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Abstract 

 

   The aim of the study is to develop a simulation model for the fractionation of fatty acid 

methyl esters (FAME).by urea complexation. The fatty acids (FAs) were obtained from squid 

liver and scallop mid-gut, which contain rich in eicosapentaenoic and docosahexaenoic acids 

well known as health-promoting FAs. FAs can be divided into saturated fatty acid (SFA), 

monounsaturated fatty acid (MFA), and polyunsaturated fatty acid (PFA) based on the number 

of double bond in their structure. A fractionation model is proposed and derived from the 

assumption of the urea-FAMEs complexation reactions, which included equilibrium constants 

(K) concerned with FAMEs-urea and urea-urea binding. The experiments were conducted at 5 

and 28 °C. Different complexation behaviors were observed for SFAME, MFAME, and 

PFAME. The amount of SFAME captured in the urea inclusion body was larger than MFAME 

and PFAME. The urea-SFAME and urea-MFAME formation behavior agreed very well with 

the proposed model, but the urea-PFAME formation behavior showed a large error with the 

calculation results. The validation experiments showed that the relative error between the 

experimental data and the model prediction was within 15% for SFAME and MFAME. 

 

KEYWORDS: Urea complexation; Fractionation; Fatty acid methyl ester; Polyunsaturated 

fatty acid; Saturated fatty acid; Biodiesel fuel 
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1. Introduction 

 

   From the perspective of environmental issues and the effective use of biomass resources, 

biodiesel production as an environmentally friendly fuel has received a great deal of attention 

over the past decade. Biodiesel is chemically a fatty acid methyl ester (FAME) and can be 

produced from animal fat, plant oil, or fish oil by reacting triglyceride with methanol in the 

presence of a catalyst. Various types of resources have been used in the production of 

biodiesel [1]. In about the last decade, there has been a growing interest in smart grids [2] for 

power generation using renewable energy sources [3] and for the construction of sustainable 

power grids [4]. Against this background, biodiesel production using microalgae has been 

attracting attention [5]. This reason is based on the fact that a large number of cells can be 

obtained in a short period time and also serve as a carbon dioxide fixer. The hormesis effect of 

the carbon source substances used in the culture has also been reported [6]. Furthermore, 

studies on the use of enzymes such as lipase in biodiesel production [5, 7, 8] and the 

conversion of glycerin, a byproduct, into high-value-added substances as raw materials [9], as 

well as reports on the determination of optimal conditions using optimization methods such as 

response surface methods and central composite programming [7], have also attracted 

attention. 

   On the other hand, it has been well known that fisheries wastes, especially viscera of 

fishes and shellfishes contain polyunsaturated fatty acid (PUFA), i.e., omega-3 fatty acids, 

docosahexaenoic acid (C22:6, DHA), and eicosapentaenoic acid (C20:5, EPA) [10]. EPA and 

DHA have been used in medicines and health supplements because they are well known to 

have health-promoting effects. The other fatty acids which are less actively available can be 

utilized as the resource of biodiesel if EPA and DHA could be separated in some methods. 

Unfortunately, fatty acids in fisheries waste have rarely been used as a resource of biodiesel. 
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Few studies have been reported in two decades. We are proceeding with the utilization of 

fisheries waste for biodiesel at present from the viewpoint of effective utilization of 

bio-resources.  

   Several separations and fractionation methods for triglycerides, fatty acids, and fatty acid 

alkyl ester have been proposed, for example, liquid-liquid extraction [11], chromatography 

[12,13], adsorption [14-17], urea complexation [18-24], winterization [25-29], and so on. 

Among them, the urea complexation method has been widely employed due to its easy 

operation, low costs, and low energy requirement. In this method, generally, the saturated 

fatty acid methyl esters (SFAME) are included in the solid phase and the polyunsaturated fatty 

acid methyl esters (PFAME) remained in the liquid phase [30]. This tendency is known to 

relate to the stability of the inclusion complex, and it has been reported that the stability of the 

urea inclusion body depends on the geometry of the molecules involved, and any deviation 

from a straight chain arrangement weakens the stability of the urea inclusion body [30]. In 

other words, the greatest advantage of this method is that SFAME and PFAME could be 

almost completely separated by this method, because they exist almost entirely in solid and 

liquid phases, respectively. However, the monounsaturated fatty acid methyl esters (MFAME) 

are ambiguously distributed in both phases. 

   The urea complexation method, using an urea inclusion body of urea and octyl alcohol, 

was discovered and patented in 1940 by Bengen [31]. Then, this technique has been used to 

separate fatty acids since the late 1940s, as an easy way and has been applied to several 

multiple separation processes. In addition, urea and metal ion complexes have been 

synthesized for use as fertilizers [32,33]. However, most of these studies on the urea 

complexation method were conducted under limited conditions, and the specific optimum 

conditions were determined only. It is very important to predict the degree of the fractionation 

by urea complexation for the design and optimal operation of the reaction system in industrial 
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applications from the viewpoint of chemical engineering. These predictions can be proposed 

by a model about urea complexation, and it is possible to predict the amount of urea required 

for the amount of FAME to be recovered in the separation process, and how much FAME will 

be fractionated into the solid and liquid phases. Although some studies have been reported 

that consider the phenomenon of urea complexation as phase equilibrium [34] or adsorption 

[35], there have not been a few studies about the estimation and prediction of fractionation of 

FAME using urea complexation.  

   In this study, we proposed the estimation model of FAME fractionation using the urea 

complexation method. The experiments were conducted with FAMEs derived from squid liver 

and scallop mid-gut at 5 and 28 °C. We only employed FAME derived from squid liver and 

scallop shell mid-gut, in particular, it has been reported that scallop mid-gut glands contain 

more EPA and DHA than other marine products [36,37]. Some parameters included in the 

proposed model could be determined by fitting of the data and a least squares regression. The 

proposed model was verified with some experiments with different conditions employed in 

the case of the determination of the model parameters. In this study, the model was validated 

using only FAMEs derived from squid liver and scallop mid-gut, and we did not employ 

commercial FAMEs. The applicability and the possibility of the proposed model will be 

discussed.  
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2. Materials and methods 

 

2.1. Reagents and raw materials 

 

   Methanol, hexane, chloroform, toluene, urea, sodium sulfate, and 

p-dimethylaminobenzaldehyde (for urea determination) were purchased from Fujifilm Wako 

Pure Chemical Co. (Japan). Ethanol, diethyl ether, and hydrogen chloride-methanol (10 wt.%) 

solution were purchased from Kanto Chemical Co. Inc. (Japan). Methyl tricosanoate (internal 

standard for gas chromatography) was purchased from Sigma-Aldrich Japan Co. Inc. (Japan). 

All purchased reagents were used without further purification. 

   Japanese squids (Todarodes pacificus) were captured at Tsugaru Strait near Hakodate bay. 

Scallop mid-gut was supplied from Hakodate Plant of DOHSUI Co. Ltd. (Hokuto, Hokkaido 

prefecture, Japan). FAMEs have been prepared and derived from those raw materials, 

respectively.  

 

2.2. Preparation of fatty acid methyl ester 

 

   The liver of squid and mid-gut of scallop were homogenized, and the lipids were extracted 

by Bligh and Layer method [38]. A desired amount of lipid was taken in a 100 mL bottle with 

a lid and dissolved in toluene. A certain amount of hydrogen chloride-methanol (10 wt.%) 

solution was added as a liquid catalyst for the esterification reaction. The bottle was set in a 

water bath and was heated at 90 °C for 120 minutes. After open cooling, fatty acid methyl 

esters were collected by liquid extraction using hexane and were stocked in a refrigerator 

(-20°C). The components of FAME were determined by gas chromatography (Shimadzu 

GC-2014, Japan) with an internal standard method using methyl tricosanoate (C23:0). Typical 
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GC chart spectra of FAMEs derived from squid liver are shown in Fig. 1. The components of 

fatty acid derived from squid liver and scallop mid-gut were summarized in Table 1. These 

profiles were almost the same as those reported in the literature [10,39]. 

 

2.3. Procedure of urea complexation experiment 

 

   A certain amount of FAME, urea, and ethanol (95 vol.%) were taken into a 25 mL 

cylindrical glass vessel with a lid. The vessel was set in a water bath at 65 °C for 60 minutes. 

Then, the vessel was set in a water bath (28 °C) or in a low-temperature room (5 °C) for 8 

hours to deposit the urea-FAME complexes. The experimental conditions were summarized in 

Table 2. The ion strength and pH were not adjusted in all experiments. The initial 

concentration ranges of urea and FAMEs were 0.62-2.33 mol/L (urea), 0.16-0.65 mol/L 

(squid), and 0.17-0.51 mol/L (scallop), respectively. Most experiments were conducted twice. 

   After the deposition of urea-FAME complexes, the solid phase was separated from the 

liquid phase by the following procedure, which is shown in Fig. 2 as a flow chart.  

   The liquid phase was taken with a syringe with 0.45 µm filter carefully, and the mass of 

the taken liquid was measured by an electronic balance. 1 mL of the collected liquid was used 

to determine the amount of urea in the liquid phase, and the mass of the 1 mL of the collected 

liquid was measured for correction of the FAMEs amount in the liquid phase. Then the inside 

wall of the vessel and the surface of the solid phase were rinsed out with saturated urea 

ethanol solution and hexane, and then the rinsing solution was also taken with a syringe with 

0.45 µm filter. The liquid phase was collected in 20 mL test tube with a lid. 2 mL of distilled 

water and 4 mL of hexane were added to the test tube. The vessel was shaken vigorously for 1 

minute, then was left to stand for separating the aqueous and hexane phases. After this, the 

hexane phase (upper phase) was moved to 10 mL test tube with a lid. This operation was 
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repeated three times to collect hexane phase for measuring FAMEs. 

   After removing the liquid phase, the vessel was set in a heater (40 °C), and the solid phase 

was dried until the weight reach constant, and the dry weight of the solid was measured. The 

extraction procedure of FAMEs in the inclusion body is as follows. After drying, 4 mL of 0.1 

M HCl solution was added to the cylindrical glass vessel with a lid to dissolve the solid phase. 

Then, 4 mL of hexane was added to the vessel, and the vessel was shaken vigorously for 1 

minute. After this, the vessel was left to stand for separating the aqueous and hexane phases, 

then the hexane phase (upper phase) was moved to 10 mL test tube with a lid. This operation 

was repeated 3 times to extract whole FAMEs to the hexane phase. Hexane was evaporated by 

blowing nitrogen in a draft, and the extracted FAMEs were determined by GC after constant 

quantification. The urea concentration in the liquid phase was determined by a method 

proposed by Watt and Crisp (1954) [40]. The coloring reagent was prepared as follows: 0.2 g 

of p-dimethylaminobenzaldehyde was mixed with 1 mL of hydrochloric acid and 10 mL of 

95 % (v/v) ethanol, and the mixture was stirred vigorously. 2 mL of the coloring reagent was 

added to 5 mL of the solution containing urea. At ten minutes after the addition, the 

absorbance value at a wavelength of 420 nm was measured using a spectrophotometer (Jasco 

V-630, JASCO co., Japan). The amount of urea in the solid phase was determined by 

subtracting the amount of urea in the liquid phase from the initial amount of urea. The error 

between the urea amount determined from this subtraction and the urea amount measured 

actually in the solid phase was within 3%. 

   Gas Chromatography was carried out using GC-2014 (Shimadzu, Japan), equipped with a 

frame ionization detector (FID) and a capillary column (Omegawax, 30 m  0.32 m  0.25 

mm film sickness, Supelco, USA). The column temperature was programmed from 140 ºC (5 

min) to 200 ºC at 4 ºC/min and held 200 ºC for 50 min. The injector and the detector 

temperatures were 250 and 260 ºC, respectively. The carrier gas was helium used at a linear 
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velocity of 25 cm/s. The split ratio was 100:1. The mass of each component was determined 

by the internal standard method. Tricosanoic acid methyl ester (C23) was used as the internal 

standard. Ai and AC23 are defined as the area values of each component and C23, respectively, 

and wi and wC23 are defined as the masses of each component and C23 in the injected sample. 

Since Ai and AC23 are determined from the analysis results and wC23 is a known value, the 

mass wi of each component can be obtained from Ai wC23/ AC23. The composition of the 

FAMEs was determined by determining the mass of each component. 

 

2.4. Urea complexation model 

 

   Based on the behavior of FAMEs in urea inclusion body (solid phase) already reported or 

obtained in this study, we considered this model as follows:  

(1) FAMEs were divided into three categories, such as saturated FAME, monounsaturated 

MFAME, and polyunsaturated FAME. 

(2) Each FAMEs could bind to urea to form urea inclusion body (solid phase). 

(3) Inclusion bodies (solid phases) could be also formed by the binding of urea to each other. 

(4) On binding and forming the urea inclusion body, the equilibrium relationships between the 

liquid and solid phases were assumed. 

(5) A mass balance equation of urea in the solid phase in equilibrium could be considered. 

(6) Substitute the solid-liquid equilibrium relationship into the mass balance equation. 

(7) By fitting of the data to the model equation, the least-squares method was used to 

determine the model variables. 

   The dissolved species of urea in the liquid phase could be assumed to be associates (Ux) 

consists of x molecules of urea (x ≥ 1). Some studies suggested that in solution, urea 

molecules formed a dimer or associates having a larger number of molecules [41,42]. Thus, 
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the following equilibrium relationship considered to be established in the liquid phase. 

 

   xUxU    ;(Kas)          (1) 

 

x represents a stoichiometric coefficient. Kas is the equilibrium constant of Eq. (1). Kas is 

defined as follows. 

 

   
xas

C

C
K x

U

U
             (2) 

 

Where, CU and 
x

CU  represent the concentration of urea monomer and urea associate, 

respectively. The relationship between CU and 
x

CU  could be expressed as follows. 

 

   
x

xCC UU              (3) 

 

Assuming that the inclusion body of SFAME, MFAME, and PFAME are formed by 

independent reaction, these equilibrium relationships could be expressed as follows. 

 

   xnx SUUn
11SFAME   ; (K1)         (4) 

   xnx MUUn
22MFAME   ; (K2)         (5) 

   xnx PUUn
33PFAME   ; (K3)         (6) 

 

Where, n1, n2, and n3 represent the stoichiometric coefficient for Ux binding SFAME, 

MFAME, and PFAME, respectively. SUn1x, MUn2x, and PUn3x represent the inclusion body for 
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SFAME, MFAME, and PFAME, respectively. The equilibrium constants in Eqs. (4)-(6) are 

defined as follows. 

 

   
1

US

SU
1 n

x
CC

C
K             (7) 

   
2

UM

MU
2 n

x
CC

C
K             (8) 

   
3

UP

PU
3 n

x
CC

C
K             (9) 

 

Where, CS, CM, and CP represent the equilibrium concentrations of SFAME, MFAME, and 

PFAME. CSU, CMU, and CPU represent the mole of SU, MU, and PU in the inclusion body per 

unit mass. Expressing that the total molar amount of SFAME, MFAME, and PFAME are as 

NSi, NMi, and NPi, therefore, the following equations are obtained. 

 

   SSUSi VCwCN            (10) 

   MMUMi VCwCN            (11) 

   PPUPi VCwCN            (12) 

 

Where V and w represent the liquid volume and the mass of the inclusion body at the 

equilibrium state in the system, respectively. By solving for CS, CM, and CP in Eqs. (7)-(9), the 

following equations are obtained. 

 

   
1

U1

SU
S n

x
CK

C
C            (13) 
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2

U2

MU
M n

x
CK

C
C            (14) 

   
3

U3

PU
P n

x
CK

C
C            (15) 

 

By substituting CS, CM, and CP expressed through Eqs. (13)-(15) to Eqs. (10)-(12), then 

solving for CSU, CMU, and CPU, and using the relationships in Eq.(3), the following three 

equations are obtained. 

 

  

  1/
1

U1

Si
SU

n
xCwK

V

N
wC



          (16) 

  

  2/
1

U2

Mi
MU

n
xCwK

V

N
wC



          (17) 

  

  3/
1

U3

Pi
PU

n
xCwK

V

N
wC



          (18) 

 

Urea molecules was considered to form inclusion bodies (associates) in the absence of 

FAMEs. When ‘m’ urea molecules form associates, Ux, in the liquid phase come together to 

form the solid phase, Umx, the equilibrium relationship can be expressed as follows. 

 

   mxx UmU    ; (K4)         (19) 

 

The equilibrium constant of the reaction expressed by Eq. (19), K4, can be defined as follows. 
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m

x

mx

C

C
K

U

U

4             (20) 

 

mx
CU  represents a mole of Umx in the unit mass of inclusion body. The total molar amount of 

urea in the system, 
SUN , can be expressed as follows.  

 

   
mx

wCxwCnxwCnxwCnN UPU3MU2SU1US
        (21) 

 

By substituting wCSU, wCMU, and wCPU expressed through Eqs. (16)-(18) and 
mx

CU  obtained 

from Eq. (20) to Eq. (21), the following equation can be obtained as. 

 

   

    21

S

/
1

/
1

U2

Mi
2

U1

Si
1U

nn
xCwK

V

N
xn

xCwK

V

N
xnN







  

     

 

m

n

x

C
wK

xCwK

V

N
xn 












 U
4

U3

Pi
3

3/
1

   (22) 

 

In Eq. (22), NSi, NMi, and NMi are given as the initial conditions, and 
SUN , CSU, CMU, CPU, w, 

and V can be determined experimentally. By fitting of the data to Eq. (22), the parameters x, 

n1, n2, n3, m, K1, K2, K3, and K4 can be estimated by least-squares regressions using 

spread-sheet software. 
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3. Results and Discussion 

 

3.1. Influence of initial dose of urea on amount of FAME captured in solid phase 

 

   The urea complexation experiments were conducted by varying the volume of the system, 

temperature, and initial doses of FAME and urea. Typical results were shown in Figs. 3-6. The 

experimental conditions were summarized in Table 2. In all results, the amount of FAME 

included in the urea inclusion body was significantly different from each other for SFAME, 

MFAME, and PFAME. This tendency corresponds to some previous studies reported 

[18-20,43-46]. The ordinate in these figures is expressed as mol, which is calculated using the 

average molecular weight determined from the component compositions of FAMEs derived 

from squid liver and scallop mid-gut (Table 1). The average molecular weights of FAMEs 

derived from squid liver and scallop mid-gut are calculated as 305.1 and 296.2 g/mol, 

respectively. As seen in Figs. 3-6, SFAME was the most frequently included, and MFAME 

also linearly increased in the amount included with increasing initial urea concentration. 

PFAME was rarely included. Salimon et al. (2012) conducted urea complexation experiments 

with various ratios of urea addition to the amount of fatty acids (FAs) mixture derived from 

seed oil added to the experimental system to the amount of oil added to the mixture [43]. In 

this study, it was reported that more than 90% of the SFAME was included even under the 

lowest urea condition, and the percentage of monounsaturated FA included increased from 

60% to 90% with increasing urea. This result showed almost the same tendency as the results 

obtained in this study. Since the distribution of SFAME, MFAME, and PFAME to the solid 

phase of urea shows a unique tendency, we considered that there would be differences in the 

ability of SFAME, MFAME, and PFAME to form inclusion bodies. 

   Fig. 7 shows the relationship between the initial urea concentration, CUi, and the mass of 
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the solid phase (the inclusion body) at the equilibrium state. As seen in Figs. 7a and 7c, the 

mass of the inclusion body increased with increasing the dose of FAMEs and CUi at 28 °C. 

However, in the case of 5 °C, the mass of the inclusion body was not significantly related to 

the dose of FAMEs but increased with increasing CUi. Fig. 8 shows the relationship between 

CUi and the equilibrium urea concentration, CU. In this case, the FAME dose was 0.25 g, CU 

increased with increasing CUi, however, in the case of other doses, CU was not varied too 

much. All values of CU in the experimental range were lower than the saturation concentration 

[47]. In the next section, we will propose an urea-FAMEs complexation model and the 

quantitative discussion will be made about the complexation mechanism based on the model. 

 

3.2 Verification of complexation model 

 

   Figs. 9-11 show the comparison of the experimental results shown in Figs. 3-7 and the 

values calculated from Eq. (31). In Figs. 9-11, the abscissa corresponds to the values that can 

be calculated using only the experimental values, and the ordinate corresponds to the values 

that can be calculated using both the experimental values and the model variables. This 

relationship expressed as Eqs. (16)-(18) for FAMEs. The parameters used in this calculation 

were summarized in Table 3. The correlation coefficient, r, in determining model parameter 

was summarized in Table 4. The initial experimental conditions were described in the captions 

of Figs. 9-11. As seen in Figs. 9-11, good agreements were confirmed as to SU, MU, and urea 

associate formation behavior with the proposed model. On the other hand, significant scatters 

were observed for PU formation. Eq. (22) was based on the mass balance in the solid phase. 

In addition, the amount of PFAME captured in the inclusion body was lesser than 5 % of the 

initially added amount of PFAME. We considered that many scatters in Figs. 9-11 may be due 

to the analytical errors in the measurement of the PFAME, which appear in small amounts in 
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the solid phase.  

   In Table 3, in the case of FAMEs derived from squid liver, the values of K1-4 at 5°C were 

larger than those for 28°C. This reason is considered that the solubility of urea at 28°C is 

much higher than the solubility at 5°C. Based on the data shown in the literature [47], the 

solubility of urea is 61.4 g/L (1.02 mol/L) at 5°C and 111.7 g/L (1.86 mol/L) at 28°C.  

Thus the amount of urea-FAMEs inclusion bodies or solid phase at 5°C should be larger than 

that at 28°C. However, the total urea concentrations shown in Fig. 6 did not exceed the 

saturation concentration at 5°C and 28°C. This suggests that the binding forces between urea 

and FAMEs at 5°C are also stronger than those at 28°C. The K4 values for the FAMEs derived 

from squid and scallops at 28°C were not significantly different. 

   The relationship of the order of K values, K1 > K2 > K3, reflects the experimental results 

well. The values of the parameters, x, n1, n2, m, K1, K2, and K4 were almost the same values 

regardless of the origin of the FAMEs and the operating temperature. However, the values of 

n3 (2.3 and 5.5) and K3 (0.00267 and 0.199) were significantly different by the origin of 

FAMEs (squid liver and scallop mid-gut). The reason for the difference is considered to be 

complicated thus we cannot make it clear in this study. According to Table 1, the components 

of SFA (26.2 and 24.3), MFA (29.5 and 25.0), and PFA (33.4 and 40.2) in FAs derived from 

squid liver were different from those in FAs derived from scallop mid-gut. Especially the 

main components of PFA, EPA (10.2 and 22.7) and DHA (18.2 and 8.6), were quite different 

between the PFAs derived from squid liver lipid and scallop mid-gut. It can be considered that 

the differences in the component of EPA and DHA might affect the values of n3 and K3. 

   It has been reported that there is an approximate proportional relationship between the 

average number of urea added per carbon in a molecule for SFAME and MFAME, which are 

relatively easily taken into the solid phase by the urea complexation. A comparison of the 

literature values with the results of this study may be useful to verify the experimental results 
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of this study. Asahara (1950) has carried out urea complexation experiments using FAME 

(C6-C20, including saturated and unsaturated FAME). He attempted several combinations of 

FAME for urea complexation experiments and has reported that the ratio of FAME and urea 

molecule was increased with the number of carbon atoms in FAMEs [20]. The ratio 

corresponds to the average number of urea molecules binding to FAMEs molecules. Fig 12 

shows the relationship between the urea/FAMEs molar ratio in the inclusion body (determined 

in this study and reported in the literature) and the number of carbon atoms in the FAMEs. 

The molar ratio determined in this study was slightly larger than those reported in the 

literature [18-20]. This reason was considered that we used the average carbon number and 

the average molecular weight of SFAME and MFAME in the calculation. However, the 

tendency of the increase in the molar ratio of urea/FAMEs showed almost the same tendency 

reported in the literature. 

   We conducted additional experiments to evaluate the validity of the proposed model. The 

experimental conditions were as follows: FAME derived from squid liver and scallop mid-gut 

0.1 g; liquid volume 10 mL; CUi : 1.33 and 2.33 mol/L; the complexation (cooling) 

temperature: 5 and 28°C. Fig. 13 shows the comparison between the calculated values and the 

data of additional experiments except for the data used in the parameter determination. The 

solid, dashed, and dotted lines represent the values predicted by the proposed model with the 

parameters listed in Table 3. It can be recognized that the experimental and calculated values 

agreed except for PFAME (Fig. 13b). The relative error between the data and the model 

prediction values was within 15% for SFAME and MFAME.  

   Several separation methods of FAMEs have been proposed, in particular, separation or 

concentration methods of PFAMEs have been also proposed, such as supercritical fluid 

separation, molecular distillation, and so on [48,49]. Among them, the urea complexation 

method could be considered as the most effective method, because PFAMEs could be 
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separated from SFAME and MFAME very simply by a non-expensive and low-energy 

required process. By the urea complexation method, PFAMEs are concentrated almost 

exclusively in the liquid phase, while SFAMEs and MFAMEs are concentrated almost 

exclusively in the solid phase. Since both phases are a mixture of FAMEs and urea, it is 

necessary to refine FAMEs from the liquid or solid phase. The urea complexation method 

requires a purification process in its downstream process, and improving the efficiency of this 

refinery process will be a future problem.  

   Fig. 14 shows a schematic drawing of a general process flow of FAMEs separation 

including urea complexation. The proposed model can contribute determination of the amount 

of urea required for urea inclusion body formation and the amount of SFAME and MFAME in 

the solid phase (the urea inclusion body), as a result, which can also predict the amount of 

solvent required in the subsequent urea separation process, which may contribute to save 

energy and costs. From a practical viewpoint, studies about the combination of the urea 

complexation method with gel chromatography for the concentration and subsequent 

purification of the target FAME [50], and about the urea inclusion method using green 

solvents [51], have been reported in recent years. Future studies on the purification process 

after urea complexation would be paid attention to. 
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4. Conclusions 

 

   Recovery of fatty acid methyl esters (FAMEs) by entrapping in urea-FAMEs associate or 

inclusion body was investigated using fatty acids derived from squid liver and scallop mid-gut 

gland. We attempted to formulate the urea complexation reactions between FAMEs and urea, 

and verified the model with the experimental results. By dividing the FAMEs into three 

categories, they are saturated fatty acid (SFAME), monounsaturated fatty acid (MFAME), and 

polyunsaturated fatty acid (PFAME), and analyzing the experimental results with the 

proposed model, it was considered that the behavior of the urea complexation could be 

promoted to understand comprehensively.  

   The equilibrium constants of the complexation reactions between FAMEs and urea, and 

between urea and urea were determined by fitting the experimental results to the model with 

the least-squares method. The amount of SFAME and MFAME in the inclusion body was 

relatively well predicted by the model. However, the error between the calculated and 

experimental values of PFAME tended to be large due to fundamentally very small quantity of 

PFAME in the inclusion body. The order of magnitude of K values and n values for FAMEs 

derived from squid liver and scallop mid-gut are K1 > K2 > K3 and n1  n2 > n3, respectively. 

These orders of K and n reflect the experimental results well for both complexation 

temperatures (5 and 28°C) as shown in Table 3. The ratio of K1 and K2, and K1 and K3 were 

3.29 and 3.9710
4
 for squid FAMEs and 4.42 and 4.9310

2
 for scallop FAMEs, respectively 

at 28ºC. The binding strength between SFAME and urea molecules was considered to be 

greatest in FAMEs. The binding numbers of associated urea (n1, n2, n3) were averagely 

estimated as 5.84, 6.44, and 2.3 for squid FAMEs, and 5.34, 6.04, and 5.5 for scallop FAMEs. 

As just described, the binding strength could be compared numerically as the equilibrium 

constant. 
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   In a further study, it is necessary to investigate whether the model proposed in this study 

can predict the amount of FAMEs in the inclusion body using the FAMEs of different FA 

compositions. It is also necessary to examine how the model parameters are affected by the 

experimental results obtained from samples with the same molecular species of constituent 

FAMEs but different compositions. 
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Nomenclature 

 

CM = equilibrium concentration of MFAME in liquid phase       [mol/m
3
] 

CMU = equilibrium concentration of MFAME in solid phase       [mol/kg] 

CP = equilibrium concentration of PFAME in liquid phase       [mol/m
3
] 

CS = equilibrium concentration of SFAME in liquid phase       [mol/m
3
] 

CSU = equilibrium concentration of SFAME in solid phase       [mol/kg] 

CPU = equilibrium concentration of PFAME in solid phase       [mol/kg] 

CU = equilibrium concentration of urea monomer in liquid phase       [mol/m
3
] 

CUi = initial concentration of urea monomer in liquid phase       [mol/m
3
] 

CUx = equilibrium concentration of associated urea in liquid phase      [mol/m
3
] 

mx
CU  = equilibrium concentration of associated urea in solid phase       [mol/kg] 

Kas = equilibrium constant defined in Eq. (2)      [(mol/m
3
)

1-x
] 

K1 = equilibrium constant defined in Eq. (7)      )]molkg/([m 1133 nn


  

K2 = equilibrium constant defined in Eq. (8)      )]molkg/([m 2233 nn



 

K3 = equilibrium constant defined in Eq. (9)      )]molkg/([m 3333 nn



 

K4 = equilibrium constant defined in Eq. (27)      )]molkg/([m 13  mm  

m = stoichiometric coefficient for associated urea binding /-associated urea    [ - ] 

n1 = stoichiometric coefficient for associated urea binding SFAME     [ - ] 

n2 = stoichiometric coefficient for associated urea binding MFAME     [ - ] 

n3 = stoichiometric coefficient for associated urea binding PFAME     [ - ] 

NSi = total molar amount of SFAME in the system     [mol] 

NMi = total molar amount of MFAME in the system     [mol] 

NPi = total molar amount of PFAME in the system     [mol] 
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SUN  = total molar amount of urea in the system      [mol] 

U = urea monomer molecule          [ - ] 

Ux = associated urea molecule          [ - ] 

V = liquid volume at equilibrium in the system      [m
3
] 

Vi = initial liquid volume at equilibrium in the system      [m
3
] 

w = mass of inclusion body at equilibrium in the system     [kg] 

x = number of urea molecule in associated urea molecule      [ - ] 
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Figures and Tables captions 

 

Fig. 1.   Typical gas chromatogram of fatty acid methyl esters derived from squid liver. 

 

Fig. 2.   Flow chart of procedure of determination of FAMEs and urea. 

 

Fig. 3.   The relationship between molar amount of FAMEs in urea inclusion body and the 

initial concentration of urea, CUi. Experimental conditions: the initial amount of FAME 

prepared from squid liver: (a) 0.25 g，(b) 0.5 g， (c) 0.75 g; the volume of solvent 5 mL; the 

complexation temperature 28ºC. 

 

Fig. 4.   The relationship between molar amount of FAMEs in urea inclusion body and the 

initial concentration of urea, CUi. Experimental conditions: the initial amount of FAMEs 

derived from squid liver: (a) 1.0 g，(b) 2.0 g ; the volume of solvent 10 mL; the complexation 

temperature 28ºC. 

 

Fig. 5.   The relationship between molar amount of FAMEs in urea inclusion body and the 

initial concentration of urea, CUi. Experimental conditions: the initial amount of FAMEs 

derived from squid liver: (a) 0.25 g, (b) 0.5 g， (c) 0.75 g ; the volume of solvent 5 mL; the 

complexation temperature 5 ºC. 

 

Fig. 6.   The relationship between molar amount of FAMEs in urea inclusion body and the 

initial concentration of urea, CUi. Experimental conditions: the initial amount of FAMEs 

derived from scallop mid-gut gland, (a) 0.25 g，(b) 0.5 g， (c) 0.75 g ; the volume of solvent 

5 mL; the complexation temperature 28 ºC. 

 

Fig. 7.   Relationship between the mass of the solid phase (inclusion body), w, and the initial 

urea concentration, CUi. Kinds of FAMEs, the initial dose of FAMEs, the system volume and 

the complexation temperature were shown in figures. 

 

Fig. 8.   Relationship between the equilibrium urea concentration, CU, and the initial urea 
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concentration, CUi. Kinds of FAMEs, the initial dose of FAMEs, the system volume and the 

complexation temperature were shown in figures. 

 

Fig. 9.   Fitting of the data shown in Figs. 3, 5, and 7 obtained with FAME derived from 

squid liver to Eqs. (16)-(18) and (22) for determination of the model parameters by 

least-squares regression. 5 or 10 mL of solvent volume (ethyl alcohol) and 28ºC as 

complexation temperature were employed in these experiments. 

 

Fig. 10.   Fitting of the data shown in Figs. 5 and 7 obtained with FAME derived from squid 

liver to Eqs. (16)-(18) and (22) for determination of model parameters by a least squares 

method. 5 mL of solvent volume (ethyl alcohol) and 5ºC as complexation temperature were 

employed in these experiments. 

 

Fig. 11.   Fitting of the data shown in Figs. 6 and 7 obtained by using FAME (scallop shell 

midgut) to Eqs. (16)-(18) and (22) for determination of model parameters by a least squares 

method. 5 mL of solvent volume (ethyl alcohol) and 28ºC as complexation temperature were 

employed in these experiments. 

 

Fig. 12.   Relationship of carbon number of fatty acid (FA) or FAME and number of urea 

binding to FA or FAME in the solid phase (urea inclusion body). 

 

Fig. 13.   Comparison between the molar amount of FAME in the solid phase (urea 

inclusion body) of the calculated (lines) and the experimental values (symbol) for (a) FAME 

derived from squid liver (28ºC), (b) FAME derived from squid liver (5ºC), and (c) FAME 

derived from scallop mid-gut (28ºC). 

 

Fig. 14   Schematic diagram of process flow including urea complexation 
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Table 1   The contents of fatty acid derived from squid liver and scallop viscera. 

 

Table 2   The experimental condition of Figs. 3-6. 

 

Table 3   Model parameters determined from fitting of the data of Figs. 3-8 to Eq. (22) by a 

least squares method. 

 

Table 4   Correlation coefficients, r, in determining model parameters by least squares 

method in Figs. 9-11. 
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urea determination
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and 4 mL hexane

collected hexane phase

repeated 3 times

added Na2SO4 and filtered

evaporated hexane in a stream of air

mass measurement

Analyzed FAMEs using GC
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left to stand

added 4 mL hexane

collected hexane phase

repeated 3 times
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mass measurement

Analyzed FAMEs using GC

evaporated hexane in a stream of air

Fig. 2.   Flow chart of procedure of determination of FAMEs and urea.  
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Fig. 3.   The relationship between molar amount of FAMEs in urea 

inclusion body and the initial concentration of urea, CUi. Experimental 

conditions: the initial amount of FAME prepared from squid liver: 

(a) 0.25 g，(b) 0.5 g， (c) 0.75 g; the volume of solvent 5 mL; the 

complexation temperature 28ºC.  
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(a) FAMEs 1.0 g 

(b) FAMEs 2.0 g 

Fig. 4.   The relationship between molar amount of FAMEs in 

urea inclusion body and the initial concentration of urea, CUi. 

Experimental conditions: the initial amount of FAMEs derived 

from squid liver: (a) 1.0 g，(b) 2.0 g ; the volume of solvent 10 

mL; the complexation temperature 28ºC. 



Fig. 5.   The relationship between molar amount of FAMEs in urea 

inclusion body and the initial concentration of urea, CUi. Experimental 

conditions: the initial amount of FAMEs derived from squid liver: 

(a) 0.25 g, (b) 0.5 g， (c) 0.75 g ; the volume of solvent 5 mL; the 

complexation temperature 5 ºC.  
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Fig. 6.   The relationship between molar amount of FAMEs in urea 

inclusion body and the initial concentration of urea, CUi. Experimental 

conditions: the initial amount of FAMEs derived from scallop mid-

gut gland, (a) 0.25 g，(b) 0.5 g， (c) 0.75 g ; the volume of solvent 5 mL; 

the complexation temperature 28 ºC.  
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temperature were employed in these experiments.  

N
S

i /
(1

+
V

/[
w

 K
1
(C

U
/x

)n
1
])


 1
0

5
 [

m
o
l]

 

N
M

i /
(1

+
V

/[
w

 K
2
(C

U
/x

)n
2
])


 1
0

5
 [

m
o

l]
 

N
P

i /
(1

+
V

/[
w

 K
3
(C

U
/x

)n
3
])


 1
0

5
 [

m
o

l]
 

N
U

S
 c

al


1
0

3
 [

m
o

l]
 

wCPU 105 [mol] 

wCMU 105 [mol] wCSU 105 [mol] 

NUS exp 103 [mol] 

Key 

〇 

△ 

□ 

FAME[g] 

0.25 

0.50 

0.75 

Vi [mL] 

5 

5 

5 



Figure 9 

0

5

10

15

20

0 5 10 15 20

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0

0

2

4

6

8

10

0 2 4 6 8 10

0 10 30 40 

40 

30 

20 

10 

0 0

10

20

30

40

0 10 20 30 40
20 0 5 15 20 10 

20 

15 

10 

5 

0 

0 0.5 1.5 2.0 1.0 

2.0 

1.5 

1.0 

0.5 

0 
0 4 8 10 6 2 

2.0 

1.5 

1.0 

0.5 

0 

0.5 

Fig. 11.   Fitting of the data shown in Figs. 6 and 7 obtained by using FAME 

(scallop shell midgut) to Eqs. (16)-(18) and (22) for determination of model 

parameters by a least squares method. 5 mL of solvent volume (ethyl alcohol) and 

28ºC as complexation temperature were employed in these experiments. 

N
S

i /
(1

+
V

/[
w

 K
1
(C

U
/x

)n
1
])


 1
0

5
 [

m
o
l]

 

N
M

i /
(1

+
V

/[
w

 K
2
(C

U
/x

)n
2
])


 1
0

5
 [

m
o
l]

 

N
P

i /
(1

+
V

/[
w

 K
3
(C

U
/x

)n
3
])


 1
0

5
 [

m
o

l]
 

N
U

S
 c

al


1
0

3
 [

m
o

l]
 

wCPU 105 [mol] 

wCMU 105 [mol] wCSU 105 [mol] 

NUS exp 103 [mol] 

Key 

〇 

△ 

□ 

FAME[g] 

0.25 

0.50 

0.75 

Vi [mL] 

5 

5 

5 



0 

5 

10 

15 

20 

0 5 10 15 20 25 

Key Group Ref. 

S 

M 

S 

M 

S 

M 

[20] 

[20] 

[18] 

[18] 

[19] 

[19] 

Key Group 

S 

M 

S 

M 

Species 

Squid 

Squid 

Scallop 

Scallop 

Fig.  12.   Relationship of carbon number of fatty acid (FA) or FAME and 

number of urea binding to FA or FAME in the solid phase (urea inclusion 

body). 

n
u
m

b
er

 o
f 

 u
re

a 
b
o
n
d

in
g
 t

o
 F

A
/F

A
M

E
 [

-]
 

Carbon number of FA/FAME [-] 



0

2

4

6

8

10

12

0 1 2 3
0

2

4

6

8

10

12

0 1 2 3

0

2

4

6

8

10

12

0 1 2 3

CUi [mol/L] 

Key 

〇 
△ 
□ 

FAME 
飽和（S） 

一価不飽和（M） 

多価不飽和（P） 

(a) squid, 28ºC 

(c) scallop, 28ºC 

(b) squid, 5ºC 

Fig. 13.   Comparison between the molar amount of FAME in the solid phase 

(urea inclusion body) of the calculated (lines) and the experimental values 

(symbol) for (a) FAME derived from squid liver (28ºC), (b) FAME derived from 

squid liver (5ºC), and (c) FAME derived from scallop mid-gut (28ºC). 

CUi [mol/L] 

Key 

〇 

△ 

□ 

FAME 

SFAME 

MFAME 

PFAME 

Line 

M
o
le

 o
f 

F
A

M
E

s 
in

 u
re

a 
in

cl
u

si
o

n
 b

o
d

y
 [

m
o

l]
 



Fisheries waste 

FAMEs 

Extraction 

Esterification 

Urea complexation 

(adding urea) 

Solid phase (inclusion body) 

Liquid phase 

Refining 

Separation 

SFAME, MFAME, PFAME 

Fig. 14.   Schematic diagram of process flow including urea complexation  



Table 1 

The contents of fatty acid derived from squid liver and scallop viscera. 

Fatty Acid Methyl Ester 
M.W. 

[g/mol] 
Content [%] 

group substance name  Squid Scallop 

S Myristic Acid (C14:0) 242.40 3.56 3.69 

M Myristoleic Acid (C14:1n5) 240.40 0.20 0.64 

S Pentadecanoic Acid (C15:0) 256.43 0.14 0.12 

M cis-10-Pentadecanoic Acid (C15:1n5) 254.41 0.07 - 

S Palmitic Acid (C16:0) 270.46 17.3 17.6 

M Palmitoleic Acid (C16:1n7) 268.43 3.75 11.0 

S Heptadecanoic Acid (C17:0) 284.48 0.82 0.09 

M cis-10-Heptadecanoic Acid (C17:1n7) 282.46 1.16 0.52 

S Stearic Acid (C18:0) 298.51 4.32 2.94 

M Oleic Acid (C18:1n9c) 296.50 10.9 5.49 

M cis-11-Octadecenoic Acid (C18:1n7c) 296.50 3.64 6.06 

P Linoleic Acid (C18:2n6c) 294.48 0.82 1.68 

P Linolenic Acid (C18:3n3) 292.46 0.48 1.10 

P cis-6,9,12,15-Octadecatetraenoic Acid (C18:4n3) 276.41 0.60 2.29 

M cis-9-Eicosenoic Acid (C20:1n11) 324.54 3.80 1.06 

M cis-11-Eicosenoic Acid (C20:1n9) 324.54 3.28 1.29 

P cis-11,14-Eicosenoic Acid (C20:2n6) 322.53 0.49 0.35 

P Arachidonic Acid (C20:4n6) 318.50 1.97 2.26 

P cis-11,14,17-Eicosadienoic Acid (C20:3n3) 322.53 0.52 0.64 

P cis-5,8,11,14,17-Eicosapentaenoic Acid (C20:5n3) 316.48 10.2 22.7 

M cis-11-Docasenoic Acid (C22:1n11,13) 352.60 4.02 - 

P cis-13,16-Docosadienoic Acid (C22:2n6) 350.58 - 0.63 

P cis-7,10,13,16,19-Docosapentaenoic Acid Methyl Ester (C22:5n3) 344.53 1.05 0.35 

P cis-4,7,10,13,16,19-Docosahexaenoic Acid (C22:6n3) 342.51 18.2 8.58 

 other  8.52 8.84 

 



Table 2   The experimental condition of Figs. 3-6. 

  
material of  

FAME 

mass of  

FAME [g] 

initial urea 

concentration 

[mol/L] 

volume of  

solvent  

[mL] 

cooling 

temperature 

 [℃] 

Fig. 3 squid liver 0.25 ,0.50 ,0.75 1.33-2.33 5 28 

Fig. 4 squid liver 1.0 ,2.0 1.33-2.33 10 28 

Fig. 5 squid liver 0.25 ,0.50 ,0.75 0.62-2.33 5 5 

Fig. 6 
scallop midgut 

gland 
0.25 ,0.50 ,0.75 1.33-2.33 5 28 



Table 3   Model parameters determined from fitting of the data of Figs. 3-8 to Eq. (22) by 

a least squares method. 

material of 

FAME 

complexation 

temperature [℃] 
x n1 n2 n3 m K1 K2 K3 K4 

squid liver 5  2.59  5.84 6.44 2.30 5.2 4219  1073  7.94×10-3 13.9 

squid liver 28 2.59  5.84 6.44 2.30 5.0 106  32.2  2.67×10-3 0.44 

scallop 

midgut 

gland 

28 2.60  5.34 6.04 5.50 5.0 98.2  22.2  0.199  0.31 



Table 4   Correlation coefficients, r, in determining model parameters by least 

squares method in Figs. 9-11. 

FAME [g] Vi [mL] r [-] 

0.25 

0.5 

0.75 

1.0 

2.0 

5 

5 

5 

10 

10 

0.927 

SFAME 

r [-] 

0.961 

MFAME 

r [-] 

0.842 

PFAME 

r [-] 

0.966 

urea 

Fig. 9 

squid, 28ºC 
0.901 0.965 0.164 0.949 

0.967 0.954 0.904 0.989 

0.966 0.976 0.760 0.990 

0.764 0.733 0.390 0.978 

0.25 

0.5 

0.75 

5 

5 

5 

0.998 0.988 0.976 0.966 Fig. 10 

squid, 5ºC 
0.978 0.648 0.404 0.978 

0.985 0.992 0.735 0.983 

0.25 

0.5 

0.75 

5 

5 

5 

0.875 0.929 0.940 0.864 Fig. 11 

scallop, 28ºC 
0.967 0.922 0.836 0.992 

0.985 0.957 0.769 0.956 
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