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Abstract 
 
Indonesian commercial biodiesel often struggles with instability due to high levels of 
polyunsaturated fatty acids (PUFA). This study applies the urea inclusion compound (UIC) 
method to improve biodiesel quality by fractionating PUFA. The objective is to examine 
the effects of temperature, FAME/methanol ratio, and crystallization time on increasing 
PUFA concentration and producing high-performance biodiesel with an iodine number 
below 30–40 g I2/100 g. Previous studies reported a Urea Complexed Fraction (UCF) with 
an iodine number of 44.01 and oxidation stability of 18.61 hours at 20 °C and 4 hours 
crystallization. In this research, a UCF product with an iodine number of 34.18 and an 
86.57% yield was achieved at 20 °C, 6 hours crystallization, and a FAME/methanol ratio of 
6. The extended crystallization time and temperature significantly impacted FAME 
fractionation in the UCF phase. These results suggest that optimizing these process 
variables can enhance biodiesel stability, leading to better oxidation stability and iodine 
values, making the biodiesel suitable for high-performance applications in various 
conditions. 
 

 

Copyright: © 2024 by the authors. This is an open-access article distributed under the 
terms of the Creative Commons Attribution-NonCommercial 4.0 International License. 
(https://creativecommons.org/licenses/by-nc/4.0/) 

1. Introduction 

Biodiesel, as specified by standards like ASTM D6751, IS 
15607, and EN 14214, is defined as “a mixture of mono-
alkyl (methyl) esters of long-chain fatty acids derived from 
vegetable oil or animal fat.” In addition to these sources, 
other oleaginous materials such as microalgae, yeast-
derived oils [1, 2], municipal sludge [3], and waste 
cooking oil [4] have also been used for biodiesel 
production via transesterification [5]. One of the main 
challenges of using raw vegetable oils or other high-lipid 
materials as alternative fuels in compression ignition 
engines is their high viscosity [6, 7]. Various techniques, 

including direct use and blending, microemulsion, 
pyrolysis, transesterification, and hydroprocessing, have 
been explored to address the viscosity issues associated 
with triglyceride-rich materials [8, 9]. 

Among these methods, transesterification is still the most 
widely used method for achieving this goal [10, 11]. To 
meet both the growing demand for fuel and climate 
change mitigation commitments, biodiesel is an 
appealing alternative fuel [12, 13]. Demand for biodiesel 
has increased over the last few decades due to policy 
mandates in several countries requiring biodiesel to be a 
part of the transportation energy mix [14, 15]. 
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Among the many important benefits of biodiesel are its 
renewability, biodegradability, miscibility in diesel, 
cleaner emission profile, and similar fuel properties [16–
18]. The feedstock's fatty acid composition significantly 
impacts several biodiesel properties, such as viscosity, 
density, cold flow characteristics, oxidative stability, 
cetane number, and others [19]. Due to its poor stability 
and poor performance at low temperatures, the fuel's 
widespread acceptability is limited [20, 21]. 

The saturated fractions of biodiesel contribute to its 
stability, but they can negatively affect its performance at 
low temperatures, particularly if they consist of long-
chain saturates. At low temperatures, these long-chain 
saturated esters tend to crystallize due to their high 
melting points [22]. The cloud point (CP) is the highest 
temperature at which these crystals are first observed 
during a controlled cooling process. As the temperature 
drops further, the crystals continue to form and grow 
until the fuel reaches a point where it can no longer be 
pumped, known as the pour point (PP) [23]. As a result, 
biodiesel with a high concentration of long-chain 
saturated components may struggle in colder climates. 
To improve low-temperature performance, various 
strategies have been explored, such as blending with 
diesel or biodiesel with higher unsaturated content, 
adding cold-flow improvers, using alcohols with long or 
branched chains, and selective crystallization-
fractionation (winterization) [22]. 

In contrast, biodiesel's unsaturation points are easily 
attacked, which sets off a series of oxidative reactions 
mediated by radicals that break down the parent 
molecule into various small chain compounds. Certain 
storage conditions, such as exposure to air, sunlight, 
moisture, metals, and other foreign materials, 
exacerbate the condition [24]. Therefore, both fatty 
acids—saturated and unsaturated—have benefits and 
drawbacks [19]. 

Under carefully regulated cooling conditions, 
winterization entails the selective crystallization of long-
chain saturated components. The crystallized fractions 
are subsequently extracted. Selective removal of 
saturated fractions enriches the fuel in unsaturated 
mono-alkyl esters. Unsaturated fractions have a 
favorable effect on CFPs and viscosity, but they render 
the fuel susceptible to oxidative damage [19]. The fatty 
acid esters with multiple double bonds (polyunsaturated) 
are especially concerning [25]. Inadequate stability 
reduces the fuel's capacity for long-term storage.  

The current quality of Indonesian commercial biodiesel is 
generally suboptimal due to the impact of certain fatty 

acid levels, which result in several performance 
drawbacks. The composition of fatty acids is a key factor 
in determining biodiesel quality [26, 27].. One of the 
limitations of biodiesel is its compatibility with 
petrodiesel blends, highlighting the need for quality 
improvements. To meet high-performance standards, 
Soerawidjaja [28] suggests that biodiesel should exhibit 
superior oxidation stability (>20 hours), a cetane number 
above 60, a cloud point (CP) below 5°C, and an ideal 
viscosity. Helwani et al. [27] proposed that one way to 
achieve this is by reducing polyunsaturated fatty acid 
(PUFA) levels through fractionation, resulting in a 
saturated biodiesel fraction with an iodine number of less 
than 30–40 g I2/100 g. 

SFA and UFA are typically combined, and they need to be 
separated using a fractionation technique [29]. Among 
various methods, Schlenk & Holman [30] suggested that 
the urea inclusion compounds (UIC) method is a 
commercially viable option. This separation technique 
works by exploiting urea’s inability to form inclusion 
complexes with polyunsaturated fatty acids (PUFA), 
allowing other fractions to be adsorbed [31]. Using this 
method, Bi et al. [26] successfully obtained a fraction with 
linolenic acid content that complies with the European 
Standard for Biodiesel (<12%), enhancing the efficiency of 
using fatty acid methyl esters (FAME) as a fuel. 

Various methods for FAME fractionation have been 
developed, including distillation, supercritical extraction, 
and UIC [29, 32]. Distillation requires significant energy 
and can lead to material degradation due to thermal 
stress. Additionally, the supercritical extraction method 
involves high initial capital costs. Previous research has 
explored using AgNO3 as a solvent for biodiesel 
extraction to separate PUFA from SFA and MUFA, but the 
cost remains prohibitively high [27]. In contrast, the UIC 
method is more efficient, as it does not require 
specialized equipment and consumes less energy. This 
technique has proven to be the most commonly used 
primary fractionation method for increasing PUFA 
concentration [29, 33]. Furthermore, the UIC method is 
particularly well-suited for biodiesel production in 
regions with milder climates compared to tropical areas, 
thus enhancing the sustainability of the biodiesel 
production process and making it a more viable option 
for various environmental conditions. As biodiesel 
demand continues to grow globally, especially in areas 
with temperate climates, the use of UIC for FAME 
fractionation is increasingly recognized as a key process 
to improve fuel quality while minimizing energy costs and 
environmental impact. 
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Table 1. Levels of the fractionation variables studied in this experiment. 

Variable Coding Unit 
Levels 
-α -1 0 1 α 

FAME/methanol ratio X1 % (w/v) 4 5 6 7 8 
Crystallization Temp X2 °C 17 18 20 22 23.5 
Crystallization time X3 hr 2.5 3 4 5 6 

   Note: α = 1.68 
 
During the urea inclusion process, the urea compound, 
with its spiral structure, surrounds the linear 
hydrocarbon chains found in SFA components and some 
MUFA, forming a stable solid phase known as the urea-
complexed fraction (UCF). However, urea struggles to 
form complexes with molecules that have double bonds 
or larger molecular structures, characteristics typically 
found in PUFA and some MUFA. These compounds 
remain in the filtrate, known as the non-urea-complexed 
fraction (NUCF) [29]. Several factors influence the yield 
and purity of each fraction when concentrating them, 
including the ratio of urea and alcohol solvent (C1-3) to 
FAME, as well as the crystallization time and temperature 
[33]. 

It is crucial to determine the optimal levels of the 
FAME/methanol ratio, crystallization time, and 
temperature in relation to the urea-to-methanol ratio 
and the FAME-to-urea ratio to enhance the concentration 
of the NUCF and UCF phases using the UIC method. To 
achieve this, Response Surface Methods (RSM) can be 
employed. The outcome would identify factor levels that 
result in optimal iodine values. Therefore, the objective of 
this research is to identify the ideal levels of the 
FAME/methanol ratio, crystallization time, and 
temperature that maximize yield and iodine number 
through the UIC method. 

2. Materials and Methods 

2.1. Materials and Tools 

The materials utilized in this study included biodiesel 
feedstock from PT. Wilmar, urea, methanol, 
demineralized water, silica gel, carbon tetrachloride, 
potassium iodide, sodium thiosulfate, starch solution, 
and Wijs solution, all with a purity level of 99%. The 
equipment employed consisted of a glass beaker, 
desiccator, separating funnel, hot plate, magnetic stirrer, 
measuring cup, stand with clamps, a distillation setup, 
analytical balance, and an oven. 

2.2. Solvent Extraction Stage 

FAME and methanol mixtures with ratios of 1:5, 1:6, and 
1:7 (v/v) were introduced into the extraction apparatus. 
Urea/methanol solvents with a ratio of 1:3 (w/v) were 
then added to the apparatus at temperatures of 18 °C, 20 

°C, and 22 °C, respectively, and stirred for 3, 4, and 5 
hours. After stirring, the mixture was transferred to a 
separating funnel and left to stand until two distinct 
layers formed. The upper layer, consisting of the oil 
phase, was separated from the lower aqueous phase, 
and the iodine value of the oil phase was analyzed. The 
bottom layer was then cooled to 15 °C to form urea 
crystals and an aqueous phase. The aqueous phase was 
separated from the urea crystals, and the iodine number 
was analyzed in this phase as well. 

2.3. Iodine Number Analysis 

The iodine number was determined following the 
method outlined in SNI 01-3555-1998. The sample was 
placed in a 500 mL Erlenmeyer flask, to which 15 mL of 
carbon tetrachloride and 25 mL of Wijs solution were 
added. The flask was sealed and kept in a dark 
environment for 1 to 2 hours. Afterward, 10 mL of 20% 
potassium iodide (KI) solution and 200 mL of distilled 
water were added, and the flask was shaken. Finally, 2 mL 
of a 0.5% (v/v) starch solution indicator was added, and 
the mixture was titrated using a 0.1 N sodium thiosulfate 
standard solution. 

2.4. Gas Chromatography-Mass Spectrometry (GC-MS) 
Analysis 

The composition of the biodiesel was analyzed using GC-
MS (Shimadzu, equipped with RTX-5 MS columns with 
dimensions of 30 × 0.25 mm × 0.25 µm and an AOC-20i 
auto-injector). The samples were diluted 20-fold with 
hexane before being injected into the columns for 
analysis. In this study, we hypothesize that a second-
order response surface model can be used to identify 
optimal points, as the characteristics of the analysis help 
determine the stationary point, which could represent a 
maximum, minimum, or saddle point in the response. To 
fit the second-order model, the Central Composite 
Design (CCD) was employed. This design allows for 
examining the linear, quadratic, cubic, and interaction 
effects of the three process variables (FAME/methanol 
ratio, crystallization time, and crystallization 
temperature) on the yield and iodine value (response) of 
the UCF and NUCF products obtained in the experiment. 
Table 1 outlines the ranges and levels of the three 
independent variables used in the study. The  
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Table 2. Fatty acid/ester composition of the initial biodiesel sample (sourced from PT. Wilmar). 

No. Component % 
1 Methyl laurate (C12:0) 0.68 
2 Methyl myristate (C14:0) 2.15 
3 Methyl palmitate (C16:0) 39.15 
4 Methyl stearate (C18:0) 7.20 
5 Methyl oleate (C18:1) 42.40 
6 Methyl linoleate C18:2) 5.88 
7 Others 2.54 
Total 100 

Table 3. Saturated and unsaturated fatty acid composition in the initial biodiesel sample 

No. Biodiesel feed (FAME) % 
1 Saturated FAMEs 49.18 
2 Monounsaturated FAMEs 42.40 
3 Polyunsaturated FAMEs 5.88 
4 Others 2.54 

 

𝑋1 =
FAME/methanol ratio − (low + high)/2

(high − low)/2

=
𝜉1 − 6

1
 

(1) 

 

𝑋2 =
Crystallization Temp − (low + high)/2

(high − low)/2

=
𝜉2 − 20

2
 

(2) 

 

𝑋3 =
Crystallization Time − (low + high)/2

(high − low)/2
 

=
𝜉3 − 4

1
 

(3) 

relationships between the coded and uncoded variables 
are illustrated in Equations 1-3. 

The CCD used in this study consisted of twenty 
experimental points derived from three components: 
eight points from a two-level factorial design, six axial (or 
star) points, and six center points. The two-level factorial 
design, represented by 2𝑘 (where 𝑘 = 3 factors), included 
one minimum and one maximum level, yielding eight 
combinations: (-1,-1,-1), (-1,-1,1), (-1,1,-1), (-1,1,1), (1,-1,-1), 
(1,-1,1), (1,1,-1), and (1,1,1). The six axial points were 
positioned at (-α,0,0), (+α,0,0), (0,-α,0), (0,+α,0), (0,0,-α), 
and (0,0,+α). The six center points were located at (0,0,0). 
In this CCD, the alpha (α) value was set at 1.68, 
determined by the formula 𝛼 = (𝑛𝐹)1/4, where 𝑛𝐹 
represents the number of cube points [34]. 

3. Results and Discussion 

3.1. GC-MS Analysis and Characterization of Biodiesel 

In the fractionation stage of this research, direct 
processing of oils, vegetable fats, or fatty acid esters was 
not conducted; instead, biodiesel sourced from PT 

Wilmar was used as the raw material for 
experimentation. The fatty acid ester/acid composition of 
this biodiesel, as determined by GC-MS analysis, is 
presented in Table 2. The biodiesel sample from PT 
Wilmar has a cetane number of 58, a viscosity of 4.4, a 
density of 856.7 kg/m³, and a flash point of 158°C. 

Table 3 details the composition of saturated, 
monounsaturated, and polyunsaturated FAME fractions 
based on data from GC-MS chromatograms. The iodine 
value of the biodiesel, measured using the Wijs method, 
is 57.22 g I2/100 g of sample, with an oxidation stability 
of 14.22 hours. This lower oxidation stability is attributed 
to the high concentration of PUFA in the biodiesel. 

3.2. RSM Development 

For each response, a mathematical model was 
constructed to establish the relationship between the 
process variables. The model incorporated first-order, 
second-order, and interaction effects and was expressed 
using a second-order polynomial equation (Equation 4): 

𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽11𝑋12 + 𝛽22𝑋22

+ 𝛽33𝑋32 + 𝛽12𝑋1𝑋2 + 𝛽13𝑋1𝑋3

+ 𝛽23𝑋2𝑋3 
(4) 

where Y represents the predicted heating value and 
compressive strength, Xi and Xj represent the variables in 
code, b0 is the offset term, bj is the linear effect, bij is the 
first-order interaction effect, and bjj is the squared effect. 

Table 4 summarizes the yield and iodine number (IN) 
responses analyzed using the Central Composite Design 
(CCD) with three factors: FAME/methanol ratio (ξ1), 
crystallization temperature (ξ2), and crystallization time 
(ξ3). The results for Urea Complexed Fraction (UCF) and 
Non-Urea Complexed Fraction (NUCF) are presented. 
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Table 4. Summary of various research responses to the yield (Y1) and iodine number (Y2). 

Run FAME/Methanol 
ratio(w/v) 

Temp (oC) Time (hr) 
Yield 
(%) (Y1) 

IN (g I2/g Biodiesel) (Y2) 

UCF NUCF UCF NUCF 
1 6 23.5 4 33.11 8.01 34.6 107.69 
2 6 20 4 72.04 9.17 30.47 118.48 
3 6 20 2.5 62.02 8 37.29 113.48 
4 6 20 4 54.76 8.09 34.25 114.12 
5 6 20 6 86.57 6.79 34.18 123.66 
6 5 18 5 69.86 2.95 39.96 115.92 
7 5 22 3 67.31 5.23 37.31 113.53 
8 6 20 4 69.67 9.31 35.13 114.91 
9 7 18 5 68.24 10.28 37.09 117.46 
10 6 20 4 66.25 9.5 34.69 113.35 
11 6 17 4 43.56 6.68 38.83 107.35 
12 6 20 4 65.15 7.68 33.4 112.19 
13 7 22 3 60.57 11.16 32.18 110.58 
14 4 20 4 75.77 2.13 39.34 124.53 
15 6 20 4 49.81 9.26 34.49 110.06 
16 5 22 5 71.29 6.19 38.7 120.73 
17 7 18 3 60 10.63 32.51 110.86 
18 5 18 3 51.87 3.91 40.35 109.99 
19 7 22 5 65.39 11.98 31.88 112.96 
20 8 20 4 63.39 12.65 29.39 112.87 

 

 

Figure 1. Normal plot versus residual (a) UCF yield (b) IN of UCF iodine (c) Yield NUCF (d) IN of NUCF. 
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Table 5. Statistical model summary. 

 Response 
Yield UCF Yield NUCF IN UCF IN NUCF 

Model Quadratic Quadratic Quadratic Quadratic 
Sum of Squares 1527.74 6.05 21.19 165.81 
Degree of freedom 9 9 9 9 
Mean Square 509.25 2.02 7.06 55.27 
F-value 8.81 4.02 3.60 8.24 
p-value Prob >F 0.0037 0.0409 0,0537 0,0047 
Standard Deviation 7.60 0.71 1.40 2.59 
R2 0.8942 0.9681 0.8900 0.8436 
Adjusted R2 0.5900 0.9394 0.7909 0.7028 
Predicted R2 0.2340 0.8688 0.2787 0.3727 
Press 2052.83 20.65 128.55 268.92 

Table 6. Summary of the F-Value for each response variable. 

Response Source of 
variable 

DF SS MS F-value p-value 

UCF yield Regression 
Error 
Lack of fit 
Pure error 
Total  

9 
10 
5 
5 
19 

2101.80 
578.27 
195.02 
383.25 
2680.07 

0.6141 
57.83 
39.00 
76.65 

4.04 
 
0.51 

0.0201 
 
0.7619 

NUCF yield Regression 
Error 
Lack of fit 
Pure error 
Total  

9 
10 
5 
5 
19 

152.41 
5.02 
2.17 
2.85 
157.43 

16.93 
0.50 
0.43 
0.57 

33.74 
 
0.76 

<0.0001** 
 
0.6141 

UCF IN Regression 
Error 
Lack of fit 
Pure error 
Total  

9 
10 
5 
5 
19 

158.61 
19.61 
14.88 
4.73 
178.22 

17.62 
1.96 
2.98 
0.95 
 

8.99 
 
3.15 

0.0010** 
 
0.1168 

NUCF IN Regression 
Error 
Lack of fit 
Pure error 
Total  

9 
10 
5 
5 
19 

361.63 
67.07 
27.06 
40.00 
428.69 

40.18 
6.71 
5.41 
8.00 

5.99 
 
0.68 
 
 

0.0049** 
 
0.6607 

 
The accuracy of the model can also be determined by 
comparing the study's actual value with predictions from 
the standard deviation. The model's (predicted) results 
were expressed as a straight line, and the research 
results' (actual) data were represented in the form of 
scattered boxes, as shown in Figure 1. This has excellent 
precision, so the data obtained did not have a wide 
spread. 

 Figure 1 illustrates that the data obtained shows a 
uniform distribution, indicating alignment between the 
models and the data for each response variable. The F 
table value was represented as F(α, df1, df2), with the 
probability level set at α = 0.05, where df refers to the 
degrees of freedom. A summary of the response 
curvature test results is provided in Table 5. The p-values 
of the model for both responses met the requirements 
for the p-value regression test, with p-values less than α 
= 0.05. These p-values were used to evaluate the 

influence of components on yield and iodine number 
variables. For both the yield and iodine number 
responses, the lack-of-fit p-values were insignificant 
(Table 6), indicating that errors resulting from model 
selection were not significant. 

The model of UCF yield in uncoded form is presented in 
Equation 5: 

𝑈𝐶𝐹 𝑦𝑖𝑒𝑙𝑑 =  62.93 −  1.97 𝐴 –  0.22 𝐵 
+  5.59 𝐶 –  2.39 𝐴 ∗  𝐵 –  1.11 𝐴 
∗  𝐶 +  2.18 𝐵 ∗  𝐶 + 3.13𝐴 
∗  𝐴 –  7.92 𝐵 ∗  𝐵 + 4.80 𝐶 ∗  𝐶 

(5) 

  

For instance, using the model with a FAME-to-methanol 
ratio of 5, a crystallization temperature of 18 °C, and a 
crystallization time of 3 hours, the UCF yield is calculated 
to be 60%. This value is determined by the equation: 60% 
= 62.93 - 1.97(5) – 0.22(18 °C) + 5.59(3 hr) – 2.39(5)(18 °C) 
– 1.11(5)(3 hr) + 2.18(18 °C)(3 hr) + 3.13(5)(5) – 7.92(18 
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Table 7. p-value summary for the response of UCF and NUCF yield. 

Source  p-Value of UCF yield p-Value of NUCF yield p-Value of UCF IN p-Value of NUCF IN 
constant 0.000* 0.000* 0.000* 0.000* 
A 0.3602 <0.0001* <0.0001* 0.0154* 
B 0.9175 0.0062* 0.0083* 0.6744 
C 0.0217* 0.5633 0.9925 0.0021 
AB 0.3942 0.2719 0.7607 0.1033 
AC 0.6874 0.8193 0.4269 0.5835 
BC 0.4366 0.1541 0.4520 0.6956 
A2 0.1494 0.0553 0.5648 0.0519 
B2 0.0027 0.0478* 0.0173* 0.0049* 
C2 
R2 

0.0377 
0.7842 

0.0562 
0.9681 

0.0854 
0.8900 

0.0049* 
0.8436 

  Note: * means significant at α = 0.05 
 
°C)(18 °C) + 4.80(3 hr)(3 hr). However, this 60% yield does 
not represent the maximum value achievable under 
these conditions, indicating that further optimization 
may be possible. 

The model of the UCF Iodine Number in uncoded form is 
presented in Equation 6: 

𝑈𝐶𝐹 𝐼𝑁 =  34.05 –  2.88 𝐴 − 1.24 𝐵 +  0.003634 𝐶 
+  0.15 𝐴 ∗ 𝐵  +  0.41 𝐴
∗  𝐶 –  0.39 𝐵 ∗ 𝐶 +  0.22𝐴 ∗ 𝐴 
+  1.05 𝐵 ∗ 𝐵 + 0.70𝐶 ∗ 𝐶   

(6) 

For instance, using the model with a FAME-to-methanol 
ratio of 5, a crystallization temperature of 18 °C, and a 
crystallization time of 3 hours, the UCF iodine number (IN) 
is calculated to be 32.51 g I₂/100 g. This value is 
determined by the equation: 32.51 g I₂/100 g = 34.05 – 
2.88(5) - 1.24(18 °C) + 0.003634(3 hr) + 0.15(5)(18 °C) + 
0.41(5)(3 hr) – 0.39(18 °C)(3 hr) + 0.22(5)(5) + 1.05(18 °C)(18 
°C) + 0.70(3 hr)(3 hr). However, this iodine number is not 
the maximum value possible, suggesting that additional 
optimization might yield higher values. 

In the UCF yield response variable model, the main 
effects of C, A2 and C2, and the interaction effects of BC 
were significant (Table 7, Figures 2–4). The determination 
coefficient (R2) of the UCF yield was 89.42%, which means 
that the model could explain UCF yield accurately 
because it was near 100%. For UCF IN, the main effects of 
C, A2, B2, C2 and the interaction effect of AB and AC were 
significant (Table 7, Figures 6 and 7). The R2 of 
compressive strength was 96.81%, which means that the 
NUCF yield could be largely explained by A and B through 
the model. 

3.3. UCF Yield Analysis 

Surface response graphs that show interactions between 
crystallization temperature (B) and crystallization time (C) 
with the UCF yield in FAME/methanol ratio of 5, 6, and 7, 
respectively, can be seen in Figure 2. At a FAME/methanol 

ratio of 5 and 7, the maximum UCF yield was achieved at 
a crystallization temperature of 22 C and a crystallization 
time of 3.5 hours, yielding 67.56% and 74.61%. In the 
meantime, the maximum UCF yield at a FAME/methanol 
ratio of 6 was achieved at a crystallization temperature of 
20 °C and a crystallization time of 6 hours, respectively, 
yielding 86.57%.  

Petratama & Pratama [35] state that the amount of 
methanol used as a solvent to dissolve urea and FAME in 
urea inclusion can change the solubility of urea in 
solution. The solubility of urea in solution will decrease 
with increasing solvent concentration, limiting urea's 
ability to incorporate saturated fatty acids. According to 
Jumari et al. [36], the more saturated fatty acids are 
absorbed in urea crystals, the longer the complexation 
time and the lower the complexation temperature. 

Based on Figure 3, at a crystallization time of three hours, 
the maximum UCF yield of 60.69% was achieved at a 
temperature of 20 °C and a FAME/methanol ratio of six. 
With a FAME/methanol ratio 6 and a crystallization 
temperature of 20 °C, the maximum UCF yield was 
achieved after 4 hours of crystallization. At a 
FAME/methanol ratio of 7 and a crystallization 
temperature of 22 °C, the maximum UCF yield was 
achieved over a 5-hour crystallization period. According 
to Setyawardhani et al. [37], the solubility of inclusions 
between urea and fatty acids decreases with decreasing 
temperature, which promotes the formation of more 
crystals and the trapping of more saturated fatty acids in 
urea crystals. This will increase the concentration of 
saturated and some monounsaturated fatty acids in the 
UCF phase and increase the UCF yield. 

Figure 4 visualize the influence of variable conditions on 
UCF yield. At a crystallization temperature of 18 °C, the 
highest UCF yield was obtained at 71.67% at a 
FAME/methanol ratio of 7 and a crystallization time of 3.5 
hours. The highest UCF yield at a crystallization 
temperature of 20 °C with a FAME/methanol ratio of 6  
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Figure 2. Graph and contour of surface response of the crystallization temperature and crystallization time effect on the UCF yield of 
FAME/methanol ratio (a) 5 (b) 6, and (c) 7. 

 

 

Figure 3. Graph and contour of surface response of the crystallization temperature and FAME/methanol ratio effect on the UCF yield of 
crystallization time, (a) 3 (b) 4, and (c) 5 hr. 

 
And a crystallization time of 4 hours was obtained at 
78.21%. Meanwhile, at a crystallization temperature of 22 
°C, the highest UCF yield was obtained at 71.14% at a 
FAME/methanol ratio 7 and a crystallization time of 5 
hours. 

 

3.4. UFC Iodine Number Analysis 

Surface response graphs that show the interactions 
between variable crystallization temperature (B) and 
crystallization time (C) with UCF IN of FAME/methanol 
ratio can be seen in Figure 5. The UCF iodine number at 
the FAME/methanol ratio of 5 was 39.879 g I2/100 g 
obtained at a crystallization temperature of 22°C and a 
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Figure 4. Graph and contour of surface response of the crystallization time and FAME:methanol ratio effect on the UCF yield of 
crystallization temperature (a) 18 (b) 20, and (c) 22 °C. 

 

 

Figure 5. Graph and contour of surface response of the crystallization temperature and crystallization time effect on the UCF IN of 
FAME/methanol ratio (a) 5 (b) 6, and (c) 7. 

 
crystallization time of 5 hours. The highest iodine number 
at the FAME/methanol ratio of 6 was 37.325 g I2/100 g 
obtained at a crystallization temperature and time of 20 
°C and 5 hours. When the FAME/methanol ratio was 
raised to 7, the UCF iodine number was recorded at 

34.971 g I2/100 g, with a crystallization time of 4.5 hours 
and a temperature of 22 °C. 

The UCF product's iodine number will rise as the 
crystallization time increases. Jumari et al. [36] state that 
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Figure 6. Graph and contour of surface response of the crystallization temperature and FAME/methanol ratio effect on the UCF IN of 
crystallization time, (a) 3 (b) 4, and (c) 5 hr. 

 

 

Figure 7. Graph and contour of surface response of the crystallization time and FAME/methanol ratio effect on the UCF IN of 
crystallization temperature (a) 18 (b) 20, and (c) 22 °C. 

 
the Iodine number increases with a longer complexation 
time. This indicates that more fatty acids form complexes 
with urea, which increases the amount of unsaturated 
fatty acids in the oil. While the urea complexation process 

proceeds rather quickly, forming inclusions containing 
saturated fatty acids is slow. The oil still 
contains  saturated fatty acids if the inclusion period is 
too short.
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Table 8. Maximum points of yield and iodine number (IN) of UCF and NUCF products with the factor levels. 

Crystallization 
temp (°C) 

Crytallization 
time (hr) 

FAME/ 
Metanol 

Ratio 
UCF IN UCF yield NUCF IN NUCF yield Desirability 

20 5 5.29 36.13 74.67 120.73 6.319 0.779 
20 5 5.32 36.18 75.82 120.73 6.255 0.779 
20 5 5.32 36.19 75.92 120.73 6.237 0.779 
20 5 5.33 36.23 76.09 120.73 6.203 0.779 

 
Surface response graphs that show the interactions 
between variable crystallization temperature (B) and 
FAME/methanol ratio (A) with UCF IN of crystallization 
time can be seen in Figure 6. The iodine number of UCF 
was measured at 38.454 g I2/100 g at a FAME/methanol 
ratio of 7 and a crystallization temperature of 22 °C after 
a 3-hour crystallization period. The iodine number of UCF 
dropped to 37.121 g I2/100 g after 4 hours of 
crystallization, with a FAME/methanol ratio of 7 and a 
crystallization temperature of 22 °C. The UCF product's 
iodine number further dropped to 36.365 g I2/100 g at a 
crystallization temperature of 22 °C and a 
FAME/methanol ratio of 7 as the crystallization time 
increased to 5 hours. The iodine number of the UCF 
product generally decreases with increasing 
crystallization time; a similar decrease in iodine number 
is observed with increasing FAME/methanol ratio and 
crystallization temperature. 

Surface response graphs that show interactions between 
crystallization time (B) and FAME/methanol ratio (C) with 
the UCF IN in crystallization temperatures 18, 20, and 22 
℃, respectively, can be seen in Figure 7. The highest UCF 
iodine number of 39.59 g I2/100 g was obtained at a 
FAME/methanol ratio of 7 and a crystallization time of 4.5 
hours at a temperature of 18 °C. The maximum UCF 
iodine number of 37.25 g I2/100 g was obtained at a 
FAME/methanol ratio 6 and a crystallization time of 4 
hours if the temperature was raised to 20 °C. In the 
meantime, with a FAME/methanol ratio of 7 and a 
crystallization time of 5 hours, the highest UCF iodine 
number dropped to 36.77 g I2/100 g at a temperature of 
22 °C. Helwani et al. [27] have identified certain 
requirements for high-performance biodiesel, including 
an iodine number in the UCF phase within 30–40 g 
I2/100g. The study found that the UCF product's iodine 
number varied between 29.39 - 40.35 g I2/100 g. The 
optimal iodine number of 30.47 g I2/100 g was achieved 
at a FAME/methanol ratio 6 after 4 hours of crystallization 
and 20 °C crystallization temperature. 

3.5. Optimization Results 

The optimization results from the Design Expert 7.0 
software are summarized in Table 8. The optimal UCF 
yield and iodine number were obtained by balancing the 
FAME/methanol ratio, crystallization temperature, and 

time. The best results were achieved at a crystallization 
temperature of 20 °C, crystallization time of 5 hours, and 
a FAME/methanol ratio of approximately 5.29. Under 
these conditions, the UCF yield reached 74.67%, and the 
iodine number was 36.13 g I₂/100 g. With a slight 
adjustment of the FAME/methanol ratio to 5.33, the UCF 
yield increased to 76.09%, and the iodine number 
reached 36.23 g I₂/100 g. The corresponding NUCF yield 
was low, approximately 6.20%, but the iodine number of 
the NUCF phase was significantly higher at 120.73 g I₂/100 
g. The desirability score for these optimal conditions was 
calculated at 0.779, indicating a high level of optimization 
for both yield and iodine number.  

4. Conclusions 

The biodiesel fractionation process produced the lowest 
iodine number of UCF products, measuring 30.47 g I2/100 
g at a FAME/methanol ratio of 6 after 4 hours of 
crystallization at 20 °C. This value satisfies the 
requirements of high-performance biodiesel (30–40 g 
I2/100 g). Concurrently, the maximum yield of UCF 
product (86.57%) was achieved at a FAME/methanol ratio 
of 6, 5.68 hours of crystallization time, and 20 °C 
crystallization temperature. The optimum conditions for 
separating saturated and polyunsaturated methyl esters 
from biodiesel mixtures at a FAME/methanol ratio of 5, a 
crystallization temperature of 20 °C and a crystallization 
time of 5 hours obtained a UCF yield of 74.67%, and a UCF 
iodine number of 36.13 g I2/100 g. Compared to earlier 
studies, the iodine number obtained is more in line with 
the value of a high-performance biodiesel product. 
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