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A B S T R A C T   

Deep eutectic solvents (DES) can be a green alternative extraction technology for microalgae lipids, acting 
simultaneously as a pre-treatment agent and solvent. However, due to the low vapor pressure of both DES and 
lipid solute, the recovery of lipids and solvent regeneration remains difficult. In this study, we developed a novel 
strategy to separate the dissolved sunflower and model algae oil from imidazole/hexanoic acid DES by using 
polar antisolvents (water, methanol, and ethanol). The polarity and the amount of antisolvent influenced the 
lipid solubility in DES. While the water was the strongest antisolvent, the alcohols were easier to evaporate, 
ensuring easy DES regeneration. By adding small amounts of water and methanol, more than 90% of the lipids 
were recovered in the form of high-purity oils (>90%). In the case of ethanol, a large amount of ethanol was 
required, which diluted the solvent-rich phase and solubilized more lipids in it. Based on three repeated cycles 
with the selected antisolvent methanol, > 90% of the eutectic solvent could be regenerated.   

1. Introduction 

Microalgae have been known as a sustainable feedstock for lipid 
production due to their advantages over oleaginous terrestrial plants. 
However, to obtain lipids from microalgae, energy-intensive cell 
disruption methods and unsustainable solvents are still often used 
(Halim et al., 2012; Kumar et al., 2017; Lee et al., 2017). Recently, deep 
eutectic solvents (DES), a “greener alternative” to ionic liquids, have 
been applied to improve the lipid extraction process (Alam et al., 2021; 
Cai et al., 2020; Cao and Su, 2021). Several water-soluble DES, such as 
combinations of choline chloride and oxalic acid or glycols, were re
ported to perforate microalgae cell wall, which could be enhanced by 
heating or microwave treatment. Then, another hydrophobic solvent (e. 
g., hexane) was able to penetrate the treated cell and dissolve the 
intracellular lipids (Lu et al., 2016; Pan et al., 2017; Tommasi et al., 
2017). However, with this approach, an extra solvent would increase the 
process complexity and production cost. Hydrophobic DES holds the 
potential to both weaken the cell wall and dissolve the lipids simulta
neously (Eppink et al., 2021). Recently, we demonstrated lipid extrac
tion from undisrupted Nannochloropsis oceanica using imidazole-based 
hydrophobic DES (Lo et al., 2023). Oleic acid-based hydrophobic DES 
was also reported to be able to extract astaxanthin from intact Haema
tococcus pluvialis (Pitacco et al., 2022). 

Similar to ionic liquids, DES suffers from low vapor pressure. This 

implicates the straightforward separation of lipid solutes from the sol
vents through evaporation and condensation, which is common for 
organic solvents, but does not work with DES (Ruesgas-Ramón et al., 
2017; Tang and Row, 2020). One of the proposed strategies when 
extracting with DES is to include DES molecules in the product formu
lation, rendering the separation of target compounds from DES unnec
essary. For instance, the use of edible and Generally Recognized As Safe 
(GRAS) terpene-based DES for astaxanthin extraction from microalga 
H. pluvialis and crustacean residual biomass for astaxanthin extraction 
(Pitacco et al., 2022; Rodrigues et al., 2020). However, this approach 
might not be suitable for all products due to the complication of product 
formulation (e.g., desired product concentration or undesired DES 
molecules) and the low economic value of certain products. Hence, an 
alternative strategy needs to be developed for lipid recovery and DES 
recycling to have a viable and sustainable process. 

Our previous work screened semi-hydrophobic DES and developed a 
lipid recovery strategy by tuning the solvent polarity (Lo et al., 2021). 
Made of polar imidazole and nonpolar hexanoic acid, the DES dissolves 
water (hydrophilic) or lipids (hydrophobic). Hexanoic acid is a 
medium-chain carboxylic acid that can be produced fermentatively, 
whereas imidazole is a heteroaromatic compound that is readily 
biodegradable with low ecotoxicity (Cavalcante et al., 2017; European 
Chemicals Agency, 2022). The hydrophobicity of the mixture was 
dependent on the DES composition. At an imidazole molar ratio to 
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hexanoic acid greater than 3/7, the solvent became hydrophilic and 
rejected the dissolved lipids. However, this strategy is unsuitable for DES 
regeneration as imidazole binds strongly with hexanoic acid; thus, it 
would be difficult to separate the two constituents (Anouti et al., 2009). 
Furthermore, constantly adding a large amount of hexanoic acid to 
balance the DES molar ratio would not be economically favourable and 
unsustainable. Therefore, another approach to ensure the recyclability 
of the solvent is needed for regeneration. 

Antisolvents have been widely used to separate the target product 
from polar DES. For example, the addition of water, alcohols, or acetone 
induced the precipitation of phenolic compounds, lignin, cellulose, and 
insoluble protein from DES (Chen and Wan, 2018; Das et al., 2016; 
Grudniewska et al., 2018; Grudniewska and Popłoński, 2020; Kumar 
et al., 2016; Maugeri and Domínguez De María, 2012; Procentese et al., 
2015; Smink et al., 2020). Typically, the target solute has a low, if not 
negligible, solubility in the antisolvents, while the DES shows high 
miscibility with the antisolvent. Furthermore, the antisolvent can then 
be evaporated to regenerate the DES. In general, the product recovery is 
directly proportional to the amount of antisolvent. However, it is worth 
noting that the antisolvent amount directly correlates to the energy 
required for antisolvent removal and DES regeneration. 

It is then hypothesized in this study that polar antisolvents, such as 
water and alcohols, could promote the hydrophilicity of imidazole/ 
hexanoic acid DES, consequently lowering the lipid solubility. Further
more, if the antisolvents have relatively high vapor pressure, DES could 
also be easily regenerated by the antisolvent evaporation. To the best of 
our knowledge, the use of DES and antisolvents in the lipid extraction 
process is still limited. 

This study is a proof of concept using antisolvents to recover dis
solved lipids from DES and recover DES during regeneration. Commer
cial sunflower and algae oil were used as model lipids since they do not 
contain impurities from complex biomass that can interfere with DES. 
Water, methanol, and ethanol were added as antisolvents to separate the 
model oils from imidazole/hexanoic acid DES. The dissolved oils were 
used to mimic the lipid extract from microalgae. Afterwards, the DES 
was regenerated by evaporating the antisolvents and the best antisolvent 
methanol was re-used in three consecutive cycles. Based on the 
compositional analysis, the antisolvent performance and the loss 
throughout the process were evaluated. 

2. Materials and methods 

2.1. Materials 

The materials which were used in this study were algae oil (Corbion 
Biotech, Inc., United States), ethanol (Merck Millipore, absolute), hex
anoic acid (Sigma-Aldrich, ≥ 99%), imidazole (Sigma-Aldrich, ≥ 99%), 
methanol (Merck Millipore, pure), water (Milli-Q®, ultrapure), and 
sunflower oil (Jumbo Supermarkten BV, The Netherlands). 

2.2. Preparation of the deep eutectic solvent 

In this study, the combination imidazole/hexanoic acid (molar ratio 
1:3) was used to represent the semi-hydrophobic DES. The DES was 
prepared by dissolving the pre-weighed imidazole flakes in hexanoic 
acid at room temperature until a clear homogeneous solution was 
obtained. 

2.3. Lipid dissolution in DES and recovery using antisolvents 

Sunflower and algae oil were used as model lipids in this study. To 
measure the effect of antisolvents, the lipid solubility was measured via 
cloud point determination. This was performed by a continuous drop
wise (25 μL) addition of the oils to the DES which contained various 
concentration of water, methanol, and ethanol in glass tubes. After every 
drop, the system was vortexed to ensure homogeneity. The experiment 

was performed at room temperature and stopped as soon as the solution 
turned cloudy. The density of DES, algae and sunflower oil are 0.98, 0.90 
and 0.92 g mL− 1, respectively, when measured gravimetrically at room 
temperature. 

Besides that, the lipid recovery by addition of antisolvent was also 
performed. For this experiment, the initial DES (2.95 g) solution con
tained sunflower oil (38 wt%, 1.84 g) or algae oil (31 wt%, 1.36 g). 
Then, various amounts of antisolvents were added to the solutions at 
room temperature, which induced a phase split between the recovered 
lipid and the solvent-rich phase. The mixtures, which total mass 
depended on the amount of antisolvents, were centrifuged at 4000 RCF 
(Allegra X-30 Benchtop Centrifuge (Beckman Coulter)), before carefully 
separated and stored for further analysis. 

2.4. Evaporation of antisolvents and DES regeneration 

The antisolvents were evaporated from the solvent-rich phases using 
a rotary vacuum concentrator at 8 mbar, 35 ◦C (RVC 2–25 CDplus 
(Christ)). The low evaporation temperature was chosen to minimize the 
risk of undesired side reactions, such as esterification. Unless stated for 
kinetic study, the evaporation occurred ~16 h for the alcohols- 
containing mixtures and 24 h for water mixtures. For kinetic study, 
the total amount was based on 1 g of DES and differed with different 
antisolvents. 

2.5. Gas chromatography analysis 

All the analyses were performed using gas chromatography-flame 
ionization detector (GC-FID) system (Agilent Technologies) with H2 as 
a carrier gas. The fatty acid analysis was performed based on the method 
described in our previous work (Lo et al., 2021). Known amount of the 
pure model lipids were also analyzed using the same method as a 
standard for lipid and total fatty acids conversion. For analyses of 
methanol, ethanol, imidazole, and hexanoic acid, the solvent-rich pha
ses were diluted 10x in chloroform and run with DB-FFAP column (part 
#122–3232, Agilent Technologies) with a split-ratio of 20:1 and a 
split-flow of 45.27 mL/min. The oven temperature profile was 45–80 ◦C 
with 6.30 ◦C/min, and to 220 ◦C with 26.24 ◦C/min and held for 3 min. 

2.6. Partition coefficient and separation efficiency 

The partition coefficient K and separation efficiency of the lipid re
covery were calculated by using these equations, respectively: 

K = cO/cS  

Efficiency =
VO cO

VO cO + VS cS  

where V is the total amount of the phase [gram], c is the total fatty acids 
concentration measured in the oil- or solvent-rich phase [mgTFA mg− 1], 
and subscript O and S denote the oil-rich and solvent-rich phase, 
respectively. Besides that, in this study, we refer to the purity of the 
recovered oil as cO [mgTFA mgoil

− 1] of that oil phase compared to cO of the 
model oils. 

3. Results and discussions 

Initially, we evaluated sunflower and algae oil solubility in the deep 
eutectic solvent containing different concentrations of water, methanol, 
and ethanol (Section 3.1). Next, the dissolved lipids were recovered 
from DES mixtures with varying amount of antisolvents (Section 3.2). 
Furthermore, the antisolvents were evaporated from the solvent mix
tures to mimic the DES regeneration step (Section 3.3). Finally, three 
repeated cycles of sunflower oil dissolution, recovery and solvent 
regeneration were performed to analyze the mass composition and to 
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identify potential losses (Section 3.4). Additionally, a rational is given 
about the hexanoic acid back-extraction as a small amount of hexanoic 
acid remains in the lipid fraction and can be back-extracted with an 
additional methanol wash step (Section 3.5). 

3.1. Reduced solubility of lipids in the DES by antisolvents 

To enable the lipid separation from the solvent, the addition of 
antisolvents should decrease the lipid solubility in the imidazole/hex
anoic acid (1:3 molar ratio) DES. Both the concentration and the polarity 
of antisolvents influenced the solubility of sunflower and algae oil 
(Fig. 1). In general, lipids were less soluble at higher antisolvent con
centrations regardless of the antisolvent. Water caused the most sub
stantial solubility reduction, followed by methanol and ethanol. It is 
worth noting that water has limited solubility in the DES (~0.4 g gDES

− 1 ), 
whereas both alcohols are completely miscible with the solvent. 
Furthermore, it was known before that the algae oil has a lower solu
bility in DES than sunflower oil. It is due to the different degree of fatty 
acid saturation in the lipids, where algae oil contains > 90% oleic acid, 
C18:1, and sunflower oil is rich in linoleic acid, C18:2 (> 56%). The fatty 
acid composition of the model oils can be found in our previous study 
(Lo et al., 2021). 

3.2. Lipid recovery from DES extract using antisolvent 

The pre-dissolved sunflower and algae oil (initial concentration: 38 
and 34 wt%, respectively) were separated from the DES by adding 
various amounts of antisolvents. This led to oversaturation and even
tually induced phase split between the oil-rich phase and the solvent 
mixture. The formation of phases was further accelerated by centrifu
gation. Fig. 2 provides the visual observation of mixtures treated with 
water and methanol. The increasing amount of water and methanol are 
ordered from left to right in the pictures. The location of oil-rich phase 
depends on the density of the formed phases (ρ of DES, algae and sun
flower oil are 0.98, 0.90 and 0.92 g mL− 1, respectively). The water/DES 
mixtures were constantly denser than the oil-rich phase, whereas density 
of alcohol/DES mixture depends on the alcohols’ concentration. Since 
the alcohols (ρ ≅ 0.79 g mL− 1) are much lighter than the lipids, the 
alcohol-rich mixtures are lighter than the oils. 

Each phase was then analyzed to quantify the partition of the model 
oils at equilibrium, K (Fig. 3a). A high partition coefficient means that 
the lipid is less likely to be dissolved in the DES-rich phase, leading to a 
better separation. The partition coefficients linearly correlate to the 
amount of antisolvent added. Moreover, the polarity of antisolvent also 
determines the sensitivity of K towards the antisolvent amount (shown 

by the slope). For both model lipids, water achieved the highest K with 
the steepest slope, closely followed by methanol. As mentioned before, 
methanol is more soluble than water in DES. This might imply that 
higher K values could be achieved at higher methanol concentrations, 
whereas that from water reached the maximum considering the limited 
solubility of water in DES. Moreover, ethanol, as expected, did not give 
good partition since it did not induce enough polarity to reduce the lipid 
solubility in the solvent phase. Besides that, K values of algae oil are 
higher than that of sunflower oil. This implies that at the same anti
solvent concentration, the solvent phase dissolved more sunflower oil 
than algae oil. This result is consistent with the antisolvent effect which 
was discussed above. 

Furthermore, from the fatty acid analysis, the separation efficiencies 
in the lipid recovery step were calculated (Fig. 3b). The separation ef
ficiency steeply increases with amount of water and methanol until 
reaching about ~90% recovery, then slowly increases until maximum 
was reached. As expected, water gave the highest recovery for both 
model oils (efficiency of 96%), while methanol reached the efficiency of 
≥ 90%. Ethanol, however, performed poorly with the highest obtained 
efficiency of ~60% at relatively low concentration and K. The high 
solubility of lipids (triacylglycerol) in ethanol than in water and meth
anol caused higher concentration of oil in the solvent-rich phase (cS). 
Also, unlike water and methanol, a much larger amount of ethanol was 
necessary to reduce the lipid solubility, significantly increasing VS and 
consequently reducing the separation efficiency. This large difference in 
the performance of the alcohols was not expected since the solubility of 
tripalmitin (triacylgycerol of palmitic acid) in methanol and ethanol are 
in the same order of magnitude (0.01 and 0.03 mg/mL, respectively) 
(Zahler and Niggli, 1977). This result implies that other antisolvents 
with lower polarity, such as acetone, would not perform efficiently as 
antisolvent in this system. 

Besides that, the purity of recovered oil was also evaluated (Fig. 4). 
Overall, the purity of the recovered oil was high, with the recovered 
algae oil being slightly higher than the sunflower oil. While methanol 
reached the highest purity, ~100%, water and ethanol yielded a lower 
purity, 80 – 90%. Note that the purity was based on the mass fraction of 
total fatty acids in that oil phase with reference to the mass fraction of 
total fatty acids in the pure oils [mgTFA mgoil

− 1]. The contradicting nature 
of polar antisolvents and hydrophobic hexanoic acid influenced the 
distribution of hexanoic acid. Water, being more polar than methanol, 
caused extra leaching of hexanoic acid to the oil phase and ultimately 
lower the oil purity. However, in the case of ethanol, ethanol itself is also 
a contaminant in the oil phase. This might be due to the lower polarity of 
ethanol and its large presence in the overall system, causing distribution 
of ethanol over the phases. A quantitative analysis on the oil-rich phase 

Fig. 1. Solubility of sunflower oil (a) and algae oil (b) in the imidazole/hexanoic acid (1:3) DES with various concentrations of water (circle), methanol (triangle), 
and ethanol (square). 
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can be found in Section 3.4. 
The presence of the contaminants may decrease the quality of the 

recovered oil. The alcohols can easily be removed by evaporation. The 
presence of hexanoic acid in the oil is less desired since it would give 
rancid, unpleasant odor and increase the free fatty acid (FFA) content of 
the oil. High FFA lipids are associated with lower food quality (Osawa 

et al., 2007), health issues when consumed (Lee Kuek et al., 2020) and 
lead to saponification problem in the biodiesel synthesis (Ðokić et al., 
2012; Zhang et al., 2020). Therefore, lipid deodorization and deacidi
fication, which are normal steps in vegetable oil processing, should be 
performed in the further downstream steps. 

Fig. 2. Phase separation between the recovered oil and solvent mixtures by adding (a) water and (b) methanol, increasing concentrations ordered left to right. While 
water/DES mixtures were consistently denser than the lipids, the concentration of methanol determined the density of the solvent mixtures. Methanol-rich mixtures 
were lighter than the lipids, whereas the mixtures with low methanol concentrations were heavier. 

Fig. 3. a) Partition coefficient K and b) separation efficiency of sunflower oil (1) and algae oil (2) recovered by addition of water (circle), methanol (triangle), and 
ethanol (square). 
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3.3. DES regeneration via antisolvent evaporation 

The ease of DES regeneration after the lipid separation step was 
evaluated based on the evaporation kinetics. In this experiment, we 
performed the evaporation of antisolvents at two different concentra
tions to mimic the possible mixtures after the recovery step at 8 mbar 
and 35 ◦C. This low temperature was chosen to avoid not only the 
evaporation of imidazole and hexanoic acid, but the undesired esterifi
cation of both hexanoic acid and the alcohols as well. This was also 
confirmed by gas chromatography analysis. 

Fig. 5 shows the evaporation rate of water, methanol, and ethanol in 
the DES solutions. The evaporation rate of the antisolvents follow the 
vapor pressure of the pure compounds, i.e., methanol and ethanol have 
much higher vapor pressures than water (276, 135, and 42 mbar at 
35 ◦C, respectively) (Dortmund Databank, 2020). Additionally, the low 
water concentration in the solution and the possibility of strong in
teractions between water molecules and DES components could further 
hamper the vapor pressure of water, resulting in problematic regener
ation. Therefore, to ensure the easy regeneration step, the use of 
methanol or ethanol is favorable. Furthermore, unlike the case with 
water, complete removal of the alcohols is not necessary since the lipid 
solubility is less sensitive towards the presence of the alcohols than 
water (Fig. 1). 

3.4. Recycle of the deep eutectic solvent 

The final objective of this study was to investigate the feasibility of 
recycling the DES. In this experiment, we performed three repeated 
cycles of lipid dissolution, recovery, and solvent regeneration using 
sunflower oil (Fig. 6a) and the antisolvent methanol. This oil was chosen 
to simulate the worst-case scenario with lower recovery since the DES 
has a higher affinity to sunflower oil than algae oil. In each cycle, the 
extract was maintained to contain 38 wt% of oil in the DES. Then, the 
lipid recovery was performed by adding methanol to reach 0.96 g gDES

− 1 . 
This concentration was chosen for its high separation efficiency with the 
least methanol amount. The mass composition of different phase 
throughout the entire process can be seen in Table 1. Throughout the 
cycles, no significant change in performance was observed. For example, 
the remaining unrecovered sunflower oil in the solvent-rich phase was 
consistent at ~5%. This small presence of sunflower oil in the solvent- 
rich phase did not hamper the reusability of DES to extract lipids. 

Furthermore, a loss of hexanoic acid was observed after each step, 
reflected by the increased molar ratio of imidazole to hexanoic acid 
(Table 1). It started from 0.336 towards 0.408 molImi. molHex

− 1 , which is 
equivalent to (1:3) and (2:5) molar composition, respectively. The losses 
occurred mainly during the lipid recovery (phase split) step, at which a 
substantial fraction of hexanoic acid migrated to the oil-rich phase. 
Whereas during the evaporation step, a little amount of hexanoic acid 
evaporated despite the low vapor pressure, which could be due to the 
prolonged evaporation time (16 h instead of 3 h based on Fig. 5). The 
rising trend of imidazole molar ratio indicates the declining DES hy
drophobicity, hence less capacity of lipid dissolution (Lo et al., 2021). To 
overcome this shortness, fresh hexanoic acid needs to be fed as make-up 
for the loss. Furthermore, the loss can be minimized by shortening the 
evaporation time and optimizing the condition (e.g., temperature swing) 
during the lipid recovery step to reduce the migration of hexanoic acid 
further. Despite the loss, > 90% deep eutectic solvent was regenerated 
after each step based on the mass balance (Fig. 6b). In ideally closed 
system, where all methanol vapor is condensed and reused to induce 
phase-splitting, evaporated hexanoic acid would not be lost and enter 
the system together with the antisolvent. 

3.5. Hexanoic acid back-extraction 

As mentioned before, the presence of hexanoic acid in the recovered 
oil phase is undesired; it would significantly hamper the product value 
and increase the need for solvent loss makeup. In this study, hexanoic 
acid had a higher affinity towards methanol than sunflower oil, shown 
by its concentration in each phase (Table 1). Thus, methanol washing on 
the recovered oil is proposed to be the back-extraction step of hexanoic 

Fig. 4. Purity of recovered sunflower oil (left) and algae oil (right) with different antisolvents. Mind the different scale of water and alcohols concentrations.  

Fig. 5. Evaporation kinetics of water (circle), methanol (triangle), and ethanol 
(square) when mixed with imidazole/hexanoic acid (1:3) in low (open) and 
high (closed) concentration. The exact concentrations of antisolvents (in g gDES

− 1 ) 
are written inside brackets. 95% of water was removed after 600 min. 
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acid. 
Here we show the simulation and rationale of the proposed methanol 

washing based on liquid-liquid extraction (LLE). Assuming 1) immisci
bility between oil and methanol, and 2) constant volume of methanol 
and oil phase, the mass balance of hexanoic acid would be: 

VO chex
O,F = VO chex

O +VMet chex
Met  

where VO and VMet are the volumes of the recovered oil and methanol 
phase, chex

O,F is the initial concentration of hexanoic acid in the recovered 
oil (feed), and chex

O and chex
Met are the concentrations of hexanoic acid in the 

oil and methanol phase after washing respectively. 
The final concentration of hexanoic acid in methanol and oil phase 

would be determined by thermodynamic equilibrium, defined as dis
tribution coefficient (KD = chex

Met/chex
O ). This KD value could be approxi

mated from hexanoic acid concentration in the solvent-rich phase and 
the recovered oil during phase splitting (Table 1). From the three cycles 
of phase partitioning, the average KD value is 6.4, showing the higher 
affinity of hexanoic acid in methanol than in oil. This higher affinity in 
methanol, when combined with higher volume ratio of methanol/oil, 
could result in effective back-extraction. For instance, when VMet/VO 

= 2, the concentration of hexanoic acid in the final oil phase (chex
O ) would 

only be < 10% of the initial feed concentration (chex
O,F). This would mean 

hexanoic acid content in the final oil product to be ~0.05% weight. 
Besides the higher volume ratio, multiple stages could be performed to 
also increase the hexanoic acid removal. 

After the washing step, the methanol phase containing hexanoic acid 
can be fed into the evaporation step, to separate methanol and DES. This 
strategy would significantly reduce the loss of hexanoic acid, preventing 

the DES becoming less hydrophobic (due to the changing imidazole/ 
hexanoic acid composition) and improving the process sustainability 
and recyclability. At the same time, the final lipid product would contain 
only trace of hexanoic acid, increasing its functionality and value. 

4. Conclusion 

The presence of the antisolvents water, methanol, and ethanol in 
imidazole/hexanoic acid (1:3) DES reduced the solubility of model 
lipids, including algae oil. The solubility reduction positively correlated 
with the antisolvent polarity and amount. The antisolvents were then 
applied to recover the dissolved sunflower and algae oil in the DES, 
resulting in high purity oils with > 90% recovery. Furthermore, the DES 
can be regenerated via antisolvent evaporation. It was observed that 
there was a small loss of hexanoic acid, which mainly occurred during 
the phase split. Nevertheless, with this approach, > 90% of the DES can 
be regenerated. This loss can be reduced by introducing an extra 
methanol washing on the recovered oil, which would also yield lipid 
with higher purity. The recyclability of DES with the antisolvent 
methanol demonstrated in this study further boosted the potential of 
DES as an alternative method for lipid extraction from microalgae. 
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