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A B S T R A C T   

In this study, imidazole was used for the first time in esterification of free fatty acid (FFA) from acidic oil and for 
palmitic acid imidazole production. The FFA content in jatropha oil mixed with crude palm oil (CPO) was 
significantly reduced from 10.57% to 1.73% under the following optimum conditions (25% imidazole dosage, 30 
mins of reaction time, reaction temperature at 60 ◦C and methanol to oil molar ratio of 20:1). This research opens 
up new possibilities for utilizing imidazole as a catalyst in various esterification processes, offering a promising 
and eco-friendly pathway for industrial applications.   

1. Introduction 

One of the most common fatty acids in nature is palmitic acid, a 
saturated long-chain fatty acid [1]. Fatty acids and glycerol serve as vital 
raw materials, especially in oleochemical industries, and can be pro-
duced through the hydrolysis of fats and oils [2]. Hydrolysis is a 
chemical process that breaks down complex organic molecules into 
simpler monomers [3]. Being the largest palm oil exporters globally, 
Malaysia possesses its unique technology and formulation to ensure the 
production of high-quality palm oil [4]. The chemical esterification 
process, whether conducted with or without a catalyst, entails the sep-
aration of free fatty acids (FFA) from crude palm oil (CPO) under high- 
temperature conditions and within an inert medium [5]. 

The majority of palmitic acid (16 carbons) synthesis occurs either 
endogenously from other fatty acids, carbohydrate or from dietary 

intake [6]. It is frequently present in a variety of plant and animal oils, 
including palm oil and animal fats [7]. Fadzel et al. [8] reported that the 
content of palmitic acid and oleic acid in the range of 49 to 68% and 24 
to 34%, respectively has been observed in various samples. Further-
more, a stearin variant with 79% palmitic acid content and 60% tri-
palmitoylglycerol (PPP) content is available, predominantly utilized as a 
firm base for soft margarine production and as a constituent in infant fat 
formulas. Moreover, palmitic acid is used in a variety of processes, 
including the synthesis of cellular membranes, energy storage, cosmetic 
ingredient and as a food additive [9,10]. 

Palmitic acid imidazole (PI) is a derivative of palmitic acid that holds 
significant interest in both industrial applications and academic 
research. It has one aliphatic chain, pentadecane, that links directly to 
the imidazole moiety and one palmitic unit that is attached to the 
imidazole moiety through an ethanamide unit. Due to its long aliphatic 
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chain, heteroatoms, and π - bonds, PI has been used extensively as an 
effective corrosion-inhibiting molecule [11]. Imidazole derivatives have 
recently been reported to be both non-toxic and favorable to the envi-
ronment [12]. Additionally, the water and oil solubility of the imidazole 
derivatives makes it simple to apply to a variety of applications [13]. In 
biological systems, imidazole derivatives possess a distinctive structural 
feature in the form of the imidazole ring, which exhibits desirable 
electron-rich characteristics. As a result, these derivatives can readily 
engage with numerous enzymes and receptors through a range of weak 
interactions, enabling versatile binding capabilities [14]. Previously, 
various imidazole analogues or derivatives have been reported to exhibit 
organocatalytic activities, particularly in hydrolysis-based chemical re-
actions [15]. Furthermore, imidazole has been discovered to accelerate 
the homogeneous esterification of starch over a limited number of cycles 
[16]. From the literature, it is evident that transesterification or esteri-
fication often utilizes polyhydric alcohols along with fatty acids derived 
from plants or animals [17]. 

Herein, in this study, imidazole is explored for the first time as an 
esterification catalyst for non-edible oils, which could be useful in 
converting low-grade oils into fatty acid imidazole or palmitic acid 
imidazole. This synthesis process requires careful consideration of re-
action conditions, such as reaction temperature, catalyst dose, molar 
ratio, and reaction time, to achieve high yields. Furthermore, the study 
of molecular interaction of the resulting PI is essential to confirm its 
structure and verify its successful as an esterification catalyst. The 
research findings may shed light on new avenues for using this com-
pound in areas such as pharmaceuticals, materials science and 
biotechnology. 

2. Materials and methods 

2.1. Raw materials and chemicals 

The Jatropha curcas was obtained from local mills at Kordofan, west 
of Sudan while the crude palm oil (CPO) was obtained from local mill 
Selangor Malaysia. Methanol was acquired from Merck Sdn Bhd, 
Malaysia with purity of ≥99%. Imidazole (C3H4N2) was purchased from 
Merck Sdn Bhd, Malaysia with purity of 99%. The other chemicals, i.e., 
methanol, potassium hydroxide (KOH), isopropanol and phenolphtha-
lein were also purchased from Merck Sdn Bhd, Malaysia. 

2.2. Methodology 

2.2.1. Esterification 
Jatropha curcas oil and CPO was mix with the volume ratio of 1:3 and 

the initial FFA content was 10.57%. This Acidic oil mixture was pre-
heated to reduce the viscosity to facilitate the reaction. Jacketed reactor 
with reflux condenser control by feedback controlled system was uti-
lized for the treatment of FFA content where the preheated oil (at 70 ◦C 
for one hour) samples were esterified using methanol with the presence 
of imidazole as catalyst. This method was adopted from a previous study 
[18]. 

The operating parameters for the initial experiment were 1% imid-
azole dosage, methanol to oil molar ratio of 10:1, 60 mins of reaction 
time, temperature at 60 ◦C, and stirring speed of 350 rpm. The presence 
of imidazole fatty acid was analyzed using Fourier Transform Infrared 
(FTIR) spectrometer (Nexus 670 Fourier Transform Infrared spectrom-
eter, Thermo Nicolet, USA) and the FTIR spectra were analyzed using 
“Omnic 5.2a” software. 

The FFA content after the esterification reaction was determined by a 
standard method Ca 5a-4 according to American Oil Chemists’ Society 
(AOCS). The amount of active catalyst used in the reaction was calcu-
lated using Eq. (1). Catalyst consumption (C⋅C) is expressed as the mass 
of catalyst consumed per mass of synthesized product [18]. 

C.C =
Mcat
Mp

(1)  

where C⋅C = Catalyst consumption, Mcat = Mass of catalyst used to give 
the synthesized mass of product biodiesel (mg), Mp = Mass of synthe-
sized product biodiesel (g). 

The yield and FFA reduction were evaluated using titration accord-
ing to the standard method Ca 5a-4 by AOCS. The transesterification 
reaction for treated oil was set at 1% of KOH solubilize in methanol 
(10:1, methanol: oil) at temperature of 60 ◦C, for 30 mins and stirring 
speed of 350 rpm [19]. 

Conversion =
FFAIN − FFAFIN

FFAIN
× 100% (2)  

where FFAIN and FFAFIN are the initial and final FFA value of oil before 
and after esterification (g) respectively. 

2.2.2. Optimization and reaction kinetics study 
For the optimization of esterification of FFA, several parameters 

were applied in this study. The parameters and range of values for the 
optimization study are listed in Table 1 below. 

The reaction kinetics were calculated for the optimum operating 
parameters after the optimization study. The order of reaction and rate 
of reaction, k was obtained by plotting graphs of concentration against 
time for all three kinetic models. The FFA content and conversion were 
determined to select the optimum operating condition for each 
parameter. 

2.2.3. σ-profile and σ-potential 
The geometry optimisation of all species involved in this study was 

performed using the Turbomole programme. The optimisation was 
performed at the Hartree–Fock level and 6-31G* basis set. The genera-
tion of .cosmo file was then conducted through a single-point calculation 
by using DFT with Becke–Perdew and the Triple-ζ Zeta Valence Potential 
(TZVP) basis set. Finally, the .cosmo files were exported to the COS-
MOthermX programme with parameterisation BP_TZVP_C30_1301.ctd. 
The σ-profile and σ-potential were generated from the global option of 
the COSMOtherm output files. 

3. Results and discussion 

3.1. Esterification of acidic oil using imidazole 

3.1.1. Effect of imidazole dosage 
The activation of imidazole showed a remarkable reduction in FFA 

content from 5.54% to 1.75% with the increased dosage from 1% to 
30%. Fig. 1 shows that the FFA content decreases and conversion in-
creases as catalyst dosage increases. As the limit or demand of final FFA 
after esterification was <2%, the optimum dosage of imidazole in 
esterification reaction was found to be at 25% as it reduces the FFA from 
10.57% to 1.82%. As the dosage of catalyst increased beyond 30%, there 
was no significant or large increase in conversion, indicating an increase 
in C⋅C. Table 2 presents the effect of imidazole dosages on yield of 
treated acidic oil and C⋅C. At optimum conditions, the yield, C.C and 
treated oil conversion using 25% imidazole were 24.83 g, 302 mg/g and 
82.78%. 

Table 1 
Range of parameters for optimization.  

Parameter Range 

Imidazole dosage 1–50 wt% 
Molar ratio (Methanol:Oil) 5–35: 1 

Reaction temperature 35–80 ◦C 
Reaction time 10–120 min  

A. Hayyan et al.                                                                                                                                                                                                                                



Catalysis Communications 183 (2023) 106749

3

3.1.2. Effect of molar ratio 
The esterification reaction is a reversible reaction therefore excess 

methanol is needed to ensure the reaction shifts to the right. The reac-
tion was performed by varying molar ratio of methanol to oil from 5:1 to 
35:1, while maintaining the reaction at 60 ◦C and 25 wt% catalyst. 

As shown in Fig. 2, the molar ratio of 20:1 (methanol:oil) resulted in 
81 wt% of conversion and 1.92% of final FFA. However, this alcohol 
concentration did not lead to spontaneous phase separation. Despite the 
increase in methanol to oil molar ratio from 20:1 to 35:1, there was no 
apparent improvement in FFA reduction. This is because of the viscous 

nature of the fluid and accumulation of methanol. Therefore, in this 
study, the optimum molar ratio was set at 20:1. 

3.1.3. Effect of reaction temperature 
The reaction temperature is another crucial factor that affects the 

yield of treated oil. Fig. 3 shows the results of the experiments conducted 
at the optimal conditions of 25 wt% catalyst and 20:1 methanol to oil 
molar ratio, after 30 mins of reaction time at various temperatures be-
tween 30 and 80 ◦C. The high FFA content of acidic oil cannot be con-
verted to 2% at temperatures below 50 ◦C. On the other hand, at 50 and 
60 ◦C the FFA content was reduced to below 2%. This is due to the 
polarity of weak acid and methanol, that provides an increase in 
miscibility of acidic oil in methanol at 60 ◦C. The final FFA increased up 
to 2.3% for 70 ◦C and 2.5% for the reaction temperature of 80 ◦C, 
exceeding the FFA limit. This is probably due to the deactivation of the 
active acid as high temperature destructs the conformational structure 
of imidazole. Hence, the reaction occurring at 60 ◦C was found to be the 
most ideal. 

3.1.4. Effect of reaction time 
Fig. 4 illustrates the varying reaction time carried out at the optimal 

conditions of 25 wt% catalyst, 20:1 (methanol: oil) at temperature 60 ◦C. 
Esterification reaction times ranged from 10 to 120 mins while other 
parameters remained constant. The reaction achieved a steady state 
within 30 mins and reduced the FFA to <2%, resulting in 83.6% con-
version. The FFA content gradually decreased away from the borderline 
of 2% after 40 mins and conversion decreased as the reaction time 
increased. After 120 mins of reaction time, 1.9% FFA content was ach-
ieved with 82% conversion. Therefore, the esterification reaction does 
not benefit from an increase in reaction time. The conversion of palmitic 
acid imidazole between 30 mins and 40 mins increased by only 1% and 
FFA content decreased by 0.11%, which is relatively insignificant. It was 
found that 30 mins are sufficient for esterifying FFA. Therefore, the 
optimal reaction time was determined as 30 mins. 

3.2. Reaction kinetics 

The kinetics analysis of the esterification using imidazole as catalyst 
were conducted by fitting the correspond data to zero order, 1st order, 
and 2nd order models. The linear fitting of the reaction kinetics model 
for the optimized operating parameters is as demonstrated in Fig. 5. 
Based on the parameters of the optimum reaction, the concentration of 
FFA was plotted against time. The order of reaction and reaction rate 
constant (k) were obtained from the kinetic model via the determination 
of coefficient of determination, R2 from linear regression model. The R2 

Fig. 1. Effect of imidazole dosage on FFA content reduction and the corre-
sponding conversion of palmitic acid imidazole at 10:1 M ratio, 60 ◦C reaction 
temperature, 60 mins reaction time and 350 rpm. 

Table 2 
Catalyst consumption of imidazole in esterification reaction.  

Dosage Yield (gm) C.C (mg/g) 

1 14.27625 21.01392 
5 17.14286 87.5 
10 18.61873 161.128 
15 22.59224 199.1834 
20 23.33018 257.1776 
25 24.83444 302 
30 25.03311 359.5238 
35 26.14002 401.683 
40 26.33869 455.6034 
45 26.87796 502.2703 
50 27.19016 551.6701  

Fig. 2. Effect of molar ratio of methanol to oil on FFA content reduction and 
the corresponding conversion of palmitic acid imidazole at 25% imidazole 
dosage, 60 ◦C reaction temperature, 60 mins reaction time and 350 rpm. 

Fig. 3. Effect of reaction temperature on FFA content reduction and the cor-
responding conversion of palmitic acid at 25% imidazole dosage, at ratio 20:1 
(methanol: oil), 30 mins reaction time and 350 rpm. 
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fits the second order reaction. In Fig. 5, the esterification facilitated by 
imidazole is illustrated as a second order reaction with a reaction rate 
constant of 0.0132 L mol− 1 min− 1. The imidazole fatty acid was 
analyzed using FTIR technique. FTIR spectrum of imidazole shows peaks 
at 3125 cm− 1 with a shoulder at 3123 cm− 1 (Ring stretching). The 
imidazole heterocycle also presents two bands due to C = C and C = N 
stretch in the ring at 1574 & 1540 and 1479 & 1470 cm− 1. The spectrum 
for raw oil after treatment with imidazole shows a peak at 3420 cm− 1 for 
the hydroxyl group –OH stretch and a shoulder peak of the fatty acid 
amide formed by the response at ~1644 for amide-I (C––O stretching) 
and 1240 cm− 1 for amide-III. This is a strong indication of forming 
imidazole fatty acid after esterification reaction. 

3.3. Validation 

The effect of mixing device used in the esterification reaction was 
also investigated using different equipment. The experiment was con-
ducted at different imidazole dosage, 20:1 (methanol: oil), at reaction 
temperature of 60 ◦C, and reaction time 30 mins. Shaker was set at 200 
rpm whereas mechanical mixer was set at 350 rpm. The results of the 
experiments did not differ significantly when shakers or mechanical 
mixers were used (Fig. 6). It is due to the fact that imidazole is already 
soluble in methanol, which results in a homogeneous mixture. Since the 

reaction is homogeneous, the mixing device will not significantly affect 
the esterification reaction. Therefore, it is proven that the choice of 
equipment for mixing has no effects on the results obtained. 

3.4. Molecular interactions 

The molecular interactions between the species involved upon mix-
ing can be qualitatively analyzed through the screening charge density 
(σ), or more specifically, σ-profile, σ-potential and σ-surfaces. In 
σ-profile and σ-potential, when the screening charge density exceeds 
±0.0084 eÅ− 2, the molecule is considered sufficiently polar to induce 
hydrogen bonding. A higher absolute value of σ leads to a stronger 
compound as a hydrogen bond donor (HBD) or a hydrogen bond 
acceptor (HBA). On the other hand, the σ-potential indicates the affinity 
of a component in a mixture towards another. In the σ-potential plot, a 
higher negative value of μ (σ) indicates an increasing interaction be-
tween molecules, whereas a higher positive value signifies an increase in 
repulsive tendency. The σ-profile, σ-potential and σ-surface of imid-
azole, methanol and FFA (e.g: palmitic acid) are depicted in Fig. 7. 

Palmitic acid clearly showed a high peak area in the non-polar region 
which is contributed by the long alkyl chain. The peak at 0.012 eÅ− 2 of 
palmitic acid belongs to the oxygen atom with two lone pair electrons of 
the carbonyl group (C=O). Upon mixing palmitic acid with imidazole 
and methanol, the intermolecular attractions occur between the 
hydrogen bond donating (blue σ-surface) and hydrogen bond accepting 
(blue σ-surface) regions of each species. In σ-potential plot, the lowest μ 
value is observed in imidazole (in HBD region) and palmitic acid (in 
HBA region) curves. This indicates a strong attraction between them, 
which is expected to induce atom transfer (esterification reaction), as 
experimentally shown by the reduced FFA content. 

On the other hand, based on the σ-potential and σ-surfaces, methanol 
is expected to act only as the solvation media. During solvation, imid-
azole and palmitic acid are surrounded by concentric shells of methanol 
molecules, forming solvation complexes. Based on this analysis, the 
proposed reaction mechanism is depicted in Fig. 8. There is an affinity 
for methanol to interact with imidazole via partial charge attraction, but 
due low attraction energy, no transfer of electron or atoms can be ex-
pected. The products of this reaction are palmitic acid imidazole and 
water. 

4. Conclusions 

This work presents a novel method for esterifying FFA using a 
pharmaceutical-based catalyst, imidazole and to prepare palmitic acid 

Fig. 4. Effect of reaction time on FFA content reduction and the corresponding 
conversion of palmitic acid imidazole at 25% imidazole dosage, at ratio 20:1 
(methanol: oil), 60 ◦C reaction temperature and 350 rpm. 

Fig. 5. Linear fitting of FFA concentration against time at 25% imidazole dosage, at ratio 20:1 (methanol: oil), 60 ◦C reaction temperature, 60 mins reaction time and 
350 rpm. 
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imidazole. The optimization and kinetics studies were carried out and 
the results were obtained. Results showed that the optimized operating 
parameters significantly reduced the acidity of acidic oil from initial FFA 
(10.57%). The optimum operating conditions for the esterification of 
FFA with imidazole catalyst was found to be 25% imidazole dosage, 30 
mins of reaction time, at temperature 60 ◦C and methanol to oil molar 
ratio of 20:1. The esterification reaction fits the 2nd order model and 
reaction rate constant was 0.0132 L mol− 1 min− 1. Molecular interaction 
and proposed mechanism were presented in this study. Results proved 
imidazole to be a simple, cheap, and active alternative green catalyst for 
esterification reaction and for production of palmitic acid imidazole. 
This may enable the use of other pharmaceutical-based materials in 
other chemical reactions as well. 
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Fig. 6. Effect of equipment used on the reduction of FFA content and the corresponding conversion of palmitic acid imidazole at different imidazole dosage, at ratio 
20:1 (methanol: oil), 30 mins reaction time, 60 ◦C reaction temperature and 350 rpm. 

Fig. 7. Screening charge densities of imidazole, methanol and FFA (palmitic acid) in view of (a) σ-profile and (b) σ-potential.  
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Fig. 8. Esterification reaction of FFA using imidazole in methanol.  
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