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Introduction

Because the low incidence of cardiovascular disease in 
the Greenland Eskimos was discovered to be associated 
with their high intake of marine products, the positive role 
of polyunsaturated acids (PUFAs) on human wellbeing 
has received increased attention, particularly long-chain 
PUFAs derived from marine oils such as eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA). The health 
benefits of these two fatty acids have been intensively 
investigated [1–4]. However, docosapentaenoicacid (DPA) 
has received little review. DPA contains two isomers, 
namely DPAn-3 and DPAn-6, which are widely present in 
marine sources. DPAn-3 is mainly found in fish oils and 
seal oils, whereas some micro-algae oils contain substan-
tial amounts of DPAn-6 [5]. DPA isomers are intermedi-
ates of the metabolism and biosynthesis of PUFAs, and 
research has indicated that DPA may have pharmaceutical 
effects different from those of EPA and DHA. The Kuopio 
ischemic heart disease risk factor study [6] suggested that 
the proportions of serum DPA and DHA imparted a signifi-
cantly reduced risk of acute coronary events, whereas there 
was no association between the proportion of EPA and the 
risk of acute coronary events. DPA may be more effective 
than EPA or DHA in some therapeutic applications, such 
as keeping artery walls soft and plaque-free and helping to 
heal damaged blood vessels [7, 8].

The health benefits of DPA have not been extensively 
studied due to its much lower concentration and similar 
molecular structure shared with EPA and DHA. Therefore, 
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it is worthwhile to obtain highly concentrated fatty acids, 
which may be fundamental for exploring and extending 
their nutritional, epidemiological and pharmaceutical dis-
coveries. Urea complexation is an efficient way to con-
centrate fatty acids with different degrees of unsaturation. 
The tetragonal conformation of urea in the natural state is 
converted to the hexagonal crystalline structure by form-
ing a spiral-shaped channel with an average diameter of 
approximately 5.5–5.8 Å, thus making it possible to entrap 
smaller-sized linear chain-length molecules [9–11]. With 
this technique, saturated and monounsaturated fatty acids 
can be easily removed as urea complexation compounds 
while leaving PUFAs in the non-urea complexation fraction 
(NUCF). However, if highly purified PUFAs are desired, 
it is indispensable to combine urea complexation methods 
with other techniques, such as molecular distillation [12], 
argentated silica gel chromatography [13] and prepara-
tive HPLC [14]. Argentated silica gel column chromatog-
raphy is an appropriate technique for isolating fatty acids 
methyl or ethyl esters. The principle is that various num-
bers of double-bonded fatty acids can interact with aqueous 

silver ions through π–π complexation by forming revers-
ible polar complexes. Stronger complexation occurred 
with greater numbers of double bonds [15]. Therefore, the 
separation of fatty acids differing in number, position and 
geometric configuration of double bonds could be carried 
out by stripping with various solvents [16]. Argentated 
silica gel column chromatography has been used to obtain 
high-purity EPA [17], DHA [18], α-linolenic acid [19] and 
stearidonic acid [19] from a variety of fatty acid esters.

Tuna oil, a major source of PUFAs, contains approxi-
mately 6 % EPA, 25 % DHA and about 3 % DPA isomers 
[20], which is higher than is found in other fish oils. Here, 
we obtained PUFA concentrates with an increased level of 
DPA isomer in two main steps: (1) enrichment of PUFAs 
from tuna oil by urea complexation at various fractionation 
temperatures and with different free fatty acids (FFA)-to-
urea ratios with the goal of obtaining improved content of 
DPA isomer and (2) separation of the individual fatty acids 
methyl esters by argentated silica gel chromatography.

Materials and Methods

Materials and Chemicals

Refined tuna oil was generously provided by NovoSana 
(Taicang, Jiangsu, China), which was stored in a sealed 
aluminum pot at −60 °C before use. FFA of tuna oil was 
prepared according to the method described by Wanasund-
ara et  al. [21] with minor modifications. Tuna oil (100 g) 
was treated with 200  ppm of tertiary butylhydroquinone 
to prevent the oil from oxidizing and was saponified with 
potassium hydroxide (23  g), 95  % (v/v) aqueous ethanol 
(240 mL) and distilled water (60 mL) by stirring at 60 °C 
for 1.5  h. The un-saponified matter was extracted into 
100 mL of n-hexane and discarded; then the saponified sub-
stance, namely the aqueous phase, was acidified with 6 N 
HCl to pH 1.0, and the FFA was extracted into n-hexane 
(2 × 100 mL). Finally, the FFA was recovered by evaporat-
ing the solvent at 40 °C. The fatty acid composition of tuna 
oil and FFA are shown in Table  1. PUFAs accounted for 
more than 45 % of the total fatty acids, in which the overall 
proportion of EPA, DPAn-3, DPAn-6 and DHA was greater 
than 37 %.

PUFAs Enrichment by Urea Complexation Technique

Urea complexation was performed according to the follow-
ing procedure. The FFA received by saponification of tuna 
oil was mixed with different amounts of urea in urea-satu-
rated 95 % (v/v) aqueous ethanol and stirred at 60 °C with 
N2 fluxing until a clear homogenous solution was obtained. 

Table 1   Major fatty acid composition of tuna oil and free fatty acids 
recovered from saponification of tuna oil

Free fatty acids: fatty acids obtained by saponification of tuna oil

SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA 
polyunsaturated fatty acids, FA fatty acid

Fatty acid Tuna oil (%) Free fatty acids (%)

C14:0 4.13 4.09

C16:0 18.92 18.79

C16:1 4.96 5.1

C18:0 5.32 5.33

C18:1n-9 13.77 13.85

C18:1n-7 2.58 2.61

C18:2 2.2 1.98

C18:3n-6 0.48 0.48

C18:3n-3 0.5 0.59

C20:1 0.59 0.56

C20:2 1.34 1.28

C20:3 0.62 0.69

C20:4n-6 2.18 2.29

C20:5 7.32 7.27

C22:5n-6 1.75 1.73

C24:1 0.7 0.72

C22:5n-3 1.34 1.26

C22:6 27.33 27.75

ƩSFA 28.37 28.18

ƩMUFA 22.6 22.84

ƩPUFA 45.02 45.32

Other FA 4.01 3.66
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Initially, the urea-FFA-ethanol mixture was allowed to cool 
at room temperature, and then the mixture was cooled to 
the required temperature (−40, −20, −8, −4, 0 or 4 °C) for 
20 h for further crystallization. The urea adducts were sepa-
rated as the urea complexation fraction (UCF, solid phase) 
and non-urea complexation fraction (NUCF, liquid phase) 
by filtration on a Buchner funnel under suction. Ethanol 
of the NUCF was evaporated, and an adequate amount of 
hot water was added to remove the urea residue. The upper 
layer was then extracted with n-hexane, and the solvent 
was removed at 45 °C by a vacuum rotary evaporator after 
drying over anhydrous sodium sulfate. The fatty acids from 
the UCF were recovered in the same manner. The products 
were kept under a blanket of N2 at −20 °C until analysis. 
All the urea complexation reactions were performed in trip-
licate. The recovery of the fatty acids was estimated as the 
weight proportion of the amount of fatty acids in a fraction 
to those in the starting material (FFA).

Argentated Column Chromatographic Fractionation 
of PUFAsConcentrate Methyl Esters

Ten grams of AgNO3 powder was weighed into 70 mL of 
70  % (v/v) aqueous ethanol, and stirring was maintained 
until the AgNO3 was completely dissolved. One hundred 
grams of silica gel (100–200 mesh) for column chromatog-
raphy was slurried in 200 mL of 95 % (v/v) aqueous etha-
nol for 10  min, and then the AgNO3 solution was added 
and agitated for another 10 min. Ethanol was removed by 
a rotary evaporator at 50 °C, and the Ag+-silica gel slurry 
was activated by heating at 120 °C under vacuum for 3 h 
and then stored in a desiccator by wrapping it with alu-
minum foil. Forty grams of the Ag+-silica gel was slurried 
in an adequate amount of n-hexane and transferred to a 
glass column (2 cm × 60 cm), which had previously been 
plugged with glass wool on the bottom and wrapped with 
dark paper on the outside. Sea sand was placed on the top 
of the column to retain solids. A slight flow of solvent by 
gravity was allowed during packing. The stationary phase 
impregnated in n-hexane was settled for 2 h. Then, 400 mg 
of PUFA methyl ester was dissolved in 16  mL n-hexane 
and applied onto the column and eluted by gravity with 
n-hexane/acetone eluents containing increasing amounts 
of acetone. The flow rate was maintained at 1  mL/min. 
A series of fractions were collected corresponding to the 
increment of acetone proportion. The fractions were then 
repeatedly washed with an adequate amount of NaCl 
aqueous solution (5  %, w/v) for three times. Evaporat-
ing the solvents at 45  °C after the upper organic layer 
was collected and dried with anhydrous sodium sulfate. 
The recovery of the components was estimated by direct 
weighing, then the fractions were dissolved in 1  mL of 
n-hexane for GC analysis.

Derivatization of Fatty Acids

The FFA was derived as fatty acid methyl esters accord-
ing to the method described in [20] with minor modifica-
tions. FFA (50 mg) was treated with 2 mL of BF3 (13–15 % 
in methanol) and heated at 70 °C for 50 min. Then, 2 mL 
of n-hexane and 3 mL of saturated aqueous sodium chlo-
ride were added to the cooled solution and vortexed for 
30 s. The solution was allowed to settle until two layers of 
phases appeared. The upper layer was collected and dehy-
drated over anhydrous sodium sulfate before GC analysis.

Fatty Acid Analysis

The fatty acid composition was analyzed on a gas chroma-
tography (GC) (Agilent Model 7820A) equipped with a 
flame ionization detector and a TRACE TR-FAME fused 
silica capillary column (60  m  ×  0.32  mm  ×  2.5  μm; 
Thermo, USA). Ultra-high-purity nitrogen (99.99  %) was 
used as the carrier gas at a constant flow rate of 25 mL/min. 
The split ratio was 100:1. The temperatures of the injector 
and the detector were 220 and 250  °C, respectively. The 
oven temperature was initially held at 60 °C for 3 min, fol-
lowed by a 5 °C/min increase up to 175 °C for 15 min, then 
increased to 220 °C at 2 °C/min and held isothermally for 
10 min.

Identification of FAME were based on the retention 
times of a Supelco 37 Component FAME mix and the fatty 
acid proportion was quantified by normalization of the rela-
tive area of the chromatogram.

Statistical Analyses

The percentage of individual fatty acid methyl esters from 
tuna oil was expressed as mean ±  standard deviation of 
three different trials, and one-way analysis of variance 
(ANOVA) was performed at a p < 0.05 level using Origin 
8.0 software package (Northampton, MA, USA) to deter-
mine the significant differences.

Results and Discussion

Urea Complexation Reaction

Effect of FFA/Urea Ratios

Increasing the amount of urea caused more fatty acids to be 
entrapped in the UCF, resulting in an improved concentra-
tion of four PUFAs in the NUCF (Fig. 1). The maximum 
levels of EPA and DPAn-3 (12.8 ± 0.2 and 2.7 ± 0.0 %, 
respectively) were obtained at 1:1.6 FFA/urea ratio 
(w/w), the recovery was 91.6  ±  3.4 and 88.6  ±  2.3  %, 



1160	 J Am Oil Chem Soc (2016) 93:1157–1167

1 3

respectively. Satisfactory concentration and recovery of 
DPAn-6 (3.6 ± 0.0, 86.9 ± 2.6 %) and DHA (63.6 ± 2.2, 
91.9  ±  1.8  %) were respectively obtained at this ratio. 
The respective concentrations of DPAn-6 and DHA in the 
NUCF were the highest (4.0 ± 0.1 and 76.2 ± 2.4 %) when 
the amount of urea was 2.5-fold that of FFA, whereas the 
recovery of PUFAs declined remarkably, suggesting a suf-
ficient complexation of urea with fatty acids. The DPAn-3 
level in the NUCF was sharply decreased (0.2 ±  0.0  % 
concentration, 6.5 ± 0.9 % recovery) at this ratio, suggest-
ing that DPAn-3 was almost completely complexed with 
the urea. The amount of EPA was also greatly decreased, 
indicating that EPA and DPAn-3 are more prone to form 
urea adducts with increased urea amounts. The different 
crystallization performance for EPA and DPAn-3 compared 
to that for DPAn-6 and DHA as a function of the various 
FFA/urea ratios showed that the molecular configuration is 
a significant parameter with which to differentiate PUFAs.

Effect of Crystallization Temperature

Another experiment was carried out by analyzing sev-
eral crystallization temperatures. The concentration and 

recovery of the four PUFAs in the NUCF and UCF as a 
function of fractionation temperature are illustrated in 
Fig. 2a, b. Because the process is accompanied by exother-
mal activities, crystallization at lower temperatures facili-
tates highly enriched PUFAs in the NUCF. Both the over-
all concentrations of EPA, DPAn-3, DPAn-6 and DHA and 
their individual concentrations in the NUCF showed a ten-
dency to increase with the decrease of temperature, but the 
distribution of the four fatty acids in the NUCF and UCF 
varied at very low temperatures. EPA was more readily to 
find its way into the UCF when the crystallization tempera-
ture decreased below −20 °C, as it presented a recovery of 
41.7 ± 2.8 % in the NUCF upon crystallization at −20 °C, 
which agreed with the findings of Ratnayake et  al. [22], 
who reported that the amount of EPA in the urea adduct 
compound increased sharply below −18  °C. The amount 
of DPAn-3 in the UCF also increased with decreasing tem-
perature, with a recovery of 62.9 ± 1.9 % obtained in the 
UCF at −20 °C. Nevertheless, DPAn-6 and DHA showed 
different crystallization performances. Both compounds 
were almost exclusively concentrated in the NUCF at lower 
temperatures. The maximum concentrations of these two 
fatty acids in the NUCF were found to be 3.8 ± 0.0 % and 
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Fig. 1   The concentration and recovery of EPA, DPAn-3, DPAn-6, and DHA as a function of FFA/urea ratios upon crystallization at −8 °C



1161J Am Oil Chem Soc (2016) 93:1157–1167	

1 3

-40 -30 -20 -10 0 10
10.5

11.0

11.5

12.0

12.5

13.0

13.5  EPA concentration(%)  EPA recovery(%)

temperature(°C)

E
PA

 c
on

ce
nt

ra
tio

n(
%

)

30

40

50

60

70

80

90

100

E
PA recovery(%

)

-40 -30 -20 -10 0 10
3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9  DPAn-6 concentration(%) DPAn-6 recovery(%)

D
P

An
-6

 c
on

ce
nt

ra
tio

n(
%

)

30

40

50

60

70

80

90

100

D
PA

n-6 recovery(%
)

-40 -30 -20 -10 0 10

2.30

2.35

2.40

2.45

2.50

2.55

2.60

2.65

2.70  DPAn-3concentration  DPAn-3 recovery(%)

temperature(°C)

temperature(°C) temperature(°C)

temperature(°C) temperature(°C)

D
PA

n-
3 

co
nc

en
tra

tio
n(

%
)

20

30

40

50

60

70

80

90

100

D
P

A
n-3 recovery(%

)

-40 -30 -20 -10 0 10
40

45

50

55

60

65

70  DHA concentration(%)  DHA recovery(%)

D
H

A
 c

on
ce

nt
ra

tio
n(

%
)

40

50

60

70

80

90

100

D
H

A recovery(%
)

A

-40 -30 -20 -10 0 10

4

6

8

10

12

14

16

18  DHA concentration(%)  DHA recovery (%)

temperature(°C)temperature(°C)

D
H

A
 c

on
ce

nt
ra

tio
n(

%
)

0

10

20

30

40

50

60

D
H

A recovery (%
)

-40 -30 -20 -10 0 10

0.8

0.9

1.0

1.1

1.2

1.3

1.4  DPAn-3 concentration(%)  DPAn-3 recovery(%)

D
P

A
n-

3 
co

nc
en

tra
tio

n(
%

)

0

10

20

30

40

50

60

70

80

D
P

A
n-3 recovery(%

)

-40 -30 -20 -10 0 10
3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5  EPA concentration(%)  EPA recovery(%)

E
P

A 
co

nc
en

tra
tio

n(
%

)

0

5

10

15

20

25

30

35

40

45

EP
A recovery(%

)

-40 -30 -20 -10 0 10

0.60

0.65

0.70

0.75

0.80

0.85
 DPAn-6 concentration(%)   DPAn-6 recovery(%)

D
PA

n-
6 

co
nc

en
tra

tio
n(

%
)

10

20

30

40

50

60

70

D
P

A
n-6 recovery(%

)

B
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65.7 ±  2.3  % respectively, by crystallization at −40  °C. 
Our results were in accord with that of Wanasundara et al. 
[21], who obtained the highest DPA content in the NUCF 
when crystallization occurred at −18 °C with a urea/FFA 
ratio of 2:1. However, the yields of both were significantly 
decreased (37.7 ± 0.6 % for DPAn-6 and 43.6 ± 2.1 % for 
DHA). It is recognized that urea complexation depends 
upon the configuration of fatty acids molecules rather than 
pure physical properties such as melting point or solubility; 
therefore, at lower temperatures, it is necessary to consider 
the changes that brought about in the aliphatic chain of one 
or more double bonds, conjugated or non-conjugated, and 
different geometrical configurations [23]. Ma et  al. [24] 
compared the enrichment of ∆9c, 11t- and ∆10t, 12c-18:2 
isomers by urea complexation and suggested that the trans-
configuration provides a more linear geometry of its methyl 
ends compared to the cis-isomer, thus making it possible 
to form urea complexes. However, this is inadequate to 
explain the crystallization priority of fatty acids isomers 
that are differentiated only by the location of double bonds. 
The different crystallization performance of DPAn-6 from 
that of DPAn-3 might be ascribed to the fact that DPAn-6 
contributes a longer distance from the first double bond to 
the methyl ends than DPAn-3. In terms of DPAn-3, the side 
of the chain close to the terminal methyl group is essen-
tially ethylenic, whereas the other side is essentially satu-
rated. The opposite is seen in DPAn-6, where the side of 
the chain close to the methyl group is saturated, and the 
other side is unsaturated. Moreover, the nearer distance 
from the first double bond to the carboxyl head might pro-
vide a more “gauche” configuration of DPAn-6, making it 
difficult to be complexed.

Effect of Successive Urea Complexations

The NUCF obtained by crystallizing the fatty acids of tuna 
oil with a 1:1.6 FFA/urea ratio (w/w) at −8  °C was des-
ignated as NUCF1st, in which the concentrations of EPA, 
DPAn-3, DPAn-6 and DHA were 12.8 ±  0.2, 3.6 ±  0.0, 
2.7 ± 0.0 and 63.6 ± 2.2 %, respectively. This fitted well 
with successive urea complexation to achieve highly 
improved DPAn-3 and DPAn-6. The second-stage urea 
complexation was performed with the PUFA concentrates 
upon crystallization at −20  °C with the same proportion 
of urea and ethanol for 16 h. Then, the urea complexation 
fractions (UCF2nd) recovered from the complexation reac-
tion were crystallized at −8 °C for 16 h with the same ratio 
of FFA/urea (w/w) for a third stage of urea complexation. 
The results of the three successive urea complexations are 
summarized in Table 2.

Compared with the original material, EPA, DPAn-
6, DPAn-3 and DHA were all significantly purified in 
the NUCF1st, the recoveries of the four PUFAs being Ta
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91.6 ±  3.4, 88.6 ±  2.3, 86.9 ±  2.6 and 91.9 ±  1.81  %, 
respectively, indicating that crystallization at −8  °C was 
appropriate for the enrichment of PUFAs. Considering 
the same or a higher temperature made less sense for fur-
ther PUFAs concentration, so −20  °C was chosen in the 
second-stage crystallization for the formation of the urea–
FFA complexation compound. There appeared to be sig-
nificant differences in the PUFAs concentrates in the liq-
uid (NUCF2nd) and solid fractions (UCF2nd) of this stage. 
The concentrations of EPA and DPAn-3 in the UCF2nd 
(13.4 ± 1.1 and 5.3 ± 0.1 %) were significantly higher than 
those in the NUCF2nd (8.5 ± 0.1 and 0.8 ± 0.1 %), respec-
tively. Furthermore, the two fatty acids were preferentially 
distributed in the UCF2nd with the recovery of 53.5 ± 2.7 
and 63.6 ± 2.0 %, respectively. Contrastingly, DPAn-6 and 
DHA were prone to be enriched in the NUCF2nd with the 
recovery of 53.1 ± 1.0 and 71.7 ± 2.6 %, respectively, and 
the concentrations of these two fatty acids in the NUCF2nd 
were significantly higher than those in the UCF2nd. The 
discriminating complexing performance of DPAn-3 from 
DPAn-6 indicated that the complexation of the DPA iso-
mer with urea was altered at a much lower crystallization 
temperature. Traitler et  al. [25] successively separated 
α-linolenic acid from γ-linolenic acid by urea complexa-
tion, but stearic acid was co-fractionated with γ-linolenic 
acid, suggesting that the double bond at the Δ6 position 
for γ-linolenic acid and stearic acid probably explained the 
specificity of the two fatty acids. It is assumed that the first 
double bond from the carboxyl head present at different 
positions for the two DPA isomers might contribute to the 
discrimination in the urea complexation. Moreover, accord-
ing to the result from Traitler et al. [25] and this research, 
it can be concluded that the complexing force of n-3 fatty 
acids with urea is stronger than that of their n-6 isomers. 
However, whether the distance from the first double bond 
to the carboxyl group is a determining factor remains to be 
verified.

The third-stage urea complexation process was per-
formed with UCF2nd from the second-stage urea complexa-
tion procedure, and the liquid and solid fractions obtained 
were referred to as the urea complexation fraction of 
UCF2nd (UCF3rd) and the non-urea complexation fraction 
of NUCF2nd (NUCF3rd), respectively. The overall concen-
tration of DPA isomers was greatly improved in the NUC-
F3rd, which increased from 2.99 % of the original material 
to 10.5 ± 0.2 % (4.6 ± 0.0 % for DPAn-6 and 5.9 ± 0.1 % 
for DPAn-3).

Separation of PUFAs by Argentated Silica Gel Column 
Chromatography

The NUCF3rd fraction obtained by three successive urea 
complexation processes was methylated, then argentated 

silica gel column chromatography was used to separate 
PUFA methyl esters. The technique represented a series of 
separation by π–π complexation, which was the subgroup 
of chemical complexation where the mixture was contacted 
with second phase containing complexing agent [26]. The 
complex formed by π bond was comparatively more stable 
than those formed by van der Waals forces, although liable 
enough to be broken by using simple engineering opera-
tions [27]. Various solvents could form stronger π compl-
exation with Ag+, which contributed to replacing double-
bond fatty acids from the sorbent; moreover, the polarity 
of solvents also influenced the interaction of Ag+ and C–C 
double bond. Based on a series of trials in our laboratory, 
n-hexane with gradually increasing proportions of acetone 
(1, 2, 5, 6, 7, 8, 10 and 15 %, v/v) were selected as the strip-
ping solvents. The volume of each eluent and the weights 
of the fractions during the separation are shown in Table 3. 
After silica gel column chromatography, 393.9  mg of the 
fatty acid methyl esters was obtained, which indicated that 
the volume of solvents was adequate for stripping nearly all 
samples.

The elution order of different fatty acids from the column 
is mainly attributed to the unsaturation extent and chain 
length, which determined the strength of π–π complexa-
tion between Ag+ and C–C double bonds. Saturated fatty 
acids, which are more nonpolar and associate weakly with 
the stationary phase, are eluted first, followed by less unsat-
urated fatty acids, and the most polar PUFAs are eluted last 
[18]. It has been reported that acetone/n-hexane, diethyl 
ether/petroleum and acetonitrile/n-hexane are partially suc-
cessful in purifying PUFAs [18, 28]. The fatty acid profiles 
of various elution fractions obtained from the argentated 

Table 3   Fractions eluted by argentated silica gel column chromatog-
raphy

a  1  % acetone/n-hexane (1:99, v/v), 2  % acetone/n-hexane (2:98, 
v/v), 5  % acetone/n-hexane (5:95, v/v), 6  % acetone/n-hexane 
(6:94, v/v), 7 % acetone/n-hexane (7:93, v/v), 8 % (8:92, v/v), 10 % 
acetone/n-hexane (10:90, v/v), 15 % acetone/n-hexane (15:85, v/v)

Fraction (%)a Volume (mL) Weight (mg)

1 F 20 –

2 F 20 106.9

5 F 15 110.4

6 F 15 9

7 F1 15 17.5

7 F2 20 10

8 F 18 16.9

10 F1 20 10.5

10 F2 10 49.5

15 F 15 63.2

Total 168 393.9
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silica gel column chromatography are shown in Table 4. No 
fatty acid ester was detected in the 20 mL of 1 % acetone/n-
hexane fraction (1F, v/v). The fraction eluted by 2 % ace-
tone in n-hexane (2F, v/v) contained substantial amounts 
of saturated and monounsaturated fatty acids, the recover-
ies of 16:0, 16:1, 18:1n-9 and 18:1n-7 being 57.1 ±  1.0, 
66.1 ±  2.0, 87.9 ±  0.5 and 67.4 ±  1.0  %, respectively. 
With the increase of acetone proportion, the polarity of 
the mobile phase increased, which rendered more unsatu-
rated fatty acids excluded from the stationary phase. The 
unsaturated fatty acids containing 2–4 double bonds were 
mostly eluted by 5  % acetone/n-hexane (5F, v/v), while 
EPA content was negligible. The solvent fractions eluted 
by 6 % acetone/n-hexane (6F, v/v) contained great number 
of fatty acids, but the concentration and recovery of satu-
rated and monounsaturated fatty acids decreased signifi-
cantly, DPAn-6 and DPAn-3 were mostly enriched within 
6  % and the first 15  mL of 7  % acetone/n-hexane frac-
tions (7F1, v/v). The highest contents of 26.1 ± 0.5 % for 
DPAn-6 and 22.3 ± 0.4 % DPAn-3 were achieved in 7F1, 
with the recovery of 66.1 ± 3.2 and 70.7 ± 2.2 %, respec-
tively. The fraction was also enriched with 36.6 ±  1.1 % 
EPA, although with a lower recovery (21.5 ± 2.0 %), sug-
gesting that the fatty acids with the same number of double 
bonds were co-eluted in the column chromatography, and 
the number of double bonds might have a more significant 
effect than chain length on the affinity of the complex with 
the stationary phase. The maximum purification and recov-
ery of EPA (91.9 ±  2.5 and 47.8 ±  2.0  %, respectively) 
were found in the 8 % acetone/n-hexane fraction (8F, v/v). 
EPA was co-eluted with DHA in the subsequent solvent 
fractions; however, the amount gradually decreased. DHA 
was firstly eluted in the 7F2 fraction, the maximum purity 
of 99.5 ± 2.1 and 56.7 ± 3.3 % recovery were achieved in 
the 15 % acetone/n-hexane fraction (15F, v/v).

The health benefit of PUFAs has attracted much research 
on the separation of them from saturated fatty acids. Urea–
ethanol complexation is commonly used for PUFAs enrich-
ment, but there could be some potential carcinogenic sub-
stance of ethyl carbamate, which might prevent further 
application. Ethyl carbamate dissolved easily in water, but 
hardly in organic solvents [29]. The determination of ethyl 
carbamate by solid phase extraction preceded with nonpo-
lar n-hexane elution for removing other residues except for 
ethyl carbamate indicates that successive washing by water 
might be adequate to eliminate the ethyl carbamate from 
the UCF and NUCF. Furthermore, the high polarity of the 
ethyl carbamate could make itself difficult to be stripped 
from the argentated silica gel column [18].

Based on the theory that π–π complexation could be 
formed by C–C double bonds with π electron acceptors, the 
mesoporous materials supported ionic liquid compounds 
coated with silver salts [30] or ionic liquid containing a  E
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aromatic rings without silver salts was employed as π 
complexing sorbents in extracting and enriching n-3 poly-
unsaturated compounds [31]. Regardless of the high pricy 
of ionic liquid, the short processing time, the possibility of 
recyclability and the higher extraction capacity could com-
paratively increase the cost efficiency. However, the extrac-
tion or desorption process also involved organic solvents 
such as diethyl ester and 1-hexene. The selectivity of the 
π complexing sorbent for separating PUFAs with various 
number of double bonds should be further investigated.

Research from the 1940s to the 1960s showed that urea 
complexation could protect guest molecules from oxida-
tion and be used to fractionate FFA and derivatives [32]. 
Charkraborty et  al. [33] reported that a marginal increase 
of lipid oxidation of sardine oil occurred during solvent 
extraction because of the antioxidant effects. Additionally, 
no significant changes were denoted in the POV, TBS and 
CDs during the urea complexation and argentated silica gel 
chromatography processes. In our research, the POV of the 
original tuna oil was 3.16 meq O2/kg, while those of EPA, 
DPA and DHA methyl esters upon argentated silica gel 
chromatography were, respectively, 5.61, 6.10, 5.97  meq 
O2/kg, which were all in satisfactory ranges. Conjugated 
diene and triene were assayed by measuring the absorbance 
at 234 nm and 268 nm, respectively, which indicated that 
the oxidation reaction was avoided during the process.

Conclusion

This study has demonstrated a combined method of urea 
complexation and argentated silica gel chromatography 
for the enrichment and separation of PUFAs derived from 
tuna oil, with the goal of obtaining greatly improved lev-
els of DPA isomer. The urea complexation reaction con-
siderably raised the content of the PUFAs, with a product 
with 10.5 ±  0.2  % DPA isomer, 22.2 ±  0.6  % EPA and 
42.3  ±  1.2  % DHA achieved after investigating several 
fractionation temperatures and different FFA/urea ratios by 
three successive urea complexation processes; it allowed 
for further purification by argentated silica gel column 
chromatography. The fractions eluted with various ratios of 
acetone/n-hexane solutions (v/v) resulted in different fatty 
acids profiles. A purity of 26.1 ±  0.5  % for DPAn-6 and 
22.3 ± 0.4 % for DPAn-3 was obtained in the first 15 mL 
of the 7 % acetone/n-hexane solvent (v/v), with the recov-
ery of 66.1 ±  3.2 and 70.7 ±  2.2  %, respectively. Addi-
tionally, 91.9 ± 2.5 % EPA and 99.5 ± 2.1 % DHA were 
also subsequently obtained. It can be concluded that argen-
tated silica gel chromatography appears to be a promising 
method for separation of PUFAs with similar molecular 
size and numbers of double bonds.
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