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Abstract

In this study, the esterification reaction of oleic acid (OA) with methanol was investigated in the presence of
a sulfonated hydrothermal carbon-based catalyst under microwave irradiation. The reaction conditions were
optimized using response surface methodology based on a central composite design. Three following varia-
bles were studied: methanol to OA molar ratios (2.5:1-7.5:1), reaction time (50—70 min) and catalyst loading
(2-5 wt.%) to provide a statistical model with the coefficient of regression (R2) of 0.9407. Based on the model,
the optimum OA conversion of 95.6% was predicted at 5.8:1 methanol to OA molar ratio, 60 min and 3.05
wt.% catalyst loading. The experimental validation indicated that the model gave a good prediction of OA
conversion (2.8% error). Furthermore, the reaction was found to be reasonably described by the pseudo-first
order kinetics. The dependency of the reaction rate constant on temperatures gave a value of the activation
energy of 64 kd/mol. Copyright © 2020 BCREC Group. All rights reserved
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1. Introduction vegetable oils and animal fats, is one of the most
promising sources of alternative energy. It has
good combustion, low toxicity and is compatible
with petroleum diesel [1-3]. Considering the
economic issue of the biodiesel production, raw
materials and catalysts are two main contrib-
* Corresponding Author. uting factors to the overall cost of biodiesel [4—

E-mail: panatpongb@nu.ac.th (P. Boonnoun); 6]. In this regard, low-cost feedstocks such as
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Owing to increasing global environment con-
cerns, biodiesel, being a biodegradable fuel pro-
duced from renewable raw materials, such as
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oils in high free fatty acids (non-edible seed oils
and waste cooking oils), are more cost-effective
raw materials for commercial biodiesel produc-
tion. Free fatty acids (FFAs) in these low-cost
raw materials are converted to biodiesel gener-
ally via acid-catalyzed esterification. Common
acid catalysts are homogeneous catalysts, such
as H2SO4, HsPO4, and HCI, which are the
known causes of environmental problems and
equipment corrosion [7].

Recently, heterogeneous carbon-based cata-
lysts have been gaining attention owing to
their high acid density and thermal stability,
low corrosion, environmental friendliness, and
their simple synthesis from low cost-carbon
sources such as agricultural wastes. However,
pyrolysis/carbonization method used in the con-
ventional preparation of carbon-based catalysts
has a major drawback in that it involves rela-
tively high temperature (400—-800 °C). Alterna-
tively, when using hydrothermal carbonization
process to synthesize carbonaceous materials,
known as hydrothermal carbon (HTCs), the
temperature is greatly reduced to approximate-
ly 150 — 250 °C. Furthermore, in the hydrother-
mal process, carbonization takes place in wa-
ter, biomass with high moisture content can
thus be carbonized, without expending consid-
erable amount of the drying energy [8]. For use
as catalysts, the prepared HTCs can be func-
tionalized with a specific active site, using sul-
fonic acid, phosphate, polycyclic aromatic, poly-
ethyleneimine, imidazole, and other acids to
prepare catalyst for a particular reaction [9—
14]. In a recent study, Zhang et al. [7] observed
good reusability (after six uses) with a high cat-
alytic performance for esterification of sulfonat-
ed carbon-based solid acid microspheric materi-
al prepared by the hydrothermal method.

Despite the advantages of the hydrother-
mally prepared catalysts, the reaction time for
heterogeneous acid catalyzed esterification un-
der conventional heating normally takes sever-
al hours [15,16]. Use of microwave (MW) irradi-
ation instead of conventional heating has been
shown to reduce reaction time of esterification
from several hours to minutes [17,18]. Under
microwave field, microwave absorbing materi-
als are heated directly and selectively, making
microwave heating rapid and uniform. Micro-
wave heating has therefore found increasing
number of applications including those with
chemical reactions [19-22]. In microwave as-
sisted carbon-based acid catalyzed biodiesel
production, the carbon materials play double
roles as catalyst and MW absorber [19].

This work aimed to study the esterification
oleic acid (OA) with methanol using a hydro-

thermal carbon-based catalyst under MW irra-
diation. The reaction condition was optimized
using response surface methodology (RSM)
with a central composite design (CCD) to eval-
uate the effect of each variable (molar ratio of
methanol to OA, reaction time and catalyst
loading) and the variable interaction via a
quadratic model. A statistical model was pro-
posed and then experimentally validated at the
suggested optimum condition. In addition, ki-
netic study of the OA esterification was per-
formed to determine the kinetic parameters
which would be important for future process
design, including the reaction rate constants at
different temperatures, the activation energy
and the frequency factor.

2. Materials and Methods
2.1 Materials and Chemicals

The carbon precursor, D-glucose and sulfu-
ric acid (laboratory grade, 98%) were pur-
chased from Fluka, Singapore. Methanol
(laboratory grade, 99% purity) was purchased
from Wako, Japan. Oleic acid was purchased
from Sigma-Aldrich, United States. The refer-
ence oleic acid methyl ester (OAME) standard
and internal standard, 2,6-
Dimethylnaphthalene (DMN) were purchased
from GL Science Inc., Japan and Sigma-
Aldrich, United States, respectively.

2.2 Preparation and Characterization of S-HTC

This research employed the previously de-
scribed method of HTC synthesis [23]. The re-
sulting HTC was functionalized using concen-
trated sulfuric acid to form the S-HTC. The
physical and chemical characterization of the
synthesized S-HTC was performed by ele-
mental analysis (for C, H, N, S), Fourier-
transformed infrared spectroscopy (FTIR), X-
ray diffraction (XRD), thermogravimetric
(TGA) and scanning electron microscopy (SEM)
analyses, and the results were compared with
those of HTC.

2.3 Esterification of OA and Methanol under
MW Irradiation

The esterification of OA and methanol was
used to test the catalytic activity of S-HTC.
The reaction was performed using a microwave
reactor (MARS6, CEM, USA) under a reaction
temperature of 70-100 °C, reaction time of 50—
70 min, methanol to OA molar ratio of 2.5:1—
7.5:1 and catalyst loading of 1.5-3.5 by weight
(wt%). The temperature in the control vessel
was monitored by a thermocouple and that of
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the other vessels by an infrared sensor. When
the temperature reached the desire tempera-
ture, the microwave power is automatically cut
off to maintain that temperature. In a typical
run, OA, methanol and catalyst were firstly
mixed and then irradiated at specified condi-
tions. After the reaction, the system was cooled
down automatically. The reaction products
were discharged from the vessel and were al-
lowed to settle into two phases. The top phase
consisted of OAME and unreacted methanol,
while the bottom phase was by-product of wa-
ter. Unreacted methanol was removed by evap-
oration and then the OAME was drawn for the
quantitative analysis by gas chromatography
(GC-FID, Shimadzu, Japan) equipped with a
flame ionization detector (FID) and a 5MS ca-
pillary column (0.25 mm x 0.25 mm x 30 m, Ag-
ilent Technologies, Inc., Japan). Helium was
used as a carrier gas. The temperature of the
injector and the detector were kept at 270 °C
and 310 °C, respectively. A 20 mL aliquot of
OAME sample was dissolved in 180 mL of n-
hexane using DMN as the internal standard.
The OA conversion was calculated from Equa-
tion (1);

mol of OAME N
mol of OA

where OAME represents the quantification by
GC-FID of OAME.

%Conversion = 100 (1)

2.4 Design of Experiment, Analysis and Model
fitting

The S-HTC catalyzed esterification was de-
signed using RSM provided by Expert Design
version 10 (Stat-Ease Inc. (2016), USA). A set
of experiments was performed at a fixed tem-
perature (100 °C) using pulsed MW to deter-
mine the influence of three parameters of the
methanol to OA molar ratio (A), reaction time
(B) and catalyst loading (C) and their interac-
tions. Using CCD at three levels (low, middle
and high), designated as —1, 0 and +1 respec-
tively (Table 1), 17 experimental runs compris-
ing eight factorial points, six axial points and
three replicates at the center point, were per-
formed. A quadratic model using regression

Table 1. Levels of actual and coded factors.

Factors -1 0 1
Molar ratio of methanol
to OA (mol) 2.5 5 7.5

Reaction time (min) 50 60 70
Catalyst loading (wt%) 1.5 2.5 3.5

analysis was fitted to the OA conversion values
using both linear and non-linear forms. The
conformity between experimental and predict-
ed response of the model and the significance of
the operating variables were evaluated based
on the analysis of variance (ANOVA) and the
regression coefficient (R?).

2.5 Kinetics Study of S-HTC Catalyzed Esteri-
fication

Esterification of OA with methanol, under
the catalysis of S-HTC, produces OAME and
water as shown in Equation (2). The rate of re-
action strongly depends on temperature, and so
the operating temperature in this study was
varied between 70—100 °C under the previously
determined optimized condition (methanol to
OA molar ratio of 5.831:1 and catalyst loading
of 3.047 wt.%) for 0, 15, 30, 45, and 60 min.

Oleic acid + Methanol = Oleic methyl ester + Water

A B C D 2)

A kinetic model was set up on the basis that
the influence of the reverse reaction was negli-
gible, due to the excess amount of methanol be-
ing used. The reaction rate equation was sim-
plified to the first order pseudo-homogeneous
equation, as shown in Equation (3);

_dc,
dt

where Cadenotes the concentration of OA and
k is forward reaction rate constant. For a con-
stant volume system, Xa 1s a convenient term
used in place of concentration of OA (Ca) and is
expressed in Equation (4);

ﬂ:NAO(l—XA)
V 14

where Nao and Na are the initial molar amount
and the molar amount of OA at later times, re-
spectively. Cao 1s the initial concentration of
OA and Vis the reaction volume.

Hence, Equation (3) becomes

dcC
_T;:kCAO(l_XA) ®)

kC, 3

CA: :CAO(I_XA) (4)

The integrals of Equation (5) provides Equa-
tion (6),

~In(1-X,) =kt ©)

Thus, the rate constant, %k, can be obtained
by a linear fit of Equation (6). The activation
energy can be calculated from the relation of
rate constants at different temperatures by the
Arrhenius equation, shown in Equation (7);
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_fa @) = 0.42 to 0.79 after sulfonation, indicated that

k= Ae ®T the sulfonic acid group (-SOsH) was successful-
where A is the frequency factor and Ea is the ly attached to the HTC to form S-HTC. The
activation energy. Linearization of Equation (7) functionalization of sulfonic acid groups onto
becomes: the prepared HTC was also verified by the sul-

(8) fur content of the S-HTC, which was deter-
mined to be 1.36% on a mass basis by the ele-
mental analysis. In addition, an increase in the

3. Results and Discussions total acidity, determined by titration method,

L. was also observed for S-HTC. This value in-
8.1 Characterization of S-HTC cluded both the weak (_COOH) and the strong

lnk=—ﬂ+]nA
RT

The physicochemical characteristics of the (-=SOsH) acid sites. Despite the high acid densi-
HTC and the S-HTC catalyst are summarized ty, the BET specific surface areas of both HTC
in Table 2 and Figure 1. From the elemental and S-HTC were relatively low (<3 m2/g), prob-
analysis results in Table 2, it can be seen that ably due to the low temperature of the hydro-
the HTC derived from glucose had relatively thermal carbonization process. The S-HTC had
high oxygen content (O/C ratio = 0.42). The in- a slightly lower specific surface area than the
crease in the oxygen content from the O/C ratio HTC, which probably resulted from the particle

(b)

HTC

Transmittance (a.u.)

HTC
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Figure 1. (a) SEM images of the HTC and S-HTC (b) FTIR spectrum (c) XRD pattern (d) TGA profiles.

Table 2. Physiochemical properties of HTC and S-HTC.

Elemental compositions Atomic ratios  Surface area**  Total acidity
Sample )
%C %H  %0* %S HC  0/C (m*g) (mmol/g)
HTC 66.31 5.96 27.73  N.D. 0.09 0.42 2.90 0.62
S-HTC 53.13 3.42 42.09 1.36 0.06 0.79 2.67 4.90

N.D. Not detected
*The oxygen composition was calculated by difference from 100% considering the other elements.
**BET surface area estimated from N2 adsorption results.
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agglomeration, as observed in the SEM image functional groups (-OH mainly and some —
(Figure 1(a)). COOH) [25], while the S-HTC showed a similar
The morphological structures of the HTC trend but with a slightly higher weight loss.
and S-HTC were observed by SEM, where the Thus, the —SO3sH groups on the surface of the
glucose-derived HTC particles have a typical S-HTC might be stable at temperatures as
spherical shape with the approximate size of high as 250 °C before they start to deactivate
0.5 mm and tended to agglomerate into large from the carbon structure [28].
particles (Figure 1(a)). The S-HTC was found to
have a similar morphology but with a rougher 3.2 Optimization of the Conditions for the S-
surface. The FT-IR spectra (Figure 1(b)) con- HTC Catalyzed Esterification of OA and Meth-
firmed the existence of sulfonic acid functional anol

groups, with O=S=0 symmetric stretching at

1020 em-! and —SOsH at 1167 cm-! in the S- 3.2.1 Quadratic regression model and variance

HTC after sulfonation of the HTC. Also, the ab- analysis
sorbance at 1704 cm-! revealed the presence of The experimental operation of S-HTC cata-
carboxylic acid groups. Thus, at least two types lyzed esterification of OA with methanol and
of Brensted acid sites (sulfonic and carboxylic the corresponding OA conversions (responses),
acid sites) were present in the prepared S-HTC, as well as the model predicted results, are dis-
which are common acid sites found in carbon- played in Table 3. The OA conversions ranged
based solid acid catalysts [24—26]. The XRD from 47.1% to 94.6%. The derived quadratic
profiles of the HTC and S-HTC (Figure 1(c)) re- model, which includes all the independent vari-
vealed broad C diffraction peaks (20 = 10-30°) ables and their binary interactions, is shown in
suggesting the amorphous structures of the Equation (9).
san%lillest}[fﬂ- | stabilite of the sulfon 04 Conversion(%) = —62.44446 +21.93250 4

e thermal stability of the sulfonic groups
attached to the prepared S-HTC was evaluated +1.275268+27.63576C 0'0788501432 9)
by TGA analysis, with the results shown in —0.380504C+0.170878C ~1.305154
Figure 1(d). From the TGA profile, HTC —0.00847B* —5.66643C>
showed a weight loss of about 5% at around 250 where A, B and C are the actual values of the
°C, which corresponded to the loss of some methanol to OA molar ratio, reaction time and

Table 3. CCD variables for S-HTC catalyzed esterification and experimental (response) and predicted
percent OA conversions.

Methanol to  Reaction

Experimental OA molar time Catalyst loading Response _ Predicted '
run ratio (min) (wt%) % OA Conversion % OA Conversion
1 2.5 50 1.5 59.7 55.4
2 7.5 50 1.5 78.4 73.0
3 2.5 70 1.5 68.8 58.8
4 7.5 70 1.5 76.3 77.8
5 2.5 50 3.5 75.0 68.7
6 7.5 50 3.5 86.4 82.9
7 2.5 70 3.5 87.5 80.4
8 7.5 70 3.5 94.6 96.0
9 0.8 60 2.5 47.1 47.0
10 9.2 60 2.5 85.5 74.9
11 5 43.1 2.5 83.4 82.0
12 5 76.8 2.5 90.5 96.0
13 5 60 0.8 60.2 61.9
14 5 60 4.2 86.5 88.7
15 5 60 2.5 91.9 91.5
16 5 60 2.5 93.4 91.5
17 5 60 2.5 90.0 91.5
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catalyst loading, respectively. The coefficient of
regression (R?) was used to fit the data for the
quadratic polynomial equation. Based on the
obtained R? of 0.9407, the prediction of the re-
sponse was able to cover more than 90% of the
variability in the experiments. The satisfactory
prediction of OA conversion based on regres-
sion model compared to the actual experi-
mental data, is shown in Figure 2. The statisti-
cally significance of each parameter was evalu-
ated by the analysis of variance (ANOVA) (as
presented in Table 4). The significance of each

Predicted
o

Actual

Figure 2. Comparison between the predicted
and actual OA conversion.

term in Equation (9) was assessed by its corre-
sponding p-value. At a 95% of confidence level
(p-value < 0.05), A, C, A? and C? are significant
factors. Moreover, the insignificant lack of fit
confirmed that the quadratic model provided a
satisfactory prediction of OA conversion.

3.2.2 Effect of variables on OA conversion

The effect of methanol to OA molar ratio, re-
action time and catalyst loading on the OA con-
version are presented as three-dimensional
(8D) response surface plots in Figure 3. The
lowest p-value of 0.0006 and the correspond-
ingly largest F-value of 34.65 indicated that
methanol to OA molar ratio was the most influ-
ential factor on OA conversion, followed by cat-
alyst loading (Table 4).

The production of OAMESs was favored at a
high methanol to OA molar ratio. In this equi-
librium reaction, the excess methanol forces
the reaction towards the production of OAME.
This was also seen in the result of OA conver-
sion, which increased as methanol to OA molar
ratio from 2.5 to 7.5. The reaction time, on the
other hand, showed an insignificant effect on
OA conversion within the range studied
(Figure 3(b,c)), whereas increasing the catalyst
loading (wt.%) and hence the amount of cata-
lysts, the Bronsted acid sites: (-SOsH and —
COOH), increased the OA conversion.

3.2.2 Effect of variables on OA conversion

The effect of methanol to OA molar ratio, re-

Table 4. Analysis of variance (ANOVA) for response surface quadratic model.

Source Sum of Squares Degree of freedom Mean Square  F-value p-value
Model 2801.16 9 311.24 12.35 0.0016*
A-Methanol to OA 873.33 1 873.33 34.65 0.0006*
B-Reaction time 115.80 1 115.80 4.59 0.0693
C-Catalyst loading 799.99 1 799.99 31.74 0.0008*
AB 31.09 1 31.09 1.23 0.3034
AC 7.24 1 7.24 0.29 0.6086
BC 23.36 1 23.36 0.93 0.3678
A2 750.13 1 750.13 29.76 0.0010*
B2 8.10 1 8.10 0.32 0.5886
C2 361.97 1 361.97 14.36 0.0068*
Residual 176.43 7 25.20
Lack of Fit 170.73 5 34.15 11.98 0.0788
Pure error 5.70 2
Corrected total 4216.23 16
R2 0.9407
Adj-R2 0.8646

*Parameters that significantly affect the reaction (p-value less than 0.05)
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Figure 3. 3-D response surface and contour plots representing effects of pairs of variables: (a) metha-
nol to OA and reaction time; (b) methanol to OA and catalyst loading; and (c) reaction time and cata-
lyst loading, on OA conversion.
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action time and catalyst loading on the OA con-
version are presented as three-dimensional
(8D) response surface plots in Figure 3. The
lowest p-value of 0.0006 and the corresponding-
ly largest F-value of 34.65 indicated that meth-
anol to OA molar ratio was the most influential
factor on OA conversion, followed by catalyst
loading (Table 4).

The production of OAMEs was favored at a
high methanol to OA molar ratio. In this equi-
librium reaction, the excess methanol forces
the reaction towards the production of OAME.
This was also seen in the result of OA conver-
sion, which increased as methanol to OA molar
ratio from 2.5 to 7.5. The reaction time, on the
other hand, showed an insignificant effect on
OA conversion within the range studied (Figure
3(b,c)), whereas increasing the catalyst loading
(wt.%) and hence the amount of catalysts, the
Bronsted acid sites: (-SOsH and —COOH), in-
creased the OA conversion.

3.2.3 Optimization of OA conversion

RSM analysis provided the prediction of the
optimal condition for OA conversion at a
5.831:1 methanol to OA molar ratio, a reaction
time of 60 min and 3.05 wt.% catalyst loading
to yield an expected 95.6% OA conversion. The
accuracy of the model prediction was confirmed
by experimental evaluation of the OA conver-
sion under this RSM optimized condition and
yielded an OA conversion of 92.8%, a 2.8% devi-
ation from the model prediction. This result,
therefore, suggested that the model is in good
agreement with the experimental study. It
should be noted also time taken for esterifica-
tion of OA catalyzed hydrothermal carbon-
based catalyst under MW heating in this study
required shorter time compared with using con-
ventional heating reported by Zhou et al. (60
min versus 120 min) [16].

Moreover, the carbon-based catalyst in the
present work gave higher reactivity, compared
with sulfated zirconia, for esterification of OA
with methanol under MW heating. Specifically,
Melo Junior et al. [29] reported considerable
lower OA conversion (68.7%) obtained with sul-
fated zirconia after 20 min of reaction at 200
°C, OA to methanol ratio of 1:10, which could
possibly be due to the lower acidity of sulfated
zirconia (2.6 mmol/g versus 4.9 mmol/g). In ad-
dition, S-HTC in this work gave comparable re-
activity compared with that prepared from
wasted flint kaolin reported by Oliveira et al.
[30], which gave 96.5% OA conversion after 40
min of reaction under MW heating at 115° and
1:60 of oleic acid: methanol molar ratio.

The reusability of S-HTC was also exam-
ined for esterification of OA under optimized
reaction condition. The results showed that the
OA conversion decreased by 50% after the first
run. This decrease could be attributed to sulfur
leaching and could be improved by regenera-
tion of the spent catalyst with acid. Further-
more, the stability of the catalyst could be im-
proved by modification of the catalyst synthesis
that allow chemical bonding of the acid site
(sulfonate group) to the carbon matrix.

3.3 Kinetics Study of the S-HTC Catalyzed
Esterification Reaction

3.3.1 Determination of the kinetic parameters

To identify the kinetics of the reaction, ex-
periments were carried out at different temper-
atures and times, with the results shown in
Figure 4. The OA conversion increased with in-
creasing reaction time. It should be noted that
the OA conversion had already reached around
40% by the time the reaction system had
reached the desired temperature (¢ = 0 min).

The reaction rate constant for respective
temperatures was determined based on Equa-
tion (6) by plotting graph of In (1-X4) versus
the reaction time (Figure 5), while Table 5
summarizes these values. High coefficient of
determinations (R?) were observed, and so the
assumption of a pseudo-first order reaction
rate was verified. The rate constants increased
with the increasing reaction temperatures from
70 to 100 °C due to the endothermic reaction
nature of the esterification reaction, suggesting

80 1

&
<
o 60 A
2
Wl
Bt
5
z
T=70°C
S 40 1
< T=80°C
o
——T=90°C
20
——T=100°C
0 . . . ,
0 15 30 45 60

Reaction time (min)

Figure 4. OA conversion as a function of time
at different temperatures. [Conditions: metha-
nol to OA molar ratio = 5.831:1, 3.047 wt% cata-
lyst loading and microwave power set = 300 W].
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that the forward reaction was accelerated by
the increased reaction temperature.

3.3.2 Arrhenius plot and activation energy

The relation of In & and 1/T was plotted to
determine the activation energy and the fre-
quency factor based on the Arrhenius equation,
and is shown in Figure 6. The activation energy
and frequency factor for the S-HTC catalyzed
esterification of OA with methanol was found
to be 64 kJ/mol and 2.58x107 min-!, respective-
ly. Note that the activation energy observed in
the work was in the same range as those re-
ported in the literature for the esterification re-
action catalyzed by several acid compounds,
such as: H2SO4, amino phosphonic acid resin,
cation exchange resin/polyether sulfone, and
NaY Zeolite, at 42—73 kd/mol [31-34]. In addi-
tion, the value of frequency factor, representing
the frequency of collisions between reactant

3.0 7

T=70°C wT=80°C 4 T=90°C eT=100°C °

0 10 20 30 40 50 60
Reaction time (min)

Figure 5. Kinetic plot for determination of re-
action rate constants.

1T x 10° (1/K)
2.65 2.70 2.75 2.80 2.85 2.90 2.95

6

Figure 6. Arrhenius plot for estimation on ac-
tivation energy and frequency factor.

molecules, observed in this work was 100-1000
times higher than the system of conventional
heating [32], which correspond to the reduction
of reaction time by MW heating compared to
the conventional heating.

4. Conclusions

A S-HTC catalyst was synthesized and used
for the production of OAME from OA and
methanol under MW irradiation. An RSM
based on CCD was employed to predict and op-
timize the OA conversion of the of S-HTC cata-
lyzed OA esterification with methanol. The op-
timum OA conversion of 95.6% was predicted
at 5.8:1 methanol to OA molar ratio, 60 min
and 3.05 wt% catalyst loading. The experi-
mental validation indicated that the model
gave good prediction of OA conversion, with on-
ly 2.8% error. Within the range of conditions
studied, the methanol to OA molar ratio was
the most influential factor on the OA conver-
sion, followed by catalyst loading, whereas the
reaction time showed a negligible effect. Com-
pared with conventional heating employed in
previous work, use of S-HTC catalyst coupled
with MW irradiation in this study could result
in the reduction of reaction time by half.
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