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Abstract
In this study, a biphasic system combining oil and ionic liquid was utilized for lipase-catalyzed transesterification of salmon 
oil and alcohol to concentrate n-3 PUFAs, notably EPA and DHA. Various process variables, such as enzyme type, quantity, 
alcohol chain length, temperature, reactant proportions, and ionic liquid selection, were systematically assessed to optimize 
the process and enhance the yield of these valuable fatty acids. It was found that the Novozym 435 and Lipolase 100L Type 
EX emerged as the most effective enzymes. The impact of varying alcohol chain lengths (C1–C8) was examined, reveal-
ing that the Novozym 435 enzyme displayed its peak synthetic activity with 2-propanol. The results revealed a substantial 
increase in the overall activity during the transesterification reaction when employing ILs featuring hydrophobic cations and 
anions with low nucleophilicity. Specifically, the  [omim+][NTf2

−] ionic liquid exhibited the highest level of activity. This 
research holds promise for more efficiently and sustainably obtaining concentrated n-3 PUFAs from fish oil while reducing 
environmental impact relative to other existing concentration processes.

Keywords Salmon oil · Transesterification · n-3 PUFAs · Ionic liquid · Enzyme · EPA · DHA

Introduction

In recent decades, there has been a growing interest in the 
pharmaceutical and food industries regarding omega-3 poly-
unsaturated fatty acids (n-3 PUFAs) due to their numerous 
health benefits. Among the various n-3 PUFAs, eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA) are 
of particular importance to human nutrition. These fatty 
acids are well known for their advantageous properties, 
which include their cardioprotective effects through the 

reduction of triacylglycerol levels, their anti-inflammatory 
and anti-cancer properties, as well as their potential to slow 
the progression of Alzheimer's disease [1]. Notably, DHA 
is the most abundant n-3 PUFA found in the central nervous 
system, including the brain and retina, making it vital for 
consumption during childhood and pregnancy [2, 3].

The primary natural sources of n-3 polyunsaturated fatty 
acids (n-3 PUFAs) are marine organisms, including fish, sea-
food, and algae. These organisms are directly or indirectly 
nourished by phytoplankton, the primary producers of n-3 
PUFAs in the marine food chain [4]. While fish oils are the 
most commonly recognized source of n-3 PUFAs, most fish 
oils have relatively low contents of EPA and DHA, typi-
cally around 30% wt.% [5]. Some fish species from families 
like Scombridae, Clupeidae, and Salmonidae are known 
for having higher concentrations of these beneficial fatty 
acids [4]. The demand for nutraceuticals and dietary sup-
plements, designed to enhance the health benefits of fish 
oils, has grown significantly. As a result, there has been a 
surge of interest in enriching fish oil products with EPA and 
DHA, not only for their potential health benefits but also to 
increase profitability within the fishing industry [1]. Tra-
ditional methods for obtaining fish oil involve a two-stage 
process: oil extraction from raw materials and subsequent 
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refining. However, more recent processes for producing 
omega-3 concentrates for pharmaceutical or nutritional pur-
poses include chromatography, vacuum or molecular distil-
lation, low-temperature crystallization, formation of urea 
complexes, and cutting-edge techniques such as supercritical 
liquid fractionation, supercritical fluid chromatography, and 
enzymatic methods [4].

The application of enzymes in industrial processes, while 
relatively recent, has emerged as an attractive alternative 
to conventional methods. Enzymatic processes offer advan-
tages in terms of simplicity, cost-effectiveness, and reduced 
energy consumption. When it comes to concentrating n-3 
PUFAs, these processes primarily rely on specific enzymes, 
often lipases, known for their ability to catalyze various reac-
tions involving triglycerides. The process of n-3 PUFAs con-
centration through enzymatic means frequently involves the 
transesterification reaction of triglycerides found in fish oil. 
This reaction converts these triglycerides into fatty acid ethyl 
esters and glycerol. Traditional transesterification methods 
usually employ acid or alkaline catalysts, which can result 
in low selectivity and undesirable side reactions. Addition-
ally, the high temperatures required for these catalysts may 
lead to the oxidation of fish oil [5]. Consequently, the use of 
enzymatic catalysis in the transesterification of fish oils has 
emerged as an alternative to conventional techniques. Enzy-
matic processes offer the advantage of operating at milder 
conditions, minimizing the deterioration of n-3 PUFA con-
centrates [6–9]. In the literature, various enzymatic methods 
followed by membrane filtration separation processes have 
been proposed to obtain EPA and DHA, either in the form 
of free fatty acids, ethyl or methyl esters, or 2-acylglycerides 
[10]. Enzymatic esterification and transesterification pro-
cesses are particularly valuable in the production of lipid 
derivatives derived from n-3 PUFAs, as they often possess 
superior properties when compared to the corresponding 
free fatty acids.

The primary challenge associated with enzyme-based 
processes is the limited miscibility of substrates, which 
hinders effective contact and reduces the conversion of n-3 
PUFAs. As a result, enzymatic transesterification often 
requires the inclusion of traditional organic solvents, such 
as hexane or tertiary alcohols, to create a homogeneous reac-
tion medium [11]. However, these solvents typically have 
characteristics that are less desirable. They are frequently 
toxic, flammable, or volatile, thereby posing environmental 
pollution risks and potential health hazards. Moreover, the 
use of these solvents contributes to higher synthesis costs, as 
they necessitate proper disposal of residual organic solvents 
and are often not amenable to recycling [12].

Ionic liquids (ILs) have emerged as highly promising sol-
vents in various chemical and biochemical processes. Their 
negligible vapor pressure distinguishes ILs as environmen-
tally friendly solvents compared to conventional organic 

solvents [13]. Moreover, ILs possess excellent chemical and 
thermal stability and can be tailored for specific applications 
by choosing the appropriate anion and cation components. 
This ability to custom-design ILs has earned them the moni-
ker "designer solvents" and presents a significant advantage 
over traditional organic solvents [14]. Beyond their environ-
mental appeal, ILs have found utility as solvents or reaction 
media in enzyme-catalyzed reactions. Enzymes can catalyze 
reactions that are challenging to perform in aqueous media, 
such as transesterification reactions [15, 16]. ILs can sta-
bilize enzymes and enhance selectivity in transesterifica-
tion reactions by preventing undesirable side reactions, like 
hydrolysis. The hydrophobicity and nucleophilicity of ILs 
are crucial factors influencing the behavior of lipases in IL 
media. De los Ríos et al. [17] demonstrated that more hydro-
phobic and less nucleophilic ILs promote higher synthetic 
activity in enzymatic transesterification reactions catalysed 
by the Candida antarctica lipase B.

ILs containing aromatic rings such as imidazolium or 
pyridinium have shown potential to extract and enrich n-3 
PUFAs by forming reversible π-bonding [18]. Recently, the 
use of ILs in lipid extraction from microalgae has shown the 
potential to overcome common drawbacks [19]. However, 
to the best of our knowledge, only Fu et al. [12] have car-
ried out the lipase-catalyzed transesterification reaction of 
fish oils using imidazolium-based ionic liquids to obtain a 
higher concentration of n-3 PUFAs. They studied the action 
of three lipases and three ILs and the thermal stability and 
oxidative kinetics of the products obtained. However, in our 
opinion, the optimization of the process variables has not 
been studied in depth and a wider range of enzymes and ILs 
with different cations is also preferred in order to select the 
most favorable experimental conditions to have the highest 
yield. This optimization is especially remarkable to scale up 
the process of fish oil refining to industry.

In this work, six different enzymes and fifteen imidazo-
lium-based ILs containing different cations and anions (see 
Fig. 1) have been used to carry out the transesterification 
reaction of salmon oil with several alcohols. Up to date, 
this is the first time that the effect of the main process vari-
ables (enzyme, IL, quantity of enzyme, length of the chain of 
the alcohol, reaction temperature and substrate molar ratio) 
on the effectiveness of the enrichment of n-3 PUFAs from 
salmon oil has been profoundly analyzed.

Materials and methods

Chemicals and materials

Salmon oil was purchased from Luposan Ibérica (Alicante, 
Spain). All the enzymes (Novozym® 435, Lipozyme RM 
IM, Lipozyme TL IM, Lipolase 100L Type EX, Palatase 
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20000L and Novoshape) were a gift from Novo España 
S.A. (Spain). Novozym® 435 is a Candida antarctica 
lipase (CaLB) immobilized on acrylic resin by adsorption. 
Lipozyme RM IM is a Rhizomucor Miehei lipase immo-
bilized on a macroporous anion-exchange resin. Lipozyme 
TL IM is a Thermomyces Lanuginosa lipase immobilized 
on porous silica granules. Lipolase 100L Type EX (from 
Thermomyces lanoginosus) and Palatase 20000L (from 
Aspergillus oryzae) are liquid-free lipase and Novoshape is 
a free pectin methylesterase. The ILs 1-butyl-3-methylim-
idazolium hexafluorophosphate  ([bmim+][PF6

−]), 1-hexyl-
3-methylimidazolium hexafluorophosphate  ([hmim+]
[PF6

−]), 1-methyl-3-octylimidazolium hexafluorophosphate 
 ([omim+][PF6

−]), 1-butyl-3-methylimidazolium tetrafluor-
oborate  ([bmim+][BF4

−]), 1-methyl-3-octylimidazolium 
tetrafluoroborate  ([omim+][BF4

−]), 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide  ([emim+][NTf2

−]), 
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide  ([bmim+][NTf2

−]), 1-hexyl-3-methylimidazolium 
bis(trif luoromethylsulfonyl)imide  ([hmim+][NTf2

−]), 
1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)
imide  ([omim+][NTf2

−]), 1-butyl-2,3-dimethylimidazo-
lium bis(trifluoromethylsulfonyl)imide  ([bdmim+][NTf2

−]), 
1-ethyl-3-methylimidazolium triflate  ([emim+][TfO−]) 
and 1-ethyl-3-methylimidazolium ethylsulphate  ([emim+]

[EtSO4
−]) were purchased from IoLiTec (Heilbronn, Ger-

many) (purity > 99%). The Ils 1-butyl-3-methylimidazolium 
methylsulphate  ([bmim+][MeSO4

−]), 1-butyl-3-methylim-
idazolium 2-(2-methoxiethoxi) ethylsulphate  ([bmim+]
[MDEGSO4

−]), and 1-butyl-3-methylimidazolium octyl-
sulphate  ([bmim+][OcSO4

−]) were purchased from Solvent 
Innovation GmbH (Cologne, Germany) (purity > 99%). Fig-
ure 1 shows the constituents of the ILs used for the trans-
esterification reactions. Solvents and other chemicals were 
purchased from Sigma Aldrich (Madrid, Spain) and were of 
the highest purity available.

Determination of acid value and peroxide value 
of the salmon oil

The acid value is an indicator of the acidity of fish oil, 
defined as the amount of potassium hydroxide in milligrams 
required to neutralize 1 g of the oil. It is directly proportional 
to the free fatty acid content of the oil. On the other hand, 
the peroxide value is an indicator of the quality and stability 
of oils. It quantifies the total hydroperoxides produced in the 
oil during primary oxidation [20].

The acid value of the salmon oil was determined accord-
ing to the standard procedure [21]. First, 50 mL of a 1:1 
ethanol: ethyl ether mixture and 0.5 mL of phenolphthalein 

Fig. 1  Cations and anions 
involved in the studied ILs
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indicator were added to a conical flask and neutralized with 
0.1 M potassium hydroxide until a permanent pink color 
was achieved. Then, 10 g of salmon oil was dissolved in 
50 mL of the neutralized solvent mixture. Titration was car-
ried out with 0.1 M potassium hydroxide until a permanent 
pink color was reached. The acid value, expressed in mg 
KOH/g, was calculated using Eq. (1)

where V is the volume in mL of 0.1 M potassium hydroxide 
used for the titration of the sample and m is the sample mass 
in g.

The peroxide value of the salmon oil was also determined 
according to the standard procedure [21]. 5 g of salmon oil 
was weighed in a volumetric flask. Next, 30 mL of a 3:2 v/v 
glacial acetic acid: chloroform mixture was added to dissolve 
the oil. Afterward, 500 µL of saturated potassium iodide 
solution was added to the flask. The flask was vigorously 
shaken for 60 s, followed by the addition of 30 mL of water. 
The resulting yellowed solution was titrated with 0.01 M 
sodium thiosulfate solution until it became almost colorless.

To complete the titration, 5 mL of a 1% w/w starch solu-
tion was added to the mixture, and the resulting solution was 
titrated until it became completely colorless with 0.01 M 
sodium thiosulfate solution. A blank titration under the same 
conditions was also conducted as a control. The peroxide 
value, expressed in milliequivalents per gram (meq/g), was 
calculated using Eq. (2)

where V is the volume in mL of 0.01 M sodium thiosulfate 
used for the titration of the sample, Vcontrol is the volume in 
mL of 0.01 M sodium thiosulfate used for the titration of the 
blank and m is the sample mass in g.

Determination of density of the salmon oil

The density of the oil was determined using an Anton Paar 
Oscillating U-tube densitometer, specifically the DMA 
4500 M model. This measurement was conducted across a 
range of temperatures from 293.15 to 313.15 K. The asso-
ciated standard uncertainties for this measurement process 
were as follows: u(T) = 0.03 K, and u(ρ) = 0.00005 g/cm3. 
To ensure the reliability of the apparatus, it was calibrated 
using Millipore quality water and ambient air.

During the measurements, approximately 1 mL of the 
salmon oil was carefully transferred to the apparatus using 
a syringe. Particular attention was given to avoid the intro-
duction of bubbles into the tube, as this could lead to errors 

(1)Acid value =
5.61 ⋅ V

m
,

(2)Peroxide value =
10 ⋅ (V − Vcontrol)

m
,

in the density measurements. Each measurement was con-
ducted in triplicate.

Chemical composition of the salmon oil

Thin‑layer chromatography (TLC)

The chemical composition of the salmon oil used was 
determined by thin-layer chromatography (TLC). First, the 
silica gel plate was activated in an oven at 100 °C for 1 h. 
TLC was carried out using a hexane: diethyl ether: acetic 
acid solution (75:25:2 v:v:v) as the mobile phase. 3 µL of 
salmon oil was injected onto the TLC plates, which were 
then immersed in the mobile phase placed in a separation 
chamber. After approximately 1 h, the plates were removed 
from the chamber, and any remaining mobile phase was 
allowed to evaporate.

Subsequently, the plates were visualized by spraying with 
50% sulfuric acid (using nitrogen as the gas propellant) and 
then placing the plates in the oven at 100 °C for 15 min. 
Finally, the plates were scanned, and the images were ana-
lyzed using the UN-SCAN-IT Gel Analysis Software. The 
analysis of the shaded areas led to the calculation of the 
composition in percentage. Each area corresponded to a spe-
cific component: triglycerides, methyl esters, free fatty acids, 
monoglycerides, and diglycerides.

Gas chromatography analysis

The content of the majority fatty acids in the salmon oil 
was determined by prior methylation of the sample followed 
by subsequent analysis using gas chromatography (GC). In 
summary, 1 mL of a 1 mg/mL methyl tricosanoate in isooc-
tane solution was added to a screw-capped tube, and the sol-
vent was evaporated under vacuum. Then, 25 mg of salmon 
oil and 4 mL of a methanol: sulfuric acid solution (96:4 v:v) 
were added to the tube. The tube was sealed under a nitrogen 
atmosphere and stirred for 1 h at 100 °C. Afterward, the tube 
was cooled, and 2 mL of distilled water and 1 mL of hep-
tane were added. The tube was vigorously shaken and left 
until phase separation occurred. The upper phase (heptane) 
was collected in a GC vial, and the solvent was removed 
under vacuum. To the first tube, 1 mL of heptane was added, 
shaken again, and left until phase separation. Once more, 
the upper phase was collected and added to the GC vial for 
analysis.

GC analysis was performed with an Agilent 6890N 
instrument equipped with FID detector and a Supelco-2560 
™ capillary GC column (30 m × 250 µm × 0.20 µm) based on 
a poly(biscyanopropyl siloxane). Methyl tricosanoate served 
as the internal standard. The chromatographic conditions 
were as follows: carrier gas (He) at 23.86 psi (19.489 mL/
min total flow); temperature program: 170 ºC, 1 ºC/min, 
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220 ºC, hold 20 min; split ratio: 10/1. Injector and detec-
tor temperatures were set at 250 and 260 ºC, respectively. 
The retention times of the PUFA standards were as follows: 
γ-linolenic acid ethyl ester (C18:3n6), 21.6 min; linolenic 
acid methyl ester (C18:3n3), 23.6 min; cis-11,14,17 eico-
satrienoic acid methyl ester (C20:3n3 or ETA), 35.3 min; 
cis-5,8,11,14,17 eicosapentanoic acid methyl ester (C20:5n3 
or EPA), 36.8 min; tricosanoic acid methyl ester (C23:0 used 
as internal standard), 51.4 min and cis-4,7,10,13,16,19 doco-
sahexaenoic acid methyl ester (C22:6n3 or DHA), 51.6 min. 
Methyl ester concentrations in the reaction mixture were 
calculated from calibration curves using stock solutions of 
pure compounds.

Enzyme‑catalyzed transesterification reaction

Reactions were carried out under two different modes. For 
the evaluation of the reaction profiles to obtain the specific 
activity of the enzymes, the required mass of the enzyme 
(ranging from 5 to 45 mg) was placed in a 10 mL screw-
capped vial equipped with a stirring bar. Then, 3 mL of 
salmon oil, 3 mL of an IL, and 1.3 mL of methanol (molar 
ratio methanol:oil of 10.1) were added to start the transes-
terification reaction. The vial was placed in a thermostatic 
bath at the desired temperature (from 30 to 50 ºC) and stirred 
at 900 rpm, and samples were taken at 30 min, 1, 1.5, 2, 3, 
4, 5, 6, 7, 24, and 48 h. For this, at each time point, the vial 
was removed from the bath, stirred in a vortex, and then 
centrifuged for 5 min at 2500 rpm. 100 µL from the organic 
upper phase were mixed with 250 µL of hexane and 250 µL 
of distilled water in a 2 mL vial to extract n-3 PUFAs into 
the hexane phase. Afterward, the 10 mL vial was vortexed 
and placed again in the thermostatic bath. For the analy-
sis of the samples, the 2 mL vial was stirred and left until 
phase separation was observed. Then, 150 µL from the upper 
phase was diluted with 1 mL of the internal standard solu-
tion (2.71 mM methyl tricosanoate in hexane). Finally, 2 µL 
of the resulting solution were analyzed by GC.

On the other hand, for the study of the influence of the 
variables, the reactions were carried out in 1.5 mL vials. 
Briefly, the required mass of enzyme, 0.5 mL of salmon oil, 
0.5 mL of IL, and 250 µL of alcohol (methanol, ethanol, 
2-propanol, butanol, or octanol) was added to the vial, which 
was immediately placed in the shaker located in the oven at 
the desired temperature. Samples were withdrawn at 24 h 
and 48 h. For this, the vial was centrifuged at 7000 rpm for 
5 min and 100 µL of the upper phase were diluted with 250 
µL of hexane and 250 µL of distilled water in a 2 mL vial. 
The vial with the reaction was vortexed and placed again 
in the oven. The vial with the sample was stirred and left 
until phase separation was observed. Then, 150 µL from the 
upper phase were diluted with 1 mL of the internal stand-
ard solution. Finally, 2 µL of the resulting solution were 

analyzed by GC. All the experiments were carried out in 
duplicate, and mean values were reported. The efficiency of 
the enzymatic action was determined by the calculation of 
two parameters: n-3 PUFAs production and synthetic activ-
ity. Synthetic activity was calculated from the initial slope 
of the concentration profile of n-3 PUFAs.

Determination of enzyme transesterification 
activity

The specific activity of an enzyme reflects its ability to con-
vert a particular substrate into a product per unit of time. 
Enzyme activity is quantified in micromoles of substrate 
transformed per minute (U). The activity is determined from 
the initial slope (m) obtained from the concentration versus 
time curve of the corresponding ester. The individual activi-
ties are calculated from the slopes of each alkyl ester, and 
the total activity is calculated from the slope of the total 
concentrations.

In this case, the specific activity, Aspecific, is calculated 
using Eq. (3).

where malkyl ester is the response factor or initial slope 
of the alkyl ester synthesis curve, mol [L  h]−1; Vreaction is 
the total reaction volume, L; and  massenzyme is the mass of 
enzyme, mg.

To calculate the synthetic activity and the quantity of 
n-3 PUFAs, the reaction profiles were obtained for all the 
assays performed. As an example, the reaction profiles of 
each n-3 PUFA and the total n-3 PUFA values are shown 

(3)ASpecific =
malkylester ⋅ Vreaction⋅10

6

massenzyme

,

Fig. 2  Time courses for the methanolysis of salmon oil catalyzed by 
Novozym 435 and using  [emim+][NTf2

−] as reaction medium
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in Fig. 2 for an assay under the following conditions: 3 mL 
of salmon oil, 50 ºC, 150 mg of Novozym 435 enzyme, 
1.3 mL of methanol and 3 mL of  [emim+][NTf2

−] as reac-
tion medium.

Statistical analysis

Data were presented as mean ± SD (standard deviation), 
calculated from three independent samples per condition 
using GraphPad Prism 8.0.1 software (GraphPad Soft-
ware, San Diego, CA, USA). As normality (Kolmogo-
rov–Smirnov, p > 0.05) and homoscedasticity (Levene, 
p > 0.05) were met, the statistical significance was deter-
mined using the parametric tests of Tukey (p < 0.05) and 
ANOVA (p < 0.05) for the comparisons of two or more 
groups, respectively.

Results and discussion

Characterization of the salmon oil

As stated in Sect. "Chemical composition of the salmon 
oil", the composition of the salmon oil was analyzed by 
TLC obtaining a content of triglycerides of 93 wt. % and a 
content of diglycerides of 7 wt. %. In addition, the salmon 
oil was analyzed by GC to identify the main n-3 PUFAs (as 
methyl esters) that are forming the triglycerides. Table 1 
shows the position of the peaks and weight % of the main 
n-3 PUFAs in the chromatogram.

The acid value and peroxide value of the studied salmon 
oil were 3.05 mg KOH/g and 4.8 meq/kg, respectively. 
Global Organization for EPA and DHA Omega-3 (GOED) 
International guidelines recommend values for acid value 
and peroxide value of ≤ 3 mg KOH/g [22] and ≤ 5 meq/
kg [23], respectively. Therefore, we can conclude that the 
original salmon oil meets the international recommenda-
tions for fish oils intended for human consumption.

The values of salmon oil density obtained at different 
temperatures are shown in Table 2.

Influence of the length of the alcohol chain

With the objective to obtain a n-3 PUFAs concentrate, the 
influence of length of the alkyl chain of the alcohol used for 
the transesterification reaction has been studied. With this 
purpose, five alcohols (from C1 to C8) and the ionic liquid 
 [bmim+][PF6

−] and Novozym 435 were chosen because they 
have previously shown promising results acting as reaction 
medium in biocatalytic reactions [17]. The following con-
ditions were used: 30 ºC, 0.5 mL of salmon oil, 0.5 mL of 
 [bmim+][PF6

−], 25 mg of Novozym 435 and 215 µL of alco-
hol. The molar ratio alcohol:oil was 10.1, 7, 5.5, 4.5, and 
2.6 for methanol, ethanol, propanol, butanol, and octanol, 
respectively. Figures 3 and 4 show the influence of the alco-
hol chain length on the synthetic activity of the enzyme and 
on the total n-3 PUFAs obtained after 24 and 48 h of trans-
esterification reaction, respectively. As can be seen, both 
parameters, synthetic activity and total n-3 PUFAs, show 
a bell curve with a maximum with 2-propanol. This behav-
ior has been previously described by de los Ríos et al. [24] 
during the synthesis of esters in ILs  ([bmim+][PF6

−] and 
 [omim+][PF6

−]) and using another lipase (Lipozyme CalB 
L). They concluded that 1-butanol showed the best results, 
and that this behavior could be explained by the differences 
on the affinity of the lipase toward the different substrates, 
although steric hindrance and other effects, including 

Table 1  GC results of the of the main n-3 PUFAs (as methyl esters) in the salmon oil

tretention 
(min) ± 
1.1%

n-PUFAs 3 (as 
methyl esters)

Name Weight (%) Concentra-
tion (mg/
mL)

Molecular 
weight (g/
mol)

21.6 C18:3n6 Methyl ester of Gamma-linolenic acid (GLA) 2.0 0.20 292.47
23.3 C18:3n3 Methyl ester of linolenic acid 2.1 0.20 292.47
35.3 C20:3n3 Methyl ester of cis-11,14,17 eicosatrienoic acid (ETA) 1.9 0.20 320.51
36.8 C20:5n3 Methyl ester of cis-5,8,11,14,17 eicosapentaenoic acid (EPA) 1.9 0.20 316.48
51.6 C22:6n3 Methyl ester of cis-4,7,10,13,16,19-docosahexaenoic acid (DHA) 1.7 0.20 342.51

Table 2  Salmon oil density at 
different temperatures

Mean value ± SD

Tempera-
ture (ºC)

Density (g/cm3)

20 0.92099 ± 0.00005
25 0.91759 ± 0.00006
30 0.91416 ± 0.00004
35 0.91074 ± 0.00004
40 0.90734 ± 0.00004
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denaturalization by small alcohol molecules, should also be 
considered.

Figure 5 shows the DHA and EPA percentages obtained 
with the different alcohols used for the transesterification 
reaction. On the one hand, the highest percentages of DHA 
were obtained when octanol (10.5%) and methanol (8.7%) 
were used. On the other hand, the highest percentage of EPA 
was obtained with methanol (11.5%), and, for the rest of 
alcohols, the EPA percentage was approximately halved. 
According to these results, methanol was selected for the 
rest of assays due to its high capacity of producing high per-
centages of DHA and EPA. In the case of using 2-propanol, 
which showed a good total production of n-3 PUFAs, the 
concentration of EPA was much lower.

Enzyme selection

In this study, the most suitable enzyme to carry out the 
transesterification reaction and the subsequent concentra-
tion of DHA and EPA in an ionic liquid were selected. 
The ionic liquid  [hmim+][NTf2

−] was chosen because it 
has previously shown promising results acting as reaction 
medium in biocatalytic reactions [17], and the medium 
was much less viscous than using  [bmim+][PF6

−] (at 
303.15 K, the viscosity of  [hmim+][NTf2

−] is 0.0549 Pa s, 
while  [bmim+][PF6

−] has a viscosity of 0.207 Pa s). For 
these reaction assays, a temperature of 30 ºC, 25 mg or 50 
µL of enzyme, 0.5 mL of salmon oil, 0.5 mL of ionic liq-
uid, and 3.6 of methanol were used (molar ratio methanol: 
oil of 10.1). Figures 6 and 7 show the synthetic activity 
of the different enzymes in the transesterification reaction 
and the total µmol of n-3 PUFAs obtained after 24 and 
48 h of reaction, respectively.

As observed in Figs. 6 and 7, the most effective enzymes 
were Lipolase 100L Type EX and Novozym 435, achieving 
synthetic activity values of 270 and 104 µmol/(h·g), respec-
tively. Lipozyme TL showed a moderate activity of 34 µmol/
(h·g), while the remaining enzymes did not show significant 
activity. As expected, the enzymes demonstrated higher syn-
thetic activity at 48 h of reaction than at 24 h, except Lipo-
lase 100L Type EX which exhibited the approximately the 
same activity. Figure 8 shows the percentages of DHA and 
EPA obtained in the transesterification reaction relative to 
the total n-3 PUFAs using the studied enzymes. As can be 
seen, the proportion of EPA was higher than that of DHA 
with all the enzymes. From the results, it can be inferred that 
Novozym 435 provided a better (DHA + EPA) proportion. 

Fig. 3  Synthetic activity exhibited by Novozym 435 for transesterifi-
cation reactions of salmon oil in  [bmim+][PF6

−] at 30 ºC and using 
different chain length alcohols

Fig. 4  Influence of the alcohol chain length on total n-3 PUFA pro-
duction in the transesterification reaction of salmon oil in  [bmim+]
[PF6

−] at 30 ºC

Fig. 5  The percentage of DHA and EPA obtained after 48 h of trans-
esterification reaction of salmon oil in  [bmim+][PF6

−] at 30 ºC and 
using different chain length alcohols
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For this reason, this enzyme was selected for the rest of 
experiments.

Influence of the enzyme concentration

After selecting Novozym 435 enzyme for the transesterifica-
tion reaction, the concentration of the enzyme was optimized 
over a range of 5–45 mg. The reaction conditions for these 
experiments remained consistent with those used for enzyme 
selection: 30 ºC, 0.5 mL of salmon oil, 0.5 mL of  [hmim+]
[NTf2

−] and a methanol:oil molar ratio of 10.1. Figures 9 
and 10 depict the influence of the quantity of Novozym 435 
enzyme on the synthetic activity and the total µmol of n-3 
PUFAs obtained after 24 and 48 h of reaction, respectively. 

As can be seen, the synthetic activity of Novozym 435 
enzyme and the total of n-3 PUFAs increases with the quan-
tity of enzyme up to 35 mg. From this value, they remain 
approximately constant. The total n-3 PUFAs substantially 
increased from 24 to 48 h of reaction doubling the value.

Figure 11 illustrates the percentages of DHA and EPA 
obtained in the transesterification reaction in relation to 
the total n-3 PUFAs using different quantities of enzymes. 
As can be seen, the proportion of EPA was consistently 
higher than that of DHA in all cases, and the difference 
between two n-3 PUFA become smaller as the quantity of 
enzyme increased. The DHA percentage increased from 5 
to 25 mg of enzyme, reaching a constant value up to 45 mg. 

Fig. 6  Synthetic activity exhibited by different enzymes for transes-
terification reactions in  [hmim+][NTf2

−] at a methanol:oil molar ratio 
of 10.1, 30 ºC and 25 mg or 50 µL of enzyme
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Conversely, EPA exhibited a decreasing trend as the quantity 
of enzyme increased. However, the (DHA + EPA) propor-
tion remained similar in all cases, hovering around 15–17%. 
Based on the results, 25 mg of Novozym 435, which cor-
responds to a (DHA + EPA) proportion of 16%, was selected 
for the remainder of the assays.

Ionic liquid selection

The influence of the nature of the ionic liquid used as reac-
tion medium for the transesterification reaction of salmon oil 
has also been studied. For this, 15 ILs with different anions 

and cations were employed under the following conditions: 
30 ºC, 0.5 mL of salmon oil, 0.5 mL of ionic liquid, 25 mg 
of Novozym 435, and a methanol:oil molar ratio of 10.1. 
Figures 12 and 13 display the synthetic activity and the total 
n-3 PUFAs obtained after the experiments with the different 
ILs, respectively. The results can be explained based on three 
parameters: i) cation hydrophobicity, ii) anion nucleophilic-
ity, and iii) viscosity of the ionic liquid [16].

In this context, it was observed that an increase in the 
ionic liquid hydrophobicity led to an increase in synthetic 
activity. This behavior was proved by comparing the series 
of the following ionic liquids:  [emim+][NTf2

−],  [bmim+]

Fig. 10  Effect of the quantity of Novozym 435 on total n-3 PUFA 
production in the transesterification reaction of salmon oil in  [hmim+]
[NTf2

−] at a methanol:oil molar ratio of 10.1, 30 ºC and different 
quantities of enzyme

Fig. 11  The percentage of DHA and EPA obtained after 48  h of 
transesterification reaction of salmon oil in [hmim +][NTf2

−] at a 
methanol:oil molar ratio of 10.1, 30 ºC and different quantities of 
enzyme

Fig. 12  Synthetic activity exhibited by Novozym 435 for transesterifi-
cation reactions in different ILs at a methanol:oil molar ratio of 10.1, 
30 ºC and 25 mg of Novozym 435

Fig. 13  Influence of the nature of the ionic liquid on total n-3 PUFA 
production in the transesterification reaction of salmon oil at a 
methanol:oil molar ratio of 10.1, 30 ºC and 25 mg of Novozym 435
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[NTf2
−],  [hmim+][NTf2

−] and  [omim+][NTf2
−]. It was 

observed that the synthetic activity and the total n-3 PUFAs 
increased as the length of the alkyl chain of the imidazo-
lium cation increased, indicating higher hydrophobicity of 
the cation. The increase in the hydrophobicity allows the 
enzyme to maintain water molecules in its microenviron-
ment and thus preserve its active conformation.

The synthetic activity was lower when ILs containing 
nucleophilic anions such as ethylsulfate, methylsulfate, and 
triflate were used. These anions can strongly interact with 
the positively charged groups of the enzyme provoking its 
denaturalization.

Finally, the viscosity of the ionic liquid also plays a cru-
cial role in the synthetic activity of the enzyme. Considering 
cation hydrophobicity and anion nucleophilicity, one might 
expect that the synthetic activity obtained with  [omim+]
[BF4

−] or  [omim+][PF6
−] should be higher than that found 

with  [bmim+][BF4
−], given the higher hydrophobicity of the 

 [omim+] cation and the higher nucleophilicity of the  [BF4
−] 

anion. However, the opposite was observed, which can be 
explained by the lower viscosity of the  [bmim+][BF4

−] ionic 
liquid. This lower viscosity allows for better contact between 
the oil and the enzyme in the ionic liquid medium.

Figure  14 shows the percentages of DHA and EPA 
obtained with the different ILs used in the transesterification 
reaction. A clear distinction can be observed in DHA and 
EPA percentages between the ILs containing highly nucleo-
philic anions (i.e., ethyl sulfate, methyl sulfate, or triflate) 
and the ILs containing the rest of the anions (i.e., hexafluoro-
phosphate, tetrafluoroborate, or bis(trifluoromethylsulfonyl)
imide). When highly nucleophilic anions were used, the 

proportion of DHA and EPA obtained was very low, whereas 
it was higher with the rest of the anions. The differences can-
not be attributed to the hydrophobicity of the ionic liquid, 
but rather to the specific interactions between the enzyme, 
the substrate, and the ionic liquid used. According to the 
results, the ionic liquid  [emim+][NTf2

−] provided the highest 
(DHA + EPA) yields from salmon oil.

Influence of the temperature reaction

The reaction temperature is also an important parameter dur-
ing the optimization of the transesterification reaction. In 
the case of reactions catalyzed by enzymes, the temperature 
range which can be used is limited due to its low thermal sta-
bility. However, as was shown in [24], the use of ILs allows 
to increase the temperature. With this purpose, a temperature 
range from 30 to 50 ºC was evaluated using the following 
conditions: 3 mL of salmon oil, 3 mL of  [emim+][NTf2

−], 
150 mg of Novozym 435 and a methanol:oil molar ratio of 
10.1. Figures 14 and 15 show the influence of temperature 
on the synthetic activity of the enzyme and on the total n-3 
PUFAs obtained after 24 and 48 h of transesterification reac-
tion, respectively. As can be seen in Fig. 15, the synthetic 
activity of the enzyme was approximately the same at 30 and 
35 ºC, then greatly increased from 35 to 40 ºC and, from this 
value, it remained constant until 50 ºC. The Fig. 16 showed 
an important increase of the total n-3 PUFAs obtained from 
30 to 35 ºC and then the value was slightly increased to 50 
ºC. These results corroborate the high thermal stability of 
the enzyme in the ionic liquid medium.

Fig. 14  Influence of the nature of the ionic liquid on DHA and 
EPA yields in the transesterification reaction of salmon oil at a 
methanol:oil molar ratio of 10.1, 30 ºC and 25 mg of Novozym 435

Fig. 15  Synthetic activity exhibited by Novozym 435 for transesteri-
fication reactions in  [emim+][NTf2

−] at a methanol:oil molar ratio of 
10.1, 150 mg of Novozym 435 and different temperatures
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Figure 17 presents the DHA and EPA percentages obtained 
with the different temperature values used for the transesterifi-
cation reaction. It can be clearly seen that this parameter does 
not significantly affect the DHA and EPA percentages, being 
around 10% in all experiments. This demonstrates that the 
DHA and EPA proportions are not influenced by the varia-
tions of temperature.

Conclusions

In this study, the production of omega-3 fatty acids, spe-
cifically DHA and EPA, from salmon oil by a biocatalytic 
process in two-phase oil/ionic liquid systems has been suc-
cessfully achieved.

The most suitable enzymes for the enzymatic transes-
terification reaction were the lipases Novozym 435 and 
Lipolase 100L Type EX, as they yielded the highest reac-
tion yields and a greater proportion of (DHA + EPA) in 
the reaction product.

The influence of the alcohol chain length (C1–C8) 
has been studied and a maximum synthetic activity of 
the Novozym 435 enzyme was obtained for 2-propanol, 
although the highest percentage of (DHA + EPA) in the 
reaction product was obtained using methanol.

It was found that the total activity for the transesteri-
fication reaction was significantly higher when ILs with 
hydrophobic cations and low nucleophilicity anions were 
used, the highest activity being achieved with the  [omim+]
[NTf2

−] ionic liquid. In the production of DHA and EPA, 
significant differences were found between ILs composed 
of strongly nucleophilic cations, such as triflate, in which 
the proportion of DHA and EPA was practically nil, and 
those composed of less nucleophilic anions, such as hex-
afluorophosphate, in which the proportion of both fatty 
acids was found to be between 4 and 13%. In the latter 
group, no relationship was observed between the hydro-
phobicity of the ionic liquid and the proportion of DHA 
and EPA found in the reaction mixture.

The process described in this work has not yet been 
tested with other types of oils with different initial con-
centrations of EPA and DHA and oils from different fish 
species could have different initial levels of these omega-3 
fatty acids. This variability could affect the efficiency and 
performance of the biocatalytic process. Hence, the appli-
cation of this process to other oils will require a tailored 
approach.

Nevertheless, the successful biocatalytic conversion 
of omega-3 fatty acids from salmon oil is a promising 
achievement and it can be concluded that ILs are an effi-
cient reaction medium for the production of omega-3 fatty 
acids, specifically DHA and EPA, and a promising alter-
native for the development of environmentally friendly 
technologies. In conclusion, ILs are an efficient reaction 
medium for the production of omega-3 fatty acids, spe-
cifically DHA and EPA, and the biocatalytic processes 
in two-phase systems is a promising alternative for the 
development of environmentally friendly technologies. 
The results of this work open the door to future advances. 
Future research could focus on refining the process to 
improve its efficiency, yield, and cost-effectiveness. This 

Fig. 16  Influence of temperature on total n-3 PUFA production in 
the transesterification reaction of salmon oil in  [emim+][NTf2

−] at a 
methanol:oil molar ratio of 10.1 and 150 mg of Novozym 435

Fig. 17  Influence of temperature on DHA and EPA yields in the 
transesterification reaction of salmon oil in  [emim+][NTf2

−] at a 
methanol:oil molar ratio of 10.1 and 150 mg of Novozym 435
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could involve adjusting reaction conditions, enzyme selec-
tion and designing new biocatalysts to increase productiv-
ity. On the other hand, industrial scale-up is crucial. In the 
future, process parameters will have to be optimized for 
large-scale production while ensuring sustainability and 
cost-effectiveness. Another future prospect is the explora-
tion of less toxic and more environmentally friendly ILs, 
which could improve sustainability and overall process 
efficiency.
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