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ABSTRACT. Coconut oil mill wa MW) contained ?zh free fatty acid (FFA) content which potentially could gconvened
into a value-added product such as fatty acid methyl ester (FAME). In this study, a montmorillonife-sulfonated carbon catalyst
was used to evaluate the kinetic parameter of FFA conversion from CMW into FAME. The characterization of FTIR and SEM-
EDX confirmed that the -503H groups were successfully incorporated into the montmorillonite- carbon catalyst. The highest
catalyst acidity (9.4 mmol/g) was achieved by a ratio of montmorillon sulfonated carbon of 1:3 % w/w. The kinetic study
using montmorillonite-sulfonated carbon 1:3 % w/w showed that the reaction temperature and the molar rafio of methanol
to FFA (% v/v) were positively correlated to the reaction rate. The highest rate constant of esterification towards the product
(ki1), reactant (ka), and equilibrium were 0.1187, 0.0595, and 1.995, achieved by a temperature of 80 °C, respectively. The
Arrhenius constant and activation energy towards the product were 3.3085x 106 and 50.3 J/mole, respectively. The reaction

temperature was positively correlated to the equilibrium constant, which indicated that the reaction was endothermic. ?
kinetic model validafion revecled that the predicted value from the model was adequately in accordance with the
experimental value, as indicated by a high coefficient of determination.

Keywords: coconut oil mill waste, free fatty acid, montmorillonite, kinetic study, sulfonated carbon

INTRODUCTION

The quantity of population growth in the world from
year to year has increased. Along with the increase in
population, the need for fossil fuels will likewise
increment (Singh et al., 2022). Individuals utilize
petroleum for transportation and industry; hence, it
is conceivable that fossil fuel reserves will run out
shortly (Akhbari et al., 2021). One solution to
overcome this issue is to look for alternative energy
sources. Fatty methyl acid ester (FAME) is one of the
biofuels that potentially substitute the petroleum
reserves because of its biodegradability, non-toxic,
and low emission of hazardous exhaust gases
{Mohiddin et al., 2021).

Generally, FAME can be produced from a first-
generation feedstock such as plant-based, animal,
and vegetable oil vig¥) transesterification or
esterification reactions &Orio-eonzﬁhﬂ et al,
2020). Nonetheless, The competition for the first-
generation feedstock between biofuel producers
and the food industry is one of the causes of high costs
due to expanded food prices and decreased land

accessibility for food crops (Ambat et al., 2018). The
second-generation biodiesel feedstock is narrated as
a better feedstock due to its non-edible characteristic,
which is inherent to cutting back on food shortages
{Anwar et al., 2018). Moreover, non-edible oil may be
found to be less expensive and abundantly in many
world regions, thus offering a sustainable supply
{Adenuga et al., 2021). Some commons and non-
consumed second-generation FAME feedstocks are
castor jatropha oil, cottonseed oil (Atabani et al.,
2013), or low-grade oil such as waste cooking oil,
sludge, and so forth (Cruz et al., 2018). Among those
feedstocks, coconut oil will waste (CMW) is one
alternative ffkdstock for FAME production. CMW is a
low-quality non-edible oil and contains high free fatty
acids (FFA), which conceivably can be converted into
FAME (Yotsomnuk & Skolpap, 2018). Furthermore,
due to its abundance and non-competitive against
food, CMW appears, by all accounts, to be a desirable
industrial feedstock and can increase the sustainability
of the coconut oil industry and diminish its negative
environmental impact.
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FAME production can be generated by
esterification with an acid catalyst (Hayyan et al,,
2013). The catalyst frequently utilized is a
homogenous acid catalyst. Despite the fact that the
homogeneous acid catalyst improves the kinetics,
unfortunately, it is undertaking corrosion of the
process apparatus, is difficult to separate, and cannot
be regenerated, hence increasing production costs
(Shagufta et al., 2017). In the midst of catalyst
developments, heterogeneous acid catalysts are very
effective and available because they can cover the
disadvantages of homogeneous catalysts (Alcafiiz-
Monge ef al., 2018). Many therough investigations
have been conducted in order to generate
heterogeneous catalysts from diverse sources and
methodologies. One of the heterogeneous catalysts
currently developed with excellent and promising
performance and high conversion in the esterification
of FFA is a sulfonated carbon catalyst (Fauziyah e‘r?
2020). Sulfonated carbon can be produced by the
incomplete carbonization of manageable and simple
natural materials such as sugar and biomass, which
are directly sulfonated by strong acid (Dornath et al.,
2016). Various sulfonated curIP'\ from different
precursors have been developed (Farabi et al., 2019;
Flores et al., 2019; Lathiya et al., 2018). Among other
polymeric materials, glucose as a carbon precursor
seems cost-effective due to its cbundant readily in
nature, porous and appropriate for solid acid
catalysts. Moreover, the catalyst will have a much
higher catalytic activity when combined with an active
supporting material (Hasanudin et al., 2022a).
Natural clay such as montmorillonite is widely
available, with a high surface area, and has an active
catalytic site which has potential as a supporting
material that can promote a synergistic effect in the
FFA conversion (Varadwaj & Parida, 2013).

Kinetic studies are essential for understanding
esterification and promoting indusirial applicati
processes. An important structural attribute of a
catalyst is related to the rate of the esterification
reaction. Several esterification kinetic studies have
?n reported using various feedstocks and catalysts
(Gao et al., 2020; Hamerski et al., 2020;
Kusumaningtyas et al., 2017; Liu, Liu, et al., 2019).
The previous study employed the zeolite-sulfonated
biochar derived from biomass-based such as molasse
for the catalytic esterification of FFA derived from
sludge palm oil. The study revealed that the reaction
had an activation energy of ca. 30.65 kJ/mol towards
FAME production, whereas it had an activation energy
of ca. 15.87 kJ/mol towards the reversible reaction.
This typical reaction took place endothermically with a
sufficient kinetics model (R?= 96%) (Hasanudin et al.,
2022b). The other study also reported that the zeolite-
sulfonated carbon derived from sugar cane promoted
a ca. 94.19% towards FFA conversion derived from
sludge palm oil, optimized by the RSM-CCD method.
This catalyst exhibited an adequate reusability

performance @ up to 4 consecutive runs (Hasanudin
et al., 2022c¢). According fo the literature review, there
were neither exploration nor study has been attempted
regarding the kinetic study of FFA conversion from
CMW info FAME using montmorillonite-sulfonated
carbon composite catalyst, with glucose as a carbon
source. Apart from what was mentioned earlier,
glucose is used as a carbon source because it is easily
soluble in water so in the formation of composites, the
precursor would be homogenedibly mixed with
supporting material. Therefore, the aim of this
research is to study the kinetics parameter of FFA
conversion from CMW to FAME  using
montmorillonite-sulfonated carbon composite from
glucose. The effect of the weight ratio of
montmorillonite to glucose (% w/vW§) was also
investigated. The catalyst would be characterized
using FT-IR and SEM-EDX. The acidity of the catalyst
was calculated using the titration method.

EXPERIMENTAL SECTION
Preparation of Montmorillonite-carbon Composite
Montmorillonite (200-mesh) f PT. Tunas Infi
Makmur Semarang was cleaned with distilled water
and dried at 120 °C for 1 day. A series of mixtures
with various weight ratios of montmorillonite fo D(+)-
glucose (ca. 97.5-100 % purity, Merck), famely 1:3,
1:2, 1:1, 2:1, and 3:1 (% w/w), was dissolved in
distilled water (500 mlL) un:ﬂﬁrred at 80 °C until
homogeneous. Subsequently, the mixture was heated
at 120 °C for 24 hours using the oven and carbonized
at 500 °C in an N; atmosphere with a 2 mL/sec flow
rate. The powder was referred fo as a montmorillonite-
carbon composite.
Sulfonation of Montmorillonite-carbon Compeosite
Montmorillonite-carbon composite (20 g) was
diluted with concentrated H2SO4 00 mL), refluxed at
175 °C for 15 rs, and later washed with disfilled
water at 80 *C. The mixture was then centrifuged ot
500 rpm and dried at 120 °C for 24 hours. This
outcome was then called monimorillonite-sulfonated
carbon.

C Characterization

e acidily of the catalyst was evaluated using the
titration method (Nadia et al., 2022). The funcfional
groups of catalyst assessed using FT-IR (8201
Shimadzu) and the gﬂm were recorded from 400
em” to 4000 cm’'. The surface morphology of the

catalyst was captured using SEM-EDX (JEOL JSM-
6510LA).

Kinetic model of esterification

The FFA esterification was modeled according to
the first-order pseudo-homogeneous kinefics model.
The kinetic sludy was conducted wusing a
montmorillonite-sulfonated carbon catalyst with the
highest acidity. Several assumptions were followed
before calculating the kinefics model of the FFA
esterification reaction, namely (1) the reactor was
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batch system and isothermal (2) the reacfion was
reversible, and controlled by chemical reactions (3) the
rate of catalyfic reactions was neglected (4) the
reaction occurred in the oil phase, and lastly (5)p#ie
mole ratio of methanol to oil is sufficiently high, thus
the methanol concentration was considered constant
throughout the process (Farag et al, 2013). The
reaction order for methanol and FFA were considered
zero and first order, respechively. The equilibrium
reaction of FFA with methanol to produce FAME and
water is shown in equation (1) as follows:

FFA + MeOH = FAME + water (1)
Based on the reaction in equation (1), the rate
equation can be formulated according fo equation (2)
as follows:

-d[FFA

[ an 1 _ k; [FFA][MeOH] - ko[FAME][water]  (2)
Where [FFA] and [MeOH] were the free fatty acids
concentrations and methd@gal, respectively, whereas

[FAME] and [water] were the concentrations of ester
and water, respectively, ki and k» were the rate
constants for the reaction towards the @ oducts and the
reactants,  respectively.  Since e methanol
concentration was considered constant throughout the
process, the equation becomes as follows:

dFA] =ki[FFAJ- ko[FAME]? 3)

If at the beginning of the reaction (t=0) was assumed
that the concentration of FAME and water was equal
to zero and the concentration of [FFA] = [FFA], - X,
where X was the decrease in acid value. Then equation
(3) becomes as follows:

dX
o = MlFFALX) - kX’ 4)
[FFA]. was the initial FFA concentration, and the
integration of equation (4) would form the following
kinetic equation as follows (Satriana & Supardan,
2008):
1 1
In [{[FFA]D —X{E +B)) - ([FFA]o - X{E_B]] = 2koat  (5)
Where:
K2 s
o= {I + K [FFA],)
a

(6)

o
e rate constants k; and k; can be calculated
according to the equation (2-10) as follow:

Slope

la = 53 (®
Slope? - k2

7 kAL v

Whereas the energy activation and Arrhenius constant
of kyand k; was calculated according to the Arrhenius
equation.
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Effect of Temperature gd Molar Ratio of Methanol to
FFA

Esterification was conducted using 25 mL of CMW
(PT. Sambu Kuala Enck Riau) and 5 g of a catalyst with
mole ratios of methanol to FE&) % v/v), namely, 10:1,
13:1, 16:1, 19:1, and 20:1 in a batch reactor with a
temperature of 60, 70, and 80 °C for 60 minutes. The
product was taken as much as 2.5 mL at reaction times
of 8, 12, 16, 20, and 24 hours. FFA analysis was
conducted using the fitration method.

Kinefic Model Validation

Validation was carried out to investigate the
correspondence between the observed and predicted
by a mathematical model of FFA content based on the
coefficient of defermination. The mathematical model

was calculated according to the equation as follows
(Farag et al., 2013):

y [FFA] [e%2.1)
predcled modkl T g7 4 gZst) + 0.5 [FFA] (e?2%1-1)

(10)

RESULTS AND DISCUSSION
of Weight Ratio of Montmerillonite to Glucose

e effect of the ratio of montmorillonite to glucose
on montmorillonite-carbon yield is shown in Figure
la. The carbonization of glucose without
montmorillonite was led as a control. It can be seen
that the montmorillonite-carbon yield reveals a
tendency to increment alongside the increase of
montmorillonite  composition. The highest yield
(69.92%) was accomplished at a composition ratfio of
3:1. The higher glucose compaosition produced a
relatively low yield of carbon because the glucose was
partially carbonized, which promoted the evaporation
of a volatile substance and gave a carbon-enriched,
porous structure, which was suitable for functionalized
by sulfonated groups. Meanwhile, the treatment of
glucose  carbonization without  montmorillonite
resulted in a relatively low yield compared to other
composition ratios, which were associated with high
volatilization of glucose structure, leading to a low
carbon vyield. This condition confirmed that the
addition of montmorillonite to glucose affected the
carbon yield, which inherently affected the carbon
structure.

The montmorillonite-carbon catalyst is
subsequently sulfonated, and its acidity values are
shown in Figure 1b. It was revealed that a higher
glucose rafio caused an increase in catalyst acidity.
The monimorillonite-sulfonated carbon composite
catalyst with a ratio of 1:3 had the highest acidity (9.4
mmol/g) compared to other compositions. Higher
glucose content as a carbon source exhibited more -
SO;H groups bounded to the catalyst, leading fo
increased catalysts acidity that provides the high
catalytic activity.
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Figure 1. (a) “IE effect of the montmorillonite to glucose ratio on montmorillonite-carbon yield (b)
Montmorillonite-sulfonated carbon composite catalyst acidity.

Chara ion of Catalysts

FT-IR was used fo investigate the functional groups
of catalysts. The spectra of montmorillonite-sulfonated
carbon catalysts are shown in Figure 2. The spectr
montmorillonite-sulfonated carbon 1:3 from Figure 2a
revealed an absorption band at 1065.71 cm™!, which
indicated the SO3;H grouppliounded to the carbon
surface (Li et al., 2018). The absorption band at
3448.72 cm™ corresponded to the vibration of the OH
group, which was pr ly from the (-S=0)(OH)
group. Furthermore, a stretching vibration of C-5-C
was observed at 794.67 cm’' (Ogino et al., 2018).
These conditions indicaffl that the catalyst had been
successfully sulfonated. The absorption band at 1635
em’! was attributed to the carbonyl vibration of the
COOH group and might overlap with Cc=C
absorption in the polyaromatic structure (Chen &
Fang, 1). The absorption band at 462.92 cm’,
794.67 cm”', and 339 cm’! indicated the vibration of
Si-O-Al (Liu, Zeng, et al., 2019), which was probably
from alumina-silica montmorillonite typical structure,
as well as the overlap of bending vibration of aromatic

C-H (Alshabanat et al., 2013). This condition
indicated that there was an interaction between
carbon and montmorillonite structure. This interaction
suggested that the montmorillonite was coated by
carbon, whereas the sulfonated groups were
functionalized in the carbon framework. Figure 2b and
Figure 2¢ showed relatively similar absorption bands
and were not significantly difggent from Figure 2a.
Furthermore, the intensity of the absorptioffgband in
the ~1060 em’!' region (SO;H groups) increased
along with the increase of glucose composition, and
this condition indicated that the montmorillonite-
sulfonated carbon (1:3) composite catalyst through
FTIR analysis, had the highest acidity and these
findings were consistent with acidity analysis as well.
The images of catalyst morphology surface using
SEM and EDX analysis are shown in Figure 3. It was
apparent from Figure 3a that the surface morphology
seems to be an undulating thin o) which was typical
of montmorillonite (Goodarzi et al., 2016). The
surface morphology of sulfonated carbon in Figure 3b
exhibited an irregular shape. The sulfonation process
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Flgum 2. FT-IR spectra of montmorillonite-sulfonated carbon (@) 1:3 (b) 1:1, and (¢} 3:1 (% w/w).
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Egure 3. SEM images of (@) Natural montmorillonite (b) Sulfonated carbon (€) Montmorillonite-
sulfonated carbon (1:3) (d) EDX specitra of Montmorillonite-sulfonated carbon (1:3) (e) The
proposed scheme of montmorillonite-sulfonated carbon composite.
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caused changes in the carbon pores (Hajamini et al.,
2016). The montmorillonite-sulfonated carbon (1:3) in
Figure 3c formed a rough round lump, and the
morphological surface had a similar image to natural
montmorillonite (Figure 3a), which indicated the
composite formation was successful. Furthermore,
EDX analysis of montmorillonite-sulfonated carbon
showed sulfur content of 1.16%, presumably from
SOsH groups, which indicated the montmorillonite-
carbon cotalyst had been successfully sulfonated.
Figure 3e shows the proposed scheme of
montmorillonite-sulfonated carbon composite. It was
suggesfed that the montmorillonite was coafed by
carbon, whereas the sulfonated groups were
functionalized in the carbon framework.
Kingfic Studies

e effect of temperature and the molar ratio
methan FFA on the estferification reaction rate is
revealed in Figure 4. It can be seen that Figure 4 shows
that the rate of the esterification gradually incremented
as th@@reaction temperature increased. From this
study, the highest reaction rate was accomplished at a
temperature of 80 whereas the lowest reaction
rate was achieved at a temperature of 60 °C. An
increase in temperafure provided energy fo the
molecules; thus, the reaction rate would be faster, and
this condition caused the frequency of collisions
between molecules to be higher (Gao et al., 2020).
The collision model explained why the reaction rate
was foster ot hi@fer femperatures. Subsequently,
Figure 4 shows that the rate of the esterification
reaction was inversely proportional he mole ratio
of methanol to FFA, which implied that the reaction
rate decreased as the mole ratio is increased. With the
higher mole ratic of methanol to FFA, the initial FFA
content would be lower, whereas the reaction volume
was increased with a constant catalyst dosage; This
condition caused the possibility of a collision between
the FFA and the catalyst acquire to be smaller, making
the reactants adivated by the catalyst was more

difficult to form, thus the reaction rate was slower.
According to Cao et al. (2021), excessive methanol
can also over-dilute the reaction system's
concentration, limiting the possibility of FFA reaching
th ive catalytic site.

e effect of temperature on reaction rate and
equilibrium c@pfant are shown in Figure 5
respectively. It can be seen that at a relatively low
reaction temperature (60 °C), the esterification
reaction generated a lower reaction rafe constant
towards the product (ki) than the reverse reaction
towards the reactant (kz2), which indicated that the
esterificafion FFA into the product (FAME) was slower
than the reverse reaction. Consequently, the formation
of high content of FAME in this condition was likely
unfavggible. Subsequently, Figure 7b reveals that
when the reaction temperature was incremented to 70
°C, the reaction rate constants of k; and k; did not
differ significantly. This condition indicated that the
esterificafion towards the products was almost as fast
as the reverse reaction. Furthermore, the temperature
increased by 80 °C (Figure 5), was promoted a higher
forward rate constant towards the product (ki) than the
reverse reaction (k). In this condition, the esterification
runs most optimally; this was associated with faster
molecular motion and higher kinetic energy; thus,
more collisions between reactant molecules occurred
and increased the reaction rate (Mekala & Goli,
20

e average value of the reaction rate of k;, ks and
the equilibrium constant for each perature are
presented in Table 1, respectively. According to Le
Chatelier's principle, if the equilibrium reaction's
temperature is increased, the reaction equilibrium will
shift towards the endothermic reaction
{Jogad babu et al., 2011). As indicated by this
study, the higher the temperature, the greater the
value of the QUilibrium constant (K). This condition
showed that the esterification reaction of FFA from
CMW with methanol was an endothermic reaction and
consistent with another report (Su, 2013) previously.
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Figure 4. ﬂne effect of temperature and the molar ratio of methanol to FFA on reaction rate.
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Table 1. Average value of reaction rate constant for each temperature

Reaction temperature

Average value

(°C) P k K
60 0.0425 0.1333 0.3184
70 0.0754 0.1055 0.7144
80 0.1187 0.0595 1.9955

Arrhenius Constant and Energy Activation Analysis

The esterification reaction occurred when there
were infermolecular collisions af the active site of the
molecule and the active site of the catalyst. After
reactants collided, they would form products. A large
complex of reactant molecules would cause minor
collisions on the active site and vice versa
(Setyaningsih et al., 2019). This factor is determined
by the collision frequency factor, expressed by the
Arrhenius constant. The Arrhenius constant (A) was
evaluated from the in'rercep‘r?ived from the plot of
1/T respect to In k,, whereas the activation energy (E.)
was evaluated from the slope (Figure 6).

The results of the analysis of the Arrhenius constant
in Figure 6, it was found that the collision frequency of
the esterification of FFA from CMW and methanol with
a montmorillonite-sulfonated carbon catalyst was
3.3085 x 10% The activation energy of FFA
esterification from CMW tfowards product was found
to be 50.3 J/mol. The activation energy acquired was
relatively small, which indicated that the catalyst had
high catalytic activity towards FFA esterification, thus
the reaction easily occurred (Lu et al., 2014). The

molecular fraction which had en@By equal to or
greater than Es is shown in Table 2. It was conspicuous
that by increasing the reaction temperature, the
molecular fraclion also increases. This condition
shows that the greater reactant molecular fraction,
leading to an increase in the probability of the
formation of a FAME.

Kinefic Model Validation

The validation of the kinetic model was conducted
to prove the results of the predicted calculation by the
model of the FFA reduction were maiched the
experimental calculation (Gao et al., 2020). Figure 7
shows the linear regression of FFA esterification
between the predicted volue calculated by kinetic
model and experimental value with a coefficient of
determination obtained of 0.9803. This regression
value was close to 1, indicated that the predicted value
from a kinetic model of FFA reduction was in
accordance with the experimental value (Su, 2013).
This condition justified that the proposed FFA kinetics
model from CMW using monimorillonite-sulfonated
carbon could be used to predict the FFA reduction
from CMW with high precision.
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Table 2. Molecular fraction with equal to or greater than activation energy

Reaction temperature (°C) fleEm)
60 0.9819
70 0.9825
80 0.9830
1.04
/_s’
. , s
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Figure 7. Linear regression of predicted value vs experimenial value.

CONCLUSIONS

The montmorillonite-sulfonated carbon has been
developed for catalyzing the FFA co
CMW into FAME. FTIR and SEM-
confirmed the presence of
montmorillonite-sulfonated  carbon  catalyst. The
highest acidity (9.4 mmol/g) was achieved by
montmorillonite-sulfonated carbon with a ratio of
montmorillonite to sulfonated carbon of 1:3 % w/w.
The kinetic study showed that the highest rate
reaction of FFA esterification from C using
montmorillonite-sulfonated carbon 3:1 % w/w was

rsion from
analysis
-SO3H groups on

achieved at a reaction temperature of 80 °C and
methanol fo FFA molar ratio of 22:1. The highest
rate constant of esterification towards the product
(k1), reactant (ko), and equilibrium were 0.1187,
0.0595, and 1.995, achieved by a temperature of
80 °C, respechively with an endothermic reaction.
The constant Arrhenius and activation energy
towards product were obtained of 3.3085 x 10¢
and 50.3 J/mol. The kinetic model validation
showed that the predicted value generated by the
model was in accordance with the experimental
study.
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