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HIGHLIGHTS

« Esterification of oleic acid using magnetic ionic liquid.

« Multi-objective optimization was performed for two responses.

« Both predicted yield and conversion were 83.4% at optimum conditions.

« Recycled ionic liquid can be used repeatedly without significant activity loss.

« Low activation energy and pre-exponential factor for esterification of oleic acid.

ARTICLE INFO ABSTRACT

Article history:

Received 26 January 2013

Received in revised form 26 July 2013
Accepted 6 October 2013

Available online 28 October 2013

The esterification of oleic acid in the presence of magnetic ionic liquid, 1-butyl-3-methylimidazolium tet-
rachloroferrate ([BMIM][FeCl4]) at reaction temperature of 65 °C has been investigated. Artificial neural
network-genetic algorithm (ANN-GA) was used to simultaneously optimized methyl oleate yield and
oleic acid conversion for the reaction. It was found that optimum responses for both yield and conversion
were 83.4%, which can be achieved using molar ratio methanol-oleic acid of 22:1, catalyst loading of
0.003 mol and reaction time at 3.6 h. Esterification of oleic acid at optimum condition using recycled
[BMIM][FeCly] registered not much loss in catalytic activity after six successive runs. Kinetic study indi-
cated that the reaction followed a pseudo-first order reaction, with activation energy and pre-activation
energy of 17.97 kJ/mol and 181.62 min~', respectively. These values were relatively low compared to
homogeneous or heterogeneous catalysts for esterification of oleic acid. Thus, [BMIM][FeCl,] is a prom-
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ising new type of catalyst for conversion of high free fatty acid (FFA) feeds to biodiesel.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the wake of today’s environmental concerns and limited fos-
sil fuel resources, biodiesel has stepped up to be a viable solution
to both problems. Biodiesel can be obtained via transesterification
of triglycerides or esterification of free fatty acids (FFAs), where
these reactions require the presence of alcohol to produce fatty
acid alkyl esters (FAAEs) [1]. Triglycerides occur naturally in vege-
table oils and animal fats, thus reducing the dependency on fossil
fuel for energy. Some biodiesel properties are even superior to
petroleum diesel. Its higher flashpoint ensures safety of biodiesel
during transportation or distribution, while higher cetane number
indicates that biodiesel has a higher combustion efficiency [2].
Generally, carbon monoxide, carbon dioxide, oxides of nitrogen
and sulfur oxides are reduced for exhaust emissions from biodiesel
combustion [3]. The reductions are beneficial for the environment,
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especially carbon dioxide as it is one of the main greenhouse gases
that contributes to global warming phenomena.

Different range of materials can be used for biodiesel synthesis.
These include vegetable oils such as soybean, rapeseed, canola, and
palm [1]. In order to avoid competition with food sector, non-edi-
ble sources are utilized. Examples of these types of feedstock are
waste cooking oil (WCO), and Jatropha curcas. However, they usu-
ally have higher FFAs content, which is not preferable for alkali-
catalyzed process. A significant amount of FFAs in the feedstock
can reduce the efficiency of the alkaline catalyst, where FFAs react
with the catalyst and leads to the formation of soap and water
through the saponification process [2]. This reaction is undesirable
as it complicates the separation of products further downstream,
and also consumes alkali catalysts. Consequently, a longer produc-
tion process is required due to the loss of catalyst activity, and fur-
ther resulted in higher operating cost.

Acid catalysts are preferable for conversion of FFAs to alkyl es-
ters. The catalysts are able to tolerate high FFAs content in the
feedstock. Sulfuric acid (H,SO4) is usually used as the conventional
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catalyst in esterification of FFAs. Aranda et al. [4] explained that
the higher H,SO, catalytic activity in the esterification of palm
fatty acids was due to its ability to protonate the carboxylic moiety
of the fatty acid and also accelerate the formation of the tetrahe-
dral intermediate. Although the catalyst effectively converts FFAs
to biodiesel, there are some concerns regarding its utilization,
which includes corrosion to the equipments and also its effluent
is hazardous to the environment [5]. Since then, different types
of catalysts have been developed and studied in order to obtain
higher biodiesel yield. Heterogeneous catalysts allows easier sepa-
ration from products after reaction and can be further recycled,
thus eliminating dangerous acidic wastewater. Sulfated zirconia
[6], tungsten oxide zirconia [7], and heteropoly acid [8] are heter-
ogeneous catalyst that have been previously used for biodiesel
synthesis.

In recent years, there have been growing interests in using ionic
liquids (ILs) as catalysts in biodiesel synthesis. Among attractive
characteristics offered by ILs are virtually negligible vapor pres-
sure, high thermal stability, excellent solubility and miscibility
with reactants, and also the acidity and basicity of ILs that can be
tuned or controlled [9]. Ionic liquids with acidity nature are pre-
ferred for biodiesel production. Most ionic liquids involved in bio-
diesel synthesis can be categorized as Brgnsted acidic ILs [5,10,11],
while Lewis acid IL [12] and basic IL catalyst [13] have also been
applied for the synthesis. The use of ionic liquid to catalyze transe-
sterification and esterification reactions for biodiesel production
has been reviewed recently [9,14].

In the pursuit of searching for an ionic liquid catalyst that can
improve biodiesel synthesis, the magnetic property can facilitate
the separation of IL from the homogeneous reactants. Hayashi
and Hamaguchi [15] discovered a new type of IL that response to
an externally applied magnetic field, and demonstrated that the IL
showed a strong response towards a magnet placed nearby. The
magnetic ionic liquid, 1-butyl-3-methylimidazolium tetrachloro-
ferrate ([BMIM][FeCl,]) contains tetrachloroferrate anion ([FeCl,] ™),
which is said to exhibit paramagnetic properties, thus displays
magnetic behavior under the influence of magnetic field. This prop-
erty is potentially beneficial for the recovery of the catalyst and
eliminates the generation of wastewater for removing the catalyst
from the biodiesel product. The same type of IL has been employed
as catalysts in several reactions. The IL was employed for catalyzing
the synthesis of 3,4-dihydropyrimidin-2(1H)-ones via Bignelli con-
densation, where high product yields were obtained even for low
catalyst loading (i.e. 0.5-1 mmol of [BMIM][FeCl4]) [16]. In another
process, Wang et al. [17] successfully utilized the Lewis acidic
[BMIM][FeCly] to catalyze acetylation of alcohols and phenols and
also conversion of aldehydes, with the recycled IL can be reused
in six successive runs without significant drop in the product yield.
With similar characteristics suitable for catalyzing esterification
reaction, the catalyst, which has not been used in any prior studies
concerning biodiesel production, is tested in this work.

In this study, artificial neural network coupled with genetic
algorithm was employed to simultaneously optimize two re-
sponses for oleic acid esterification. It is essential to understand
that the single- and multi-objective optimization processes are
theoretically different. Bafios et al. [18] explained that single re-
sponse optimization provides only a single solution with a single
optimized solution as the outcome, while multiple responses opti-
mization gives a set of optimal solutions, particularly Pareto-based
optimization method that is based on the Pareto-dominance rela-
tionships containing non-dominated solutions. A set of non-domi-
nated solutions is known as Pareto front, where it is not possible to
improve one objective without worsening any other objective for
any of the solution [19]. Multi-objective optimization have been
successfully applied in chemical reaction processes involving
simultaneous responses, including oxidative coupling of methane

for hydrocarbons production [20], alkali-catalyzed transesterifica-
tion of waste cooking oil for biodiesel production [21], and non-
catalytic combined reforming for synthesis gas formation [22].

Kinetic studies for esterification reaction have been conducted
using both homogeneous and heterogeneous catalysts [23-27].
Activation energy (E,) is often reported to determine the minimum
amount of energy required for the esterification reaction to occur.
Esterification of free fatty acids in sunflower oil was catalyzed by
H,SO,4, followed by the development of kinetic model [23]. In the
report, they determined that the higher H,SO,4 concentration em-
ployed resulted in higher activation energy, plus the activation en-
ergy for the forward reaction was larger than for the reversed
reaction in the equilibrium system. Song and co-workers [24]
determined the kinetic parameters for esterification of oleic acid
in subcritical methanol and zinc acetate (Zn(CH5COO),) as the cat-
alyst. They found that the reaction order was 2.2, while E, was
32.6 kJ/mol. The presence of methanol in subcritical form resulted
in reasonably low activation energy compared to other reaction
using heterogeneous catalyst. Esterification of oleic acid was car-
ried out in the presence of 12-tungstophosphoric (H3PW1,04) acid
with methanol [25]. The process followed first order reaction, and
the activation energy was determined to be 51.0 kJ/mol. Although
biodiesel synthesis via esterification reaction have been conducted
using ionic liquids as catalysts [5,10], however the kinetic study of
the reaction has been scarce.

In this paper, magnetic ionic liquid (MIL), 1-butyl-3-methylimi-
dazolium tetrachloroferrite ([BMIM][FeCl4]) was utilized to cata-
lyze the esterification of oleic acid to biodiesel. Oleic acid was
chosen as the model compound for feeds with high free fatty acid
contents such as microalgae, J. curcas, and waste cooking oil. Ta-
ble 1 lists feedstocks and their respective free fatty acid contents
[28-32]. Multi-objective optimization was conducted to simulta-
neously determine the optimal value of two responses: methyl ole-
ate yield and oleic acid conversion. Next, the performance of the
recycled MIL in the process was observed and evaluated. Finally,
kinetic study of oleic acid esterification using MIL was performed
to determine the kinetic parameters, including the reaction rate
constants at different temperatures, the activation energy of the
reaction, as well as the pre-exponential factor.

2. Methods
2.1. Materials

All chemicals were commercially available and used without
further purification. Oleic acid of high purity was purchased from
QReC, New Zealand while methanol was obtained from Merck,
Germany. lonic liquid 1-butyl-3-methylimidazolium chloride
([BMIM][CI]) and ferric chloride hexahydrate (FeCl;-6H,0) were
also acquired from Merck (Germany) and were used for the prep-
aration of magnetic ionic liquid.

2.2. Catalyst preparation

The catalyst, 1-butyl-3-methylimidazolium tetrachloroferrite
([BMIM][FeCly]) was prepared following the method suggested

Table 1

Free fatty acids content in biodiesel feedstocks.
Feedstocks FFAs content (%) References
Chlorella oil 5.1 [28]
Waste cooking oil 8.7 [29]
Coconut oil 12.8 [30]
Animal fats 4.9-13.5 [31]
Jatropha curcas oil 14.0 [32]
Karanja oil 18.0 [32]
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by Wang et al. [33]. [BMIM][CI] (0.15 mol) was mixed with FeCls_
-6H,0 (0.15 mol) under vigorous stirring, and the mixture was stir-
red for 24 h. Upon completion, two distinct layers were formed,
where the darker layer containing [BMIM][FeCl4] was separated
from the light layer containing mostly water after being centri-
fuged at 4500 rpm for 10 min. The catalyst layer was then heated
in the oven at 105 °C for 24 h to evaporate water.

2.3. Design of experiment

Central composite design (CCD) was used for designing the
experiment in order to gather enough information that will be
used in the optimization part later. Three independent variables
were chosen for the experiment, namely methanol to oleic acid
molar ratio (X;), catalyst loading (X) and reaction time (X3). Table 2
tabulates the levels of independent variables and experimental
plan based on CCD. A total of 16 experiments were generated based
on CCD, including 8 factorial points, 6 axial points and 2 centre
points.

2.4. Esterification of oleic acid

The process was conducted in a 100 ml three-necked flask at-
tached to a reflux condenser, and a thermometer was used to mon-
itor the reaction temperature. In brief, 0.05 mol (15.8 ml) oleic
acid, 30.34-50.57 ml methanol (corresponding to 15:1-25:1 M ra-
tio of methanol to oleic acid), and 5-15 mmol IL were charged into
the flask. Experiments were carried out for 4-6 h, with constant
stirring rate and reaction temperature (65 °C) for all the runs. After
every reaction, the reaction mixture was poured into a separating
funnel and allowed to settle overnight after which two distinct lay-
ers were observed in the funnel. The upper layer consisted of
methyl oleate or biodiesel, while IL and water can be found in
the lower layer, which was then isolated by decantation. Distilled
water was used to wash the upper layer to remove any impurities
present. It was later subjected to removal of water traces and unre-
acted methanol by putting the sample in the convection oven at
105 °C for 24 h.

2.5. Analysis of methyl oleate

Methyl oleate is the product formed by esterification of oleic
acid in the presence of methanol. It is one of the component with
high content in fatty acid methyl ester (FAME) or biodiesel,
depending on type of feedstocks used for biodiesel synthesis. For
the analysis of the product, firstly methyl oleate content in the final
product was determined by using a gas chromatograph (GC)
equipped with a flame ionization (FID) detector (Perkin Elmer,
USA). The analysis was conducted using a DB-Wax column
(30 m x 0.53 mm, 0.5 um), where 1 pl of sample was injected into
the GC for each run. The injector temperature was set to 250 °C,
while the detector temperature was kept at 270 °C. The oven tem-
perature was maintained at 60 °C for 1 min, and then increased to
220°Cin 10 min as the final oven temperature. Nitrogen was used
as the carrier gas for the GC.

Table 2
Experimental range and level of independent variables.

Factors Symbol Range and levels

-1 0 +1
Methanol: oleic acid molar ratio Xq 15:1 20:1 25:1
Catalyst loading (mol) X5 0.005 0.010 0.015
Reaction time (h) X3 4 5 6

Methyl oleate yield (Y;) and oleic acid conversion (Y,) were the
responses in this study. Methyl oleate content (C) was expressed as
a relative percentage of the total peak area, and the methyl ester
was identified by comparing its retention time to the retention
time of methyl oleate standard. Then, methyl oleate yield was cal-
culated by multiplying C with the ratio of the weight of methyl ole-
ate to the weight of oleic acid used in the feed, as in the following
equation:

o Weight of product (g)
Weight of oleic acid in feed (g)

Methyl oleate yield, Y, (%) =C x100% (1)

The conversion of oleic acid to methyl oleate was determined by
titration with a 0.1 M potassium hydroxide (KOH) standard solu-
tion, according to Eq. (2) [11].

Oleic acid conversion, Y,(%) = (W
i

where AV; is the initial acid value (i.e. acid value of oleic acid), while
AV, is the final acidic value of methyl oleate produced.

) x 100% )

2.6. Kinetics measurements and analysis

Esterification of oleic acid in this part was performed using a set
of variables obtained from the multi-objective optimization part.
Methanol-oleic acid molar ratio was set to 22:1 (44.5 ml), with cat-
alyst loading of 3 mmol, and the reaction was conducted for 3.6 h.
Different reaction temperatures were used for this part of the
study in order to collect sufficient data for kinetic profile analysis
(i.e. T=40, 50, 60, 65 and 70 °C). The sampling was done every
36 min to observe the change in oleic acid conversion during the
reaction. The conversion was determined by titration with a
0.1 M potassium hydroxide (KOH) standard solution as mentioned
previously. Reaction rate constant (k’), activation energy (E,) and
pre-exponential factor (A) for the esterification reaction was then
calculated. An important equation that relates reaction rate con-
stant with activation energy is the Arrhenius equation in the fol-
lowing equation.

E,

InK' =

=+ InA 3)

where R is the gas constant (J/K mol) and T is the temperature (Kel-
vin). Change in reaction temperature leads to change in value of k’,
which then can be used to determine the activation energy and pre-
exponential factor of the reaction using Eq. (3) by plotting the rela-
tionship between the reaction rate constant with temperature.

3. Results and discussion
3.1. Experimental results and ANOVA analysis

The experimental results for esterification of oleic acid cata-
lyzed by [BMIM][FeCl,] are tabulated in Table 3. The methyl oleate
yield differed from 58.6% to 73.2%, while the conversion varied be-
tween 77.1% and 89.2%, depending on the conditions of the exper-
iments. It can be seen that the chosen process variables resulted in
higher conversion than yield for all runs, thus multi-objective opti-
mization was utilized to increase the yield, but at the same time
maintaining high conversion.

The conformity between the experimental and predicted re-
sponses was evaluated based on their respective coefficient of
regression (R?). For methyl oleate yield, the value of R?> was
0.966, while the value of R? for oleic acid conversion of 0.920. Ide-
ally, when the value of R? is 1, this represents a complete agree-
ment between the predicted and experimental responses. Based
on R? obtained, it can be concluded that the networks used for
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Table 3
Experimental and predicted responses for esterification of oleic acid.

No. Process variables Yield, Y; (%) Conversion, Y5 (%)

X X5 (mol) X3 (h) Experimental Predicted Experimental Predicted

1 25:1 0015 4 58.6 58.6 80.8 80.8
2 25:1 0.005 4 72.5 72.7 80.0 80.1
3 15:1 0005 4 66.5 65.6 81.3 81.3
4 15:1 0.005 6 59.8 58.3 85.3 85.3
5 20:1 0010 5 57.2 59.0 79.8 83.2
6 20:1 0010 3 69.4 69.4 771 771
7 11.6:1 0010 5 59.1 59.0 84.3 84.3
8 284:1 0010 5 67.8 65.8 85.2 85.2
9 20:1 0010 7 64.2 64.2 85.5 85.5
10 15:11 0.015 6 69.8 69.7 834 84.5
11 25:1 0005 6 73.2 73.2 88.1 88.1
12 15:11 0.015 4 71.6 71.6 81.6 81.6
13 20:1 0010 5 60.8 59.0 834 83.2
14 20:1 0.002 5 67.9 68.2 86.7 86.7
15 20:1 0.018 5 65.2 64.4 83.9 83.9
16 25:1 0015 6 70.5 70.5 89.2 89.2

the prediction of the responses were able to cover more than 90%
of the variability in the experiments.

The analysis of variance for both responses in oleic acid esteri-
fication is given in Table 4. None of the variables was significant to
the methyl oleate yield, as shown by low F-values and high P-val-
ues (Prob > F). On the other hand, reaction time (X3) was the only
variable that was significant at 95% confidence level in oleic acid
conversion, with F-value of 6.9 and p-value of 0.032. Mazaheri
et al. [34] explained that for a factor to have large effect on the re-
sponse, the corresponding F-value must be high, while p-value
must be low (<0.05) for analysis at 95% confidence level.

3.2. Development and training of the network

The number of neurons in hidden layer is an important param-
eter for a feed forward backpropagation (FFBP) network. Too many
neurons can cause overfitting of the data, where the network fails
to relate the relationship between patterns, while insufficient neu-
rons leads to underfitting of the data due to inability to detect the
signals in the data set [35]. The lowest mean square error (MSE) re-
corded for respective number of neurons was then further used to
train the network with the experimental data. The plots of mean
square error for different number of neurons in hidden layer (e.g.
1-20) for both yield and conversion as responses are graphically
presented in Fig. 1. By closer observation, lowest MSE were ob-
served with 10 neurons for methyl oleate yield and 18 neurons
for oleic acid conversion. Therefore, the structure of the networks
used for further training was 4-10-1 for the first response and 4-
18-1 for the second response, which represents 4 inputs in first
layer, followed by respective number of neurons in the hidden
layer and 1 output in the last layer.

Table 4

Analysis of variance (ANOVA) for oleic acid esterification.
Source Sum Sq. d.f Mean Sq. F Prob > F
Response: methyl oleate yield
X1 63.95 3 21.32 0.47 0.714
X, 60.93 3 20.31 0.45 0.728
X3 76.46 3 25.49 0.57 0.668
Error 225.105 5 45.021
Total 427.744 15
Response: oleic acid conversion
X1 15.61 3 5.20 1.1 0.429
X, 17.62 3 5.87 1.25 0.386
X3 97.53 3 32.51 6.9 0.032
Error 23.555 5 471
Total 157.47 15

From there, the networks were trained and those with lowest
MSE were then used to determine the optimum process parame-
ters for responses. 70% of the data was used to train the network,
while the remaining data were used for validating and testing
the networks. Levenberg-Marquardt method was selected for
training purpose, which involved nonlinear least-squares algo-
rithm for learning the multilayer perceptrons [36]. The learning
rate and maximum epochs were set at 0.5 and 100, respectively.

3.3. Interaction between independent variables and methyl oleate
yield

Response surface plots facilitated the interaction study of the
process variables with methyl oleate yield for esterification of oleic
acid using [BMIM][FeCly] as the catalyst (Fig. 2a-c). The relation-
ship between methanol-oleic acid molar ratio and catalyst loading
towards the yield is depicted in Fig. 2a. Methyl oleate yield above
65% was achieved at both lowest (15:1) and highest (25:1) molar
ratios provided that the catalyst loading exceeded 0.01 mol. The
same trend was observed by Lucena et al. [37], who reported high-
er yields were obtained when the catalyst loading (H,SO,4) in-
creased from 0.5% w/w to 1.0% w/w.

Fig. 2b relates the molar ratio of methanol-oleic acid and reac-
tion time with methyl oleate yield. High yield was achieved in
shorter reaction time (4 h) and low methanol-oleic acid molar ra-
tio (15:1), and also longer reaction time (6 h) and higher metha-
nol-oleic acid molar ratio (25:1). Excess methanol used in the
reaction lowered the yield, as Zhang et al. [5] explained that the
reactants was too dilute and possibly had reduced the esterifica-
tion rate. In addition, insufficient reaction time also led to low yield
as well.

The interaction between catalyst loading and reaction time on
methyl oleate yield is shown in Fig. 2c. It is clearly seen that the
highest response was achieved (75%) using the combination of
lowest catalyst loading (0.005 mol) and shortest reaction time
(4 h), with increasing any of these two variables only resulted in
lower methyl oleate yield.

3.4. Interaction between independent variables and oleic acid
conversion

The graphical representation of interaction between process
variables and oleic acid conversion in oleic acid esterification are
portrayed in Fig. 3a—c. The relationship between methanol to oleic
acid molar ratio and catalyst loading on the conversion is pre-
sented in Fig. 3a. Low conversion was observed at higher catalyst
loading and medium molar ratio. There was not much difference
in the conversion when 0.01 mol catalyst was employed for the
whole range of methanol-oleic acid molar ratio. This was in good
agreement with the conversion reported by Zhang et al. [5] facili-
tated by a Brgnns acidic ionic liquid, where the conversion remain
unchanged after the ratio of ethanol to oleic acid reached 2:1.

Fig. 3b illustrates the response surface plot for interaction of
methanol-oleic acid molar ratio and reaction time on the conver-
sion. It was obvious here that reaction time was more significant
than molar ratio, as discussed earlier from analysis of variance
for oleic acid conversion. Increasing molar ratio did not enhance
the conversion for shorter reaction time, but the conversion ex-
ceeded 85% for reaction time of 5 h even at low molar ratio. Guo
et al. [38] pointed out that reaction with longer reaction time re-
sulted in higher oleic acid conversion in a single-step biodiesel pro-
duction, as nearly complete conversion was achieved after 5 h.

According to Fig. 3c, maximum oleic acid conversion occurred at
catalyst loading of 0.005 mol and reaction time of 6 h. Too much
catalyst used in the reaction reduced the conversion. Elsheikh
et al. [11] reported that the conversion of FFA decreased for
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68

(a
66

& 64

T

Q

2 62
60
58

X 25770.005 %

66
64
62
60
58
56
75

(c)

< ¥ 70

L

< 70- v

= .

@ 60-

p 65

50

0.005 6

60
X 0.015 4 %

Fig. 2. Response surface plots of methyl oleate yield based on FFBP network as a function of (a) methanol-oleic acid molar ratio (X;) and catalyst loading (X,), (b) methanol-
oleic acid molar ratio (X;) and reaction time (X3), and (c) catalyst loading (X) and reaction time (X3).

catalyst concentration of higher than 4.4 wt% using 1-butyl-3- catalyst loading, the high viscosity of ionic liquid may caused mass
methylimidazolium hydrogen sulfate ([BMIM][HSO4]) as the transfer limitation in the reaction mixture, thus lowering the con-
catalyst. Although better conversion can be achieved with more version [39].
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3.5. Multi-objective optimization of methyl oleate yield and oleic acid
conversion

Prior to the optimization part, the experimental data was used
for training of the network, where Levenberg-Marquardt algo-
rithm was applied. After obtaining the best network, the genetic
algorithm tool (gatool) available from MATLAB software was
launched, and the solver option for multi-objective optimization
was selected (gamultiobj). At the end of the run, MATLAB pro-
duced several optimal conditions for optimum responses of oleic
acid esterification, which are then arranged in Table 5. In addi-
tion, the Pareto-optimal solutions for simultaneous optimization
corresponding to methyl oleate yield and oleic acid conversion
are depicted in Fig. 4. The choice of the final solution (optimal
point) was based on the conditions that have same values or al-
most identical for both responses. From there, a solution on the
Pareto front that fulfilled this requirement was identified, where
both methyl oleate yield and oleic acid conversion were 83.4%,
at the following conditions: methanol to oleic acid molar ratio,
22:1; catalyst loading, 0.003 mol; and reaction time, 3.6 h.

3.6. Comparison between single- and multi-objective optimization

The performance of ANN-GA in predicting optimum conditions
for single and multiple responses for oleic acid esterification was

studied and the results are shown in Table 6. At optimum condi-
tions, 83.4% methyl oleate yield and 83.4% oleic acid conversion
were achieved, which corresponds to process parameters of
22:1 M ratio of methanol to oleic acid, 0.003 mol catalyst loading,
and 3.6 h reaction time for simultaneous responses optimization. A
lower methyl oleate yield was predicted (82.4%) for single-objective
optimization, which can be obtained using 28:1 M ratio of methanol
to oleic acid, [BMIM][FeCl,] loading of 0.006 mol, with reaction time
of 3.9 h. Although the optimal yield for the single-response is close
to the multi-responses optimization, however the latter requires
higher catalyst loading and can be uneconomical for the process
when considering the cost of the IL catalyst that is several times
higher than conventional catalyst used in the process [40].

As for the single-objective optimization for oleic acid, higher
optimum conversion was predicted. 90.0% conversion was attain-
able for the following reaction conditions: molar ratio methanol-
oleic, 27:1; catalyst loading, 0.004 mol; and reaction time, 6.7 h.
The amount of catalyst used in the reaction was quite similar to
the one used in the multi-objective optimization (0.003 mol). It is
clearly observed that longer reaction time resulted in higher oleic
acid conversion. However, longer reaction needed to reach the
optimum conversion can affect the methyl oleate yield as extended
reaction time favoured the backward reaction in esterification pro-
cess (i.e. hydrolysis of esters), especially as water was formed dur-
ing the reaction, thus lowering yield of methyl esters [41].
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Table 5
Multi-objective optimization using ANN-GA for esterification of oleic acid.

Table 6
Predictions of optimum responses for single- and multi-objective optimization.

No. Process variables Predicted responses
X X3 (mol) X3 (h) Yield, Y; (%) Conversion, Y3 (%)
1 219 0.003 33 85.6 80.3
2 26.7 0.014 6.5 69.3 90.7
3 225 0.002 4.0 79.6 85.6
4 223 0.003 3.9 81.0 85.0
5 221 0.002 4.2 77.6 86.2
6 22.0 0.004 6.0 70.9 88.2
7 22.0 0.003 3.6 83.4 83.4
8 233 0.004 6.1 74.2 87.1
9 22.0 0.003 4.4 74.8 86.3
10 221 0.002 35 84.4 82.5
11 223 0.004 6.0 71.5 88.0
12 21.9 0.003 33 85.6 80.3
13 22.8 0.004 6.1 72.9 87.6
14 22.0 0.002 4.3 76.0 86.3
15 22.1 0.003 3.7 82.8 83.9
16 223 0.003 3.8 81.6 84.5

3.7. Recycling of [BMIM][FeCly]

A distinct feature of the IL that is different from other conven-
tional homogeneous catalyst in biodiesel synthesis is that it can
be recovered after each run and then reused in subsequent pro-
cesses. After the separation of the upper layer containing methyl
oleate from the bottom layer consisted of water and spent ionic li-
quid, the recovery of ionic liquid was carried out by placing the
resultant bottom layer of the reaction mixture in the oven at
105 °C for 24 h to ensure complete removal of water and unreacted
methanol. The reclaimed IL was then charged into the flask with
new batch oleic acid and methanol for subsequent run of esterifi-
cation reaction. The responses for oleic acid esterification utilizing
recycled [BMIM][FeCl,] are demonstrated in Fig. 5.

Both methyl oleate yield and oleic acid conversion remained
unchanged for the first 3 cycles, and started to decline in the 4th
cycle. There were not much differences in the yield and conversion
for all runs involving recycled IL. Decreasing catalytic activity for
recycled ionic liquid have been observed by other researchers
[13,42], where the factors affecting the catalytic performance can
be explained by the gradual loss of ionic liquid during the separa-
tion of upper and bottom layers from the separating funnel, and
the presence of glycerine for the process involving transesterifica-
tion of triglycerides.

3.8. Comparison of different catalysts for esterification of oleic acid

At optimum condition, the conversion of oleic acid for the ester-
ification reaction catalyzed by [BMIM][FeCl] reached 83.4%. The
obtained conversion was higher compared to the conversion
achieved when conventional catalyst (H,SO,4) was utilized for the
reaction. Zhang et al. [5] reported that the conversion of oleic acid
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Fig. 4. Pareto front plot of multi-objective optimization responses in oleic acid
esterification.

Optimization method Independent variables  Optimum responses

Xy Xo X3 Yield Conversion
(mol)  (h) (%) (%)
Single-objective (Yield) 28:1 0.006 3.9 824 -
Single-objective 27:1 0.004 6.7 - 90.0
(Conversion)
Multi-objective 22:1 0.003 3.6 834 83.4
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Fig. 5. Catalytic performance of recycled [BMIM][FeCl,].

was 66.9% in 8 h reaction time when H,SO, was employed as the
catalyst, but the optimum conversion can be obtained within
3.6 h when using [BMIM][FeCl,]. Aside from high catalytic activity,
the preparation of the catalyst was simple and it can be reused di-
rectly in the subsequent esterification processes without signifi-
cant loss of activity.

We had previously conducted the esterification of oleic acid
using a Brgnsted acid ionic liquid, 1-butyl-3-methylimidazolium
hydrogen sulfate ([BMIM][HSO4]), and the predicted responses at
optimum conditions for the catalyst and [BMIM][FeCl,] is summa-
rized in Table 7. The responses were simultaneously optimized
using artificial neural network-genetic algorithm based on the
experimental data. There was not much difference in the predicted
responses for both catalysts. However, the reaction involving
[BMIM][HSO4] needed higher catalyst loading, longer reaction time
and higher reaction temperature to achieve appreciable responses.
In contrast, comparatively lower catalyst loading and reaction tem-
perature near to methanol boiling point were the advantages of
using [BMIM][FeCly] for the reaction.

The performance of [BMIM][FeCl,] in esterification of oleic acid
was also better than other ionic liquid employed previously. Zhao
et al. [43] employed 1-(4-sulfobutyl)-3-methylimidazolium tri-
fluoromethanesulfonate [(CH;)4SOsHMIM][CF5S03] for catalyzing
the esterification reaction and obtained conversion of 80%, but
the process required longer reaction time (6 h) and higher reaction
temperature (80 °C). In another literature, Guo et al. [38] screened
several ionic liquids for conversion of oleic acid, where a Bronsted
acid IL, 1-butyl-3-methylimidazolium  methanesulfonate
([BMIM][CH3SO03]) prevailed as the catalyst with the best catalytic
activity as the conversion reached 93%. However, the reaction tem-
perature was set to 140 °C for high response, while using lower
temperature (i.e. 80 °C) only gave conversion slightly above 40%.

4. Kinetic study of esterification using [BMIM][FeCl,]

Esterification of oleic acid in the presence of methanol is a
reversible reaction, and the reaction produces methyl oleate as
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Table 7
Performance of [BMIM][HSO,] and [BMIM][FeCl,] at optimum conditions.

Catalyst Molar ratio Catalyst loading (mol) Time (h) Temperature (°C) Yield (%) Conversion (%)
[BMIM][HSO4] 8:1 0.06 90 81.2 80.6
[BMIM][FeCl4] 22:1 0.003 65 834 834
187 edoC Table 8
1.6 1 Reaction rate constants for oleic acid esterification using [BMIM][FeCly].
1.4 4 Temperature (°C) Reaction rate Coefficient of determination
121 constant, k' (1/min) (R?)
o o 40 0.2342 0.9961
:', ! 50 0.2271 0.9235
= 0.8 60 0.2696 0.9848
" o6l 65 03161 0.9744
: 70 0.3291 0.9797
0.4
0.2 4
0.0 T T T T T T T )
0 0.5 1 1.5 2 25 3 35 4

Time (h)
Fig. 6. Plot of In (1 — X) versus time for determination of reaction rate constants.

the main product, and also generates water. The reaction can be
described as in the following equation:

CH5(CH,),CH=CH(CH,),COOH + CH30H <= CH;(CH,),

Oleic Acid Methanol

CH=CH(CH,),COOCH;Methyl Oleate + H,0 (4)

Water

The reaction rate for oleic acid esterification can be expressed as
in the following equation:
- % = kCa*Ch — K CC, (5)
where C,4, Cg, Cc and Cp are the concentrations of oleic acid, metha-
nol, methyl oleate and water, respectively; «, 8, y and 4 are their
respective reaction order, and k is the kinetic constant for the for-
ward reaction, while k'is the kinetic constant for the reverse reac-
tion. In accordance with the subsequent steps previously reported
by Song et al. [24] and Talebian-Kiakalaieh et al. [8], Eq. (5) can
be simplified to the following equation:

In(1 - X) =Kt (6)

where X is oleic acid conversion at time t (min), and k' is the reac-
tion rate constant. Two essential assumptions were made in arriv-
ing at Eq. (6). In this study, methanol to oleic acid molar ratio
used was 22 to 1, which means that there was excess in methanol
concentration compared to other components present (i.e. Cg > Cj,
Cc, Cp). Thus, the expression for methanol (C}) can be treated as a
constant. Furthermore, excess methanol pushes the equilibrium
esterification reaction towards the formation of methyl ester, there-
fore the kinetic constant for forward reaction outweighs the kinetic
constant for reversed reaction (i.e. k> k'). This leads to another
assumption, which is the reaction is predicted to be a pseudo-first
order kinetic reaction, which was then justified from the experi-
mental results.

Based on Eq. (6), reaction rate constant for respective tempera-
tures can be determined by plotting graph of In (1 — X) versus time
after obtaining results for esterification of oleic acid at different
temperatures. The corresponding plot is displayed in Fig. 6, while
Table 8 tabulates the calculated reaction rate constants and their
respective coefficients of determination (R?). There was an increas-
ing trend of reaction rate constants with increasing reaction

temperature, with the lowest and highest reaction rate constants
were observed at 40 °C and 70 °C, respectively. Furthermore, all
reaction rate constants indicated high R?; thus the assumption of
the process having pseudo-first order reaction kinetic was verified.
Berrios et al. [23] also found the same order of reaction for the for-
ward reaction in esterification of free fatty acids in sunflower oil
catalyzed by H,SO4 by making the same assumption of high meth-
anol concentration employed in the reaction.

Values of k' were then used to find the activation energy and the
pre-exponential factor for the reaction. The Arrhenius equation
(Eq. (3)) was utilized to seek these parameters, where the con-
stants from the linear equation of Ink versus 1/T (K) plot as shown
in Fig. 7 were quantified for determination of E, and A. By calcula-
tion, it was found that the activation energy and the pre-exponen-
tial factor were 17.97 k]/mol and 181.62 min~!, respectively. These
values were compared with previous results focusing on kinetic
study for oleic acid esterification, compiled in Table 9. Both activa-
tion energy and pre-exponential factor for this study were compar-
atively lower than those reported either by using homogeneous or
heterogeneous catalysts.

There was a huge difference between the activation energy cal-
culated from the experimental data with those obtained from
esterification reaction using conventional catalyst such as sulfuric
acid and also other heterogeneous catalysts. The activation energy
for this reaction (17.97 kJ/mol) was comparable to the one ob-
tained from esterification of acetic acid using a Brensted acid ionic
liquid, 2-methylpyridine hydrogen sulfate ([Hmpy][HSO4]) as the
catalyst (19.91 kJ/mol) [44]. The comparatively lower activation

-1.0 T T T Y
2.90 2.95 3.00 3.05 3.10
-1.1 A ¢
-1.2 1
]
= -1.3
-1.4
y=-2.1611x +5.2019
R2=0.973
-1.5 1
-1.6 -

/T x 103 (1/K)

Fig. 7. Arrhenius plot for oleic acid conversion to methyl oleate.
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Table 9

Activation energy and pre-exponential factor for oleic acid esterification.
Catalyst Activation energy (kj]/  Pre-exponential References

mol) factor
H,S04° 50.75 2.87 x 108 [23]
H,S0,” 4456 3.91 x 10° [23]
SnCl, 46.69 - [26]
Zn(CH;3C00), 32.62 120.00 [24]
Tungstated 51.90 1.5 x 10'° [27]
zirconia

H3PW12040 51.00 - [25]
[BMIM][FeCl4] 17.97 181.62 This study

2 5% H,S04 concentration.
> 10% H,S0, concentration.

energy using ionic liquid highlights its feasibility for the esterifica-
tion process, where the reaction can be conducted at lower energy
needs. Thus, this demonstrates the potential of [BMIM][FeCl,] as
catalyst in esterification of free fatty acids for biodiesel synthesis
at industrial scale.

5. Conclusions

The prepared magnetic ionic liquid [BMIM][FeCl4] was success-
fully utilized as catalyst for esterification of oleic acid to produce
biodiesel in a batch reactor process. By using ANN-GA to conduct
multiple responses optimization for methyl oleate yield and oleic
acid conversion, both responses were found to be 83.4% under opti-
mal reaction conditions. There was no significant drop in the cata-
lytic activity for the recycled catalyst in oleic acid esterification.
The activation energy and pre-exponential factor obtained from
the study showed promising result for the application of the cata-
lyst at large-scale production. These values were relatively low
compared to previous studies using either homogeneous or heter-
ogeneous catalysts for esterification of oleic acid. Therefore,
[BMIM][FeCl4] can be a promising catalyst for esterification of free
fatty acid for biodiesel synthesis.
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