure stainless steel 18.5% =+ 0.8% wt% — 71
CO, extractor vessel (300 bar,
50 °C, 450 min, 3 L min™*
flow rate)
Macadamia nut — 68.5% Petroleum ether - 74.6% 53
Fish Alcohol extraction
Squid by-products Ethanol, acetone, ethyl 65.6 + 4.2 g kg™ by- 1/1 chloroform/methanol - 72
acetate, 1/1 ethanol/acetone, products with ethanol; 103.8 + 1.8 g kg ' by-
1/1 ethanol/ethyl acetate, 1/1 36.3 & 0.4 g kg™ by- products
acetone/ethyl acetate — products with acetone;
stirring extraction (biomass 46.8 + 1.6 g kg™ by-
weight : solvent volume 1: products with ethyl
2.9, 1 min, 4 °C) acetate; 73.6 + 2.7 g kg~
by-products with ethanol/
acetone; 71.1 + 1.2 g kg™
by-products with ethanol/
ethyl acetate; 41.6 £ 2.1 g
kg by-products with
acetone/ethyl acetate
Krill shrimp Ethanol/hexane 4:6 4.38 £ 0.45% in the 3.77 £ 0.32% in the hexane 56
ethanol layer layer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Biomass

Extraction
solvent - conditions

Lipid/oil yield

Comparative conventional
extraction - oil yield

References

Fish
Salmon

Anchovy
by-products

Milkfish
by-products

Shrimp
by-products

Fish
Salmon

Fish
Yellowtail
fish waste

Mackerel muscle

Tuna by-products

(head)

Salmon by-products

(trimmed muscle)

Shrimp waste

Sardine waste

Hake by-products

appear to be energy-intensive, countering upscaled commerci-
alisation.** Notably, the polarity of these solvents is highly
adaptable, leading to the development of hydrophilic and

Sustainable Food Technol.

Terpene extraction
Limonene, p-cymene —
Soxhlet extraction (biomass
weight : solvent volume 1 :
12, under reflux, 8 h)
p-Limonene - stirring
extraction (700 rpm, 21 h,
biomass weight : solvent
weight 1:1)

p-Limonene - ultrasonic
chamber (25 kHz, 200 W,
68 min, 84 °C, biomass
weight : solvent volume 1: 3)
p-Limonene - stirring
extraction (24 h, room
temperature, biomass
weight : solvent weight 1:2)

2-Methyloxolane extraction
2-MeOx - Soxhlet extraction
(biomass weight : solvent
volume 1: 12, under reflux,
8 h)

Supercritical CO, extraction
Laboratory-scale semi-batch
CO, process (30 MPa, 50 °C,
27 g min " flow rate,

180 min)

Laboratory-scale equipment
(biomass : solvent weight 1 :
5,25 MPa, 45 °C, 120 min, 27
g min~" flow rate)
Supercritical fluid extractor
(biomass : solvent weight 1 :
2, 40 MPa, 65 °C, 120 min, 3
g min~" flow rate)
Laboratory scale CO,
extraction process

(biomass : solvent weight 1 :
1,25 MPa, 45 °C, 180 min, 27
¢ min~" flow rate)

Fixed bed supercritical
extraction unit (biomass :
solvent weight 1: 20,

30 MPa, 50 °C, 100 min, 3000
g min~* flow rate, 15% wt. of
ethanol)

Lab-scale semi-batch CO,
apparatus (25 MPa, 40 °C, 15
g min~" flow rate, separation
at 50 bar, 50 °C)

Semi-pilot supercritical fluid
extraction plant (25 MPa,

40 °C, 10 kg h™ " flow rate,

3 h)

33.5% dry matter with

limonene and p-cymene

6% fresh matter

21.95%

4.18%

32.5% dry matter

40.87%

20.00 £ 0.54%

35.6 + 2.4% dry matter

86.99 £ 1.14%
dry matter

93.8%

20.3 + 0.2 g/100 g
raw material

96.4%

Hexane - 32.0% dry matter

Hexane - 32.0% dry matter

n-Hexane — 48.48 £ 1.62%j;
ethanol - 56.13 + 2.19%

Hexane - 25.62 £ 0.62%

n-Hexane - 36.2 & 1.8% dry
matter

n-Hexane - 45.46 + 0.57%
dry matter

n-Hexane - 67%

64

65

66

67

64

73

74

75

76

77

78

79

hydrophobic DESs/NADESs. The latter, including menthol and
fatty acid-based solvents, possess high affinity for oils and
lipophilic constituents.*® Viscosity is reported to widely vary;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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however, fatty acid-based hydrophobic DESs have shown rela-
tively low viscosity.*® These solvents are generally well recyclable
and recovered with high efficiency by anti-solvent precipitation,
back-extraction, or adsorption with resins. In certain cases, the
recovery is complicated by the solvent's low volatility.®* The
food-grade potential is considered high, especially for choline
chloride, urea, organic acids, and sugars, classified as GRAS
(generally recognised as safe). Despite this, novel mixtures
should be assessed for safety and eventual synergistic toxicity.*®

When applied to oilseeds defatting, NADESs enabled effec-
tive oil removal. The two-phase NADES choline chloride : glyc-
erol/menthol : thymol was employed for simultaneous co-
extraction of protein and oil from hemp flour, producing
a protein isolate with lower fat residue than hexane.*” High oil
recovery was achieved using a choline chloride : oxalic acid-
ethyl acetate-water mix on cottonseed, giving better perfor-
mance than the Soxhlet hexane extraction.®®

As for fish and seafood biomasses, while the use of NADESs
and DESs has been carried out to obtain ingredients such as
proteins from sardines,*® astaxanthin from shrimp waste,* chitin
from crustacean shells, and collagen peptides from cod skins,”
the oil extraction/removal by means of these solvents has not been
documented. Literature insights still suggest the great potential of
hydrophobic low viscous fatty acid-based DESs for fish defatting,
which till now have been solely employed to remove micro-
pollutants® and volatile fatty acids from aqueous solutions.”
Natural molecules forming NADESs can display antioxidant and
protective effects on lipids,®> which would be highly beneficial for
preserving and enhancing the fish oil quality.

Extraction with ILs. Ionic liquids (ILs) consist of salt solu-
tions of an organic cation and organic or inorganic anion, and
they can be easily kept in the liquid form due to their low charge
density and reduced melting point.”* Generally, these green
solvents possess low flammability and vapour pressure, as well
as high selectivity, stability, and solvation capability.** They are
versatile and suitable for designing solvents with particular and
unique characteristics in terms of polarity, conductivity, and
hydrophobicity.** ILs include switchable solvents that are able
to switch from an ionic liquid under a CO, atmosphere to a non-
ionic one under an N, atmosphere.

For instance, regarding oilseeds, amidine/alcohol and
secondary amine switchable solvents (switchable-polarity solvents)
were employed to extract oil from flaked soy seeds” (Table 2). Such
solvents show miscibility with lipids in their low polarity form, and
immiscibility after switching to the high polarity one. The first
mentioned solvent allowed achieving a positive separation;
nevertheless, its use was unsuccessful due to the occurrence of
side transesterification and interference with water. The second
switchable-polarity solvent provided slow separation, along with
significant contamination levels and health issues, leading again
to rejection. In the same work, an amidine with excess water
(switchable-hydrophilicity solvent) was also studied, giving better
extraction and separation that were achieved in the solvent's
hydrophobic and hydrophilic forms, respectively.” Subsequently,
the solvent can be isolated from water by making it return to its
hydrophobic nature. This last phase can be particularly chal-
lenging; thus, further studies examining the economic and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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technical feasibility and applicability of ionic liquids for oils
extraction are needed.®

Moreover, in relation to fish oil, a lack of studies on the
application of ILs on fish biomass to recover lipids and oils can
be observed. Indeed, some published works focused on the
enrichment of fish oil in beneficial poly-unsaturated fatty acids
by employing ILs, not on their use directly on the fish material
for oil extraction. This topic may represent an interesting
research area to uncover and explore in the near future.

Extraction with 2-MeOx or 2-MeTHF. 2-Methyloxolane (2-
MeOx) or 2-methyltetrahydrofuran (2-MeTHF) is a solvent
originating from renewable sources, including bagasse and
corncobs, with a boiling point of 80 °C allowing good lipid
extraction efficiency as well as easy removal and recycling.
Moreover, it possesses similar density and viscosity to hexane.
Despite being flammable, 2-MeOx has a higher explosivity limit,
higher electrical conductivity than hexane, and partial misci-
bility with water, contributing to a better safety profile. Partic-
ular attention should be paid to handling the solvent due to the
possible formation of peroxides. Nevertheless, the safer toxi-
cological profile and reduced impact on the environment with
respect to hexane, along with the compatibility with up-scaled
industrial exploitation, make 2-MeOx a valid alternative to
petrochemicals as a defatting solvent.” Its exploitation in
industry is currently constrained by higher price and energy for
solvent removal, with respect to hexane. These limitations can
be overcome by reducing losses and optimising recycling.”

Considering oilseeds, 2-MeOx was used in comparison with
hexane for lab and pilot scale Soxhlet extraction of rapeseed oil,
providing equal and higher yields, respectively.®® 2-MeOx and its
form saturated with water were able to extract soybean oil with
increased yield compared to hexane, because of an enhanced
recovery of polar lipids and isoflavones, and a similar lipid
profile and fatty acid composition” (Table 2).

As for fish oil recovery, this solvent was reported to efficiently
solubilise triglycerides, di-glycerides, free fatty acids, and ergos-
terol and give more than 30% oil yield from Atlantic salmon®
(Table 2). Research on the use of 2-MeOx for fish oil extraction is
very limited. The high potentialities of this green solvent surely
support a more extensive utilisation for the above purpose, given
the European Food Safety Authority (EFSA)'s declaration of its
safety if used in compliance with the intended conditions and the
indicated maximum residue limits in food ingredients.”®

Extraction with supercritical CO,. The valorisation of bio-
logical residues from oilseed and fishing industries can also be
achieved through supercritical carbon dioxide (CO,) extraction
as an advantageous and sustainable alternative to conventional
organic solvents.” It is recognised as an environmentally
benign solvent, easily available, non-toxic, non-flammable, and
with limited cost. Supercritical CO, has been classified as GRAS
by the Food and Drug Administration (FDA) and the EFSA.*
This solvent can be readily removed from the extracts, due to
the easy transition back to the gaseous state determined by
depressurisation, providing solvent-free products.®® One of its
main advantages is the adaptable selectivity, permitting the
extraction of specific compounds by temperature and pressure
regulation.” On the other hand, the main limitation of this
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high-pressure technology is the consistent installation cost and
capital investment, as well as the energy required for solvent
compression and recycling. Notably, the energy used for
supercritical CO, extraction of oil seed rape by the pilot plant
accounted for 684 kJ kg~" solvent,'® higher than the energy
needed for the distillation of n-hexane (around 420 kJ kg™*
solvent)'® and 2-MeOx (greater than 460 kJ kg™ * solvent), but
lower than the energy requirement for ethanol recycling (almost
970 kJ kg™ ').»* Moreover, adequate sample preparation is
essential, especially for reducing moisture content below 20%
and avoiding excessively low particle size, to improve the
contact with CO, and enhance the extraction efficiency.*®

For oilseeds, supercritical CO, has been successfully employed
to extract soybean residue oil” or produce defatted soy meal rich
in protein, with minimal denaturation and maintaining their
functional properties better than hexane.'® On the other hand,
supercritical CO, has limited capacity to extract polar compounds,
resulting in the need to add a co-solvent like ethanol,”® making
the process more complex and less sustainable.”™

Regarding fish biomasses, numerous studies report the use of
supercritical CO, to obtain highly stable and nutritionally valuable
fish oil from yellowtail fish viscera,” salmon” and hake™ by-
products, tuna” and sardine’® waste, mackerel muscle,” and
shrimp waste.”” Moreover, supercritical CO, has been optimised to
obtain defatted catfish with high protease activity and low fat
residue, confirming the ability of this technique to preserve
proteins and enzymes.”” Conversely, overall lower oil yields than
those obtained by conventional methods can be observed, again
due to limited affinity with polar compounds.*

Extraction with vegetable oils. Vegetable oils have the
potential to be valid substitutes of petrochemical solvents due to
their good dissolving capability, oxidative stability if enriched
with antioxidant constituents, and organoleptic quality. These
bio-based solvents possess the advantages of being non-toxic and
biodegradable, and not emitting volatile organic compounds. The
vegetable oils' selectivity is variable, as well as their extraction
efficiency.'™ The literature reports the application of some vege-
table oils, in particular seed oils, as extraction solvents for astax-
anthin and carotenoid recovery. Astaxanthin-rich oil has been
obtained using soy, palm, and flaxseed oil on crawfish waste,
giant tiger shrimp, and other shrimp by-products, respec-
tively.'*>'°® Carotenoids were also extracted from shrimp waste
employing several vegetable oils, including sunflower, mustard,
soybean, coconut, and rice bran oils, with the first one giving
greater carotenoid yield."” Other oils were also used on other
biomasses for the same purpose, as in the case of carrot waste and
pumpkin by-products treated with cottonseed and canola oil,
respectively.'*%

Interestingly, the use of vegetable oils for lipids extraction
and enrichment from oilseed and fish biomasses has not been
documented. Considering the similar non-polar nature of both
carotenoids and lipids and their affinity towards oils as
solvents, the applications of the latter could be more widely
explored and investigated especially for lipid recovery and
potential synergism and enhancement of the fatty acid profile
in the obtained products.

Sustainable Food Technol.

View Article Online

Oilseed/fish
biomass
[

Q Ultra high-pressure Pre- )
O Pulsed electric field treatment No pre-
O Deep eutectic treatment

solvents T
O Ultrasonication
Q Microwave Novel Conventional
O Enzymatic
0 Alcohols (ethanol,

isopropanol. ..
Q Terpenes (D-limonene, ‘

a-pinene, p-cymene, .. . .
Q Deep/natiral deep Green O Hexane/n-hexané.| | Conventional | |Q Extrusion Prossie

U Petroleum ether solvent

extraction

solvent
extraction

O Screw pressing
O Hot pressing
O Cold pressing
O Hydraulic
pressing
flow O Decanting
O Rendering

eutectic solvents

QO lonic liquids

O 2-Methyloxolane

Q Supercritical carbon
dioxide

O Vegetable oils (soy,
palm, flaxseed. ..)

extraction
Q Diethyl ether

Q Chloroform
0 Soxhlet
QO Counter current

Fig. 1 Overview of pre-treatments, green, and non-green solvent
extraction for oilseed and fish defatting.

Biomass pre-treatments prior to defatting. Pre-treatment
processes can facilitate biomass's cell disruption and ensure
faster extraction and higher yields of the compounds of interest.
The currently available literature provides numerous insights
into the positive effects of biomass pre-treatments followed by
lipid extraction and defatting processes.'*® In this regard, it is
worth considering that pre-treatments are often associated with
extraction by conventional solvents or other methods, and not
by novel green solvents. For instance, fish oil has been obtained
from yellowfin tuna heads by enzymatic hydrolysis with papain,
firstly applying ultra high-pressure pre-treatment, with the
improvement of the oil recovery through sequential pressur-
isation and depressurisation phases.'** Moreover, pulsed elec-
tric field-assisted pre-treatment combined with porcine lipase
hydrolysis was used on seabass skin to effectively remove lipids
and fishy smell prior to collagen extraction.'**

Notably, most of the published reports on pre-treatments
before defatting are not related to oilseed crops and fish, but
to other biomasses, mainly microalgae, mostly due to their
rigid, complex, and highly resistant cell walls. For instance,
Chlorella sp. was treated with aqueous DESs in combination
with ultrasonication and homogenisation, before proceeding
with lipid extraction by using ethyl acetate and ethanol.*®
Similarly, DES treatment and ultrasonic homogenisation, fol-
lowed by lipid extraction in a methanol-n-butanol mixture,
provided consistent lipid yield from Chlorella pyrenoidosa.***
Ultrasound-assisted extraction was also associated with pre-
treatment with commercial enzymes for Isochrysis galbana
microalga, giving a significant recovery of polar lipids, EPA, and
DHA."” In another case, fresh microalgae were pre-treated by
pulsed microwave as an efficient, energetically sustainable, and
clean processing strategy to be applied before lipid extraction
with ethanol and hexane.'*®

Overall, these numerous and promising insights support the
application of the above pre-treatments on fish and oilseed
biomasses, followed by lipid extraction and defatting by
sustainable solvents (Fig. 1), providing potential beneficial
impacts in terms of reduction of the extraction time, solvent
use, temperature, and nutrient losses, and increase of the
extraction yield and protein utilisation from the residue.
Techniques such as ultrasound and pulsed electric fields can

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contribute to improving the mass transfer, which is limited in
case of viscous solvents, like certain terpenes and DESs.

Conclusions

The comparative investigation of seed and fish oil removal and
defatting methods highlights the common predominance of
conventional solvent-based approaches, mostly utilising hexane
and other petroleum solvents. Despite their recognised high
yield and efficacy, they are facing increasing disapproval due to
health and environmental risks, as well as regulatory issues,
supporting the exploration of alternative options. Emerging
sustainable solvent solutions, including alcohols, terpenes,
deep and natural deep eutectic solvents, ionic liquids, 2-m-
ethyloxolane, supercritical carbon dioxide, and vegetable oils
possess great potential to limit the ecological impact and
increase safety in the defatting processes. However, their main
challenges include scalability, costs, inconstant performance,
and additional optimisation requirements. In linking oil
removal solvent methods for the investigated sources, along
with clear process parallelisms, some discrepancies between
seed and fish matrices can be evidenced, highlighting research
gaps mainly in fish oil defatting and in the use of vegetable oils
for both biomasses. In addition, based on literature insights on
diverse sources, innovative pre-treatment techniques prior to
sustainable solvent defatting can be adapted to seed and fish,
aiming at improving extraction yield, environmental sustain-
ability, and use of the residues, while minimising nutrient loss
and process duration. In conclusion, as green solvents for
defatting provide promising avenues to align with sustainability
targets and reduce environmental impact, additional research
and industrial advancements are vital to promote broad adop-
tion, addressing actual limitations. Notably, the implementa-
tion of solvent removal and recycling, the combination of green
solvents such as natural deep eutectic solvents with mechanical
and advanced extraction technologies, and the development of
novel food-grade hydrophobic deep eutectic solvents deserve to
be further explored. Active cooperation among academic
research, industry stakeholders, and regulatory institutions
appears essential to advance sustainable solvent defatting
methods and ensure efficient and safe valorisation of oilseed
and fish resources.
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