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Graphical abstract Abstract
Levulinic acid poons_owss oas waos o oo THis work investigated the kinetics and thermodynamics of levulinic acid (LA)
- @ conversion to ethyl levulinate (EL) catalysed by sulfonated food waste char
Ethanol (SFC) catalyst. The food waste char was derived from the hydrothermal

y- e 12156 liquefaction of food waste that underwent sulfonation with sulphuric acid to
) prepare an acid-functionalised catalyst. The esterification reaction was

a performed by varying the process parameters, including catalyst particle size

Sulfonated Food (300 and 600 um), agitation speed (100 and 300 rpm), reaction time (1-4 h),

paftc ot ’ " and heating temperature (60-80 °C). The EL yield and LA conversion were
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= by gas chromatography-mass spectrometry. Pseudo-homogeneous kinetic

Characterisation
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models were employed to determine the reaction order and kinetfic
parameters. Subsequently, the thermodynamic parameters were determined
using the Eyring equation. Based on the results, the pseudo-first-order model
was identified as the best-fit model to represent the reaction kinetics, yielding
5 an activation energy of 56.1 kJ/mol, an enthalpy of activation of 52.3 kJ/mol,
an entropy of activation of -190.9 J/molK, and a Gibbs free energy of
activation of 84.4 kJ/mol.
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Abstrak

Kerja ini menyiasat kinetik dan termodinamik bagi penukaran asid levulinik (LA)
kepada etil levulinat (EL) yang dimangkin oleh pemangkin arang sisa makanan
tersulfonasi (SFC). Arang sisa makanan terhasil daripada pencairan hidroterma
sisa  makanan yang mengalami sulfonasi dengan asid  sulfurk  untuk
menyediakan pemangkin berfungsi asid. Tindak balas pengesteran dilakukan
dengan mempelbagaikan parameter proses, termasuk saiz zarah mangkin
(300 dan 600 um), kelajuan pengadukan (100 dan 300 rpm), masa tindak balas
(1-4 jam), dan suhu pemanasan (60-80 °C). Hasil EL dan penukaran LA
ditentukan melalui kepekatan bahan kimia masing-masing yang dianalisis oleh
kromatografi gas-spektrometri jisim. Model kinetik pseudo-homogen digunakan
untuk menentukan tertib tindak balas dan parameter kinetik. Selepas itu,
parameter termodinamik tindak balas ditenfukan menggunakan persamaan
Eyring. Berdasarkan keputusan, model kinetik pseudo-tertib-perfama dikenal
pasti sebagai model yang paling sesuai untuk mewakili kinefik tindak balas,
memperoleh tenaga pengaktifan 56.1 kJ/mol, dengan entalpi pengaktifan
52.3 kJ/mol, entropi pengaktifan -190.9 J/mol K, dan tenaga pengaktifan
bebas Gibbs 84.4 kJ/mol.

Kata kunci: Etil levulinat, sisa makanan, kajian kinetik, asid levulinik, kajian
termodinamik

© 202@ Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Renewable carbon-based materials, such as
lignocellulosic biomass, are generated from sources
such as forests, agriculture, and plantations. Chemicals
produced from biomass have added value as they
contribute to sustainable chemistry [1]. One of these
chemicals, which is levulinic acid (LA), has the
potential to be synthesised from biomass, serving as a
chemical precursor to produce alkyl levulinates [2].
The reaction of LA is carried out via esterification with
alcohol to vyield alkyl levulinates, owing to the
significant advantages of levulinates as fuel additives
and precursors for y-valerolactone synthesis [3].

The synthesis of levulinates through LA esterification is
considered one of the simplest and most sustainable
routes to produce ethyl levulinate (EL), as the reaction
produces only water as a by-product [4]. The
esterification of LA involves the application of an
acidic catalyst to increase the EL yield. Previously,
homogeneous acid catalysts such as hydrochloric
acid and sulphuric acid have been used in LA
esterification [5]. However, heterogeneous or solid
catalysts are the preferred option as they offer
characteristics such as robust catalytic activity,
stability, high reusability, and good practicality [1]. The
use of homogeneous acid catalysts has led fo
corrosion of process equipment and environmental
damage [6].

Progress has been made in converting biomass
materials into heterogeneous catalysts to achieve high
selectivity of levulinates. Heterogeneous solid catalysts
are available in various types, such as carbon-based,
siica-based, and zeolite-based catalysts, with each
catalyst differing in terms of product yield [7]. One of

the promising heterogeneous catalysts is sulfonated
carbon [8, 9]. Sulfonated carbon-based catalysts
possess a large surface area with microporous and
mesoporous structures [10, 11]. Various materials can
be used as carbon feedstock for preparing solid acid
catalysts via sulfonation. For example, carbon catalysts
can be produced from food waste through several
procedures. Food waste is expected to reach 416 Mt
by 2025, contributed by Asian countries [12], making it
a potential feedstock for carbon-based catalysts.

Catalysts accelerate esterification by lowering the
energy required for the chemical fransformation to
reach the transition state, thus reducing the activation
energy (Eq) of the reaction [13]. However, reaction
rates vary depending on the reactivity of the catalyst
used and the reaction parameters [14]. This variation is
due to the different activity of the catalyst used to
achieve a high product vyield at low reaction
temperatures and short reaction times. Zainol et al.
[15] found that the EL produced from the reaction of
LA with ethanol catalysed by a carbon catalyst
followed the pseudo-first-order kinetic model with an
Ea of 20.2 kJ/mol. A previous study by Tiong et al. [16]
reported that LA esterification catalysed by an indium
frichloride-ionic liquid catalyst exhibited an Eq of 28.1
kJ/mol based on the fitted pseudo-first-order kinetic
model. Yadav and Yadav [17] established a pseudo-
first-order kinetic equation with an Eq of 37.7 kJ/mol for
a similar reaction but catalysed by the UDCaT-5
catalyst.

This research focused on studying the kinetic and
thermodynamic parameters for LA esterification to EL
catalysed by sulfonated food waste char (SFC). A
series of esterification reactions were conducted
under various conditions and reaction parameters. The
scope of the research includes investigating the effect
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of catalyst particle size, agitation speed, reaction time,
and reaction temperature. Gas chromatography was
employed to analyse the concentrations of EL and LA.
The data were fitted to a mathematical model to
determine the reaction kinetic parameters and were
also applied to the Eyring equation to obtain the
thermodynamic parameters.

2.0 METHODOLOGY
2.1 Material

Sulphuric acid (H2SO4, 95-97%, Supelco, USA) and food
waste char from hydrothermal liquefaction (HTL) were
used for the preparation of sulfonated char catalyst.
Levulinic acid (CsHsOs, 98%, Merck, Germany) and
ethanol (C2H¢«O, 95%, Chemiz, Malaysia) were used for
the esterification reaction, while ethyl levulinate
(C7H1203, 99%, Merck, Germany) was utilised as a
standard for the analysis of the synthesised EL from the
reaction. The food waste char was obtained from the
HTL studied by Mahssin et al. [12]. Simulated food
waste of 2:1:2 (rice:vegetable:chicken) as feedstock
was converted via HTL for a ratio of 40:100
(waste:water) at 225 °C and 1 h.

2.2 Preparation and Characterisation of Sulfonated
Food Waste Char

The sulfonated char catalyst was prepared through
the sulfonation of food waste char in an autoclave
hydrothermal reactor. The sulfonated carbon-based
catalyst effectively catalysed LA esterification, as
reported by Hassan et al. [18]. Firstly, the char was
preheated in a furnace, then sulfonated with a high
concenfration of H2SO4 at 180 °C for 6 h using
hydrothermal carbonisation. The sulfonated char
catalyst was then diluted with distilled water prior to
filtration. The slurry was washed continuously and
filtered using vacuum filtration. The washing-filiration
steps were repeated until the filtrate reached a pH of
approximately 6.8-7.0, and the SFC catalyst was then
collected. The sample was dried in an air-circulation
oven atf 80 °C (overnight) to obtain the SFC catalyst for
further use in the reaction.

The SFC catalyst was characterised by Fourier
transform infrared (FTIR), thermogravimetric analysis
(TGA), CHNS, and Brunauer-Emmett-Teller (BET)
analysis. The presence of functional groups and
chemical bonds was identified by FTIR spectroscopy
with a Perkin Elmer Spectrum instrument using KBr
pellets in the wavenumber range of 370-4000 cm-'.
The peaks of sulfonated char and preheated char
were compared fo identify changes in functional
groups following sulfonation. Subsequently, the
TGA/DSC 1 STAR System (METTLER TOLEDO) was used
to assess the thermal stability and degradation of the
sulfonated and preheated char by heating in the
range of 30-900 °C at a heating rate of 10 °C/min

under a nitrogen (N2) atmosphere. The thermal stability
and degradation peaks of the samples were observed
based on the TG and DTG curves at different
temperature ranges, respectively. In addition, the total
surface area was determined based on the N2
adsorption-desorption analysis via a Micromeritics 3-
Flex instrument using the BET method. The sample was
degassed under vacuum atf 200 °C for 6 h prior o
standard N2 adsorption-desorption at -196 °C.

2.3 Ethyl Levulinate Synthesis and Product Analysis

Levulinic acid and ethanol were esterified in a reflux
setup as a batch reactor for EL synthesis (Figure 1).
Different particle sizes of SFC (300 and 600 pm) were
employed to study the internal diffusion resistance of
the reaction. Meanwhile, the external diffusion
resistance was investigated using different agitation
speeds of 100 and 300 rpm. The kinetic and
thermodynamic parameters were examined through
experiments conducted at a range of temperatures of
60-80 °C and reaction times of 1-4 h. Throughout the
study, the molar ratio was maintained at the optimum
ratio of ethanol:LA of 6:1 and SFC loading of 10 wt.%.

Condenser

Water out

Reaction mixture:
LA + ethanol +
SFC catalyst

Water in 4

Oil bath

Figure 1 Experimental setup of LA conversion to EL

Gas chromatography-mass spectrometry was used to
determine the concentfrations of EL and LA. The
analysis  was conducted under the following
conditions: 5MS column with temperature settings from
40 to 120 °C (3 °C/min), followed by from 120 to 280 °C
(50 °C/min), and helium gas flow (1.0 mL/min). The
calibration curves of standard concentrations of EL
and LA were constructed to determine the chemical
concenfrations and calculate the vyield and
conversion accordingly. The yield and conversion
were calculated wusing Egs. (1) and (2) [19].
respectively, as follows:

EL Yield (mol%) = [(Cg x Vp)/1000/Mg 1/ (M a /W A)*100% (1)
LA conversion (%) = [W - ((CLaxVp)/1000)]/(W 4)*100% (2

Where CeL and Cia are the EL and LA concentrations
(mg/L) in the final product, respectively; Me. and Via
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are the molecular weights of EL (g/mol) and LA
(g/mol), respectively; Wia is the initial weight (g) of LA;
and Vp is the volume of the final product (L).

2.3 Mathematical Equations for the Study of Reaction
Kinetics and Thermodynamics

The chemical equation for the esterification of LA in
ethanol to synthesise EL is shown in Eqg. (3), while the
equation for the reaction rate is presented in Eq. (4).

LA (C,) + Ethanol (C;] < EL (C ) + Water (C}) (3)
a=-dCa/dt = k,CSCE -k,CL C} (4)

Where C is the concentration of the components, and
the kinetic constants of ki and k2 correspond to the
forward and reverse reactions, respectively.
Meanwhile, the a, B, y, and & represent their
respective reaction order.

A similar kinetic model was adopted by Andreo-
Martinez et al. [20], who wused the following
assumptions to determine the kinetic model equation
for the LA esterification reaction:

1) The ethanol concentration can be considered
constant as ethanol is the excess reactant.

2) The reaction is ireversible because an excess of
ethanol is used, which drives the equilibrium reaction
forward.

Therefore, the simplified kinefic model is as follows:

-dCa/dt = ki CS CP (5)
-dCa/dt =k C% (6]
Where k = k1CgP is a constant.

The integration method was used to solve the
equation of the reaction order of LA. The experimental
results were used to determine and justify the reaction
kinetic order. According fo Hoo and Abdullah [21], the
reaction rate constant (k) and Eq for a heterogeneous
catalyst are commonly investigated using a model
equation of a simple power law. This study determined
the k and Eo using the power-law model. The
mathematical kinetic models of pseudo-zero, -first,
and -second-order reactions were derived to explore
the reaction order representing LA conversion based
on the equation presented in Eq. (6). The integrated
rate equations for the kinetic equations of pseudo-
zero, -first, and -second-order kinetics are simplified in
Egs. (7). (8), and (9), respectively.

XaCao = kt (7)
In (1-Xa) = -kt (8)
Xa/(1-Xa) = Chno kt (?)

Where Xa is the conversion of LA, k is the kinetic
constant, t is the reaction time, and Cao is the inifial
concenfration of LA. The use of LA conversion in the
kinetic study follows a similar approach to that of
Zainol et al. [14].

Following the computation of the k values for
pseudo-zero, first-, and second-order kinetic model
equations, the k values of LA conversion were
calculated from the slopes of the graphs of Xa, In(1 -
Xa). and Xa/(1 = Xa) versus reaction time, respectively.
In addition, the Eq and the reaction exponential factor
(A) were determined from the plot of In k versus 1/T
obtained from the Arrhenius equation [14], as shown in
Eqg. (10).

Ink=InA— Eo/RT (10)

In the thermodynamic study, the Eyring and the
activated complex equations were used to determine
the thermodynamic activation parameters [14], as
shown in Egs. (11) and (12), respectively.

Kkgl . AG™ (11)

h RT

AG* = AH* — TAS* (12)

I(:

The linearised Eyring equation was applied fto
calculate the thermodynamic activation parameters
by plotting a In k/T versus 1/T graph. Subsequently, Eq.
(13) was used to determine AH and AS, while AG was
calculated using Eq. (14).

B _-AHT kg, AS
|I’]; —?Hn F"'T (]3)
e kn 14
AG* =-RTIn (kBT) (14)

Where AG* refers to the Gibbs free energy of
activation, A H* represents the enthalpy of activation,
AS** refers to the entropy of activation at the state of
the activated complex (**), k is the rate constant, R is
the gas constant, k is the transmission factor assumed
to be equal to 1, ks is Boltzmann's constant (1.381 x 10
23 J/K), his Planck's constant (6.626 x 10734 Js), and T is
the absolute temperature (K).

3.0 RESULTS AND DISCUSSION
3.1 Characteristics of the Catalyst

The peaks related to the functional groups of
preheated char and sulfonated char catalyst in the
wavelength range of 370-4000 cm~' are shown in
Figure 2. The spectra reveal a vibration band around
3000-3500 cm~!, identified as O-H stretching. As stated
by Nda-Umar et al. [22], the O-H stretching of the
hydroxyl group is associated with phenols, carboxylic
acids, or alcohols. The result explains that the O-H
stretch is related to the sulfonated group attached to
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the catalyst structure and is possibly related to the
physisorbed water on the catalyst structure. However,
the O-H peak observed for the preheated char was
not clearly shown, as the char was preheated at 200
°C, which removed the moisture of the char sample.
Similar to the sulfonated char catalyst, the heating
at 200 °C was conducted after sulfonation fo remove
excess chemicals and moisture. Thus, the O-H of the
sulfonated char is more related to the -SOsH groups
aftached to the catalyst structure. Peaks
corresponding to $S=O stretching and O=S=0 stretching
were observed in the sulfonated catalyst at 1091.78
and 847.46 cm™! respectively [22, 23]. This confirms
that the catalyst possesses —-SOsH groups due to the
covalent bonding between the -SO3H group and the
carbon-based structure, providing an acidic active
site for reaction [1, 24]. The C-H bond structure was
observed around 2800-3000 cm~' [22]. A small peak
observed around the absorption band of 1400-1600
cm™! is aftributed to the C=C stretching of the
aromatic compound, while the band between 1600
and 1750 cm™! corresponds to C=0 stretching [22, 25].
In addition, the presence of =C-H was detected in

both preheated and sulfonated char at 903 cm-' [23].

Preheated char

Sulfonated char

Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)

Figure 2 FTIR results for preheated char and sulfonated char

The results of the total surface area of the preheated
char and sulfonated char catalyst are shown in Table
1. A low surface area of the sample was obtained due
to the low temperature applied during the preheating
of the char. The total surface area of the sulfonated
char shows an increase attributable to the sulfonation
process. However, there is no significant increase in the
total surface area, as the thermal process involved in
catalyst preparation is stil at a low range of
temperature (200 °C and below).

Table 1 Total surface area of preheated and sulfonated char

Sample Surface area (m?/g)

Preheated char 1.15
Sulfonated char 3.99

As reviewed by Ren et al. [26], the specific surface
area of major chars derived from various biomass
sources shows no significant change in surface area
below 400 °C, which can be related to incomplete
removal of volatiles. A significant change in surface
area was observed at high temperatures above 400
°C, with the frend depending on the nature of the
biomass used. In this work, a high surface area of the
catalyst can be achieved if a high thermal heating
process is applied to the modified catalyst surface,
which may enhance the catalytic performance to
synthesise a high yield of EL. However, further research
is required to determine the optimal temperature for
modification, as high temperatures will affect the
degradation of functional groups that are important
for the formation of active sites.

The thermal stability of the preheated char and
sulfonated char is depicted by the TG/DTG curves
shown in Figure 3. The TG curve is used to monitor
changes in thermal stability, while the DTG curve
indicates the degradation of possible components in
the samples based on the observed peaks [25]. The
first weight loss was observed from the TG curves of
both preheated char and sulfonated char up to 150
°C. For the preheated char, a rapid weight reduction
was observed up to 40 wt.% in the temperature range
of 260-500 °C, and the weight of the preheated char
continuously degraded up to 60 wt.% at 900 °C. As
compared to sulfonated char, the TG curve shows a
more stable structure, where low degradation was
observed up to 400 °C, with approximately 920 wt.% of
the sample remaining. Subsequently, the sample
continuously decomposed up to 30 wt.% at 900 °C.

(a) 100~ -5
sof -4
s 60 43 2
= | RN £
P 40 Thdn g
o - 3
=z [ 2
20 -1
0 | | | | 0
200 400 600 800
Temperature (°C)
(b) 100= B
80 e 4
£ oo 13 2
T | 2
5 5 X
B 40k 1
= | | %
0 n n 1 n 1 n 1 0
200 400 600 800
Temperature (°C)

Figure 3 TG/DTG of (a) preheated and (b) sulfonated char
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Based on the DTG curves, high decomposition was
observed in the preheated char (Figure 3(b)) between
200 and 500 °C. This is due to the major degradation of
organic compounds in the char structure. Major
degradation of the sample could occur above 200 °C
as the char is produced via HTL af 225 °C, with the
preheating process at 200 °C. The lower degradation
rate observed from the DTG curve of the sulfonated
char sample is affected by the sulfonation process
conducted using concentrated H2SOs. However,
further degradation was observed above 200 °C due
to the loss of weight of the organic compound and
decomposition of strong acid sites on the sulfonated
char catalyst. According to Zainol et al. [25], the
decomposition between 400 and 600 °C could be
related to the decomposition of heavy organic
compounds, including strong acid sites. Rocha et al.
[27] stated that the weight loss observed in the range
of 350-600 °C is due to the degradation of sulfonic
groups, while Singare et al. [28] reported that 521 °C is
the peak temperature related to the degradation of
the sulfonate group.

The results in Table 2 show the elemental
composition, such as C, H, N, S, and O, for preheated
and sulfonated char. The preheated char and
sulfonated char show a small difference in C content
in their structure. This is because no carbon
degradation occurs during sulfonatfion, and no
thermal degradation occurs at higher temperatures
during the process. However, the composition of the H
element is reduced in the sulfonated char as
compared to the precursor preheated char. This
reduction results from the sulfonation process, which
involves the aftachment of sulfonate groups fo the
carbon structure of the aromatic ring.

Table 2 Elemental composition of preheated char and
sulfonated char

Elemental composition (wt.%)

Sample
C H N S (ol

Preheated char 44.51 27.66 395 0.28 23.60
Sulfonated char ~ 44.01 1428 3.85 091 36.95

a By difference

This stafement can be related to the sulfonatfion
process and the mechanism of carbon solid acid
synthesis (via sulfonation), as explained by Zailan et al.
[29]. Besides, the results are supported by the
increasing number of S and O elements in the
sulfonated char due fto the infroduction of the
sulfonated group in the structure. The N element
remained relatively unchanged, as it is not significantly
involved in the sulfonation process. The N element is
related to the component in the char of food waste,
which can be related to the study by Mahssin et al.
[12]. Based on the elemental composition obtfained
from the analysis and other characterisation
fechniques conducted, the results demonstrate the

successful sulfonation process in preparing a solid acid
catalyst from char.

3.2 Influence of Catalyst Particle Size and Agitation
Speed on External and Internal Resistance

Figure 4(a) shows the results of LA conversion for
different particle sizes at 2 and 4 h of reaction. The
results indicate that the particle sizes considered in this
study exhibit very small changes in conversion.
However, conversion increased as the reaction time
increased from 2 to 4 h. These specific particle sizes
were selected for the kinetic study due to the small
change in LA conversion, which neglects the effect of
particle size on reaction performance. The reaction is
kinetically controlled, which depends on the chemical
reaction rate. Besides, the reaction rate is not limited
by the movement of reactants (LA and ethanol) to the
catalyst surface, as the available surface area of the
catalyst remained sufficient for all tested particle sizes.
Thus, the effect of particle size can be controlled in this
study to mitigate its impact on the reaction rate.
Similarly, Figure 4(b) illustrates that the agitation speeds
studied had no significant influence on the conversion
of LA. High agitatfion speed can potentially enhance
the reaction by improving contact between the
reactants and the catalyst, thereby increasing the
reaction rate. However, within the range of agitation
speed studied (100 and 300 rpm), no significant
changes in conversion were observed. Therefore, the
findings suggest that an average agitation speed of
200 rpm is suitable for further investigation in the
reaction study.

100

(a) —O—600 pum ——300 ym
S0 A
T 60 1
g
3]
2 40 -
o
@]
20 4
0 . . .
1 2 3 4
Reaction time (h)
100
(b) —O-100RPM —[}300RPM
80
<60
S
%
240 D/‘J
(=]
@]
20
0

1 2 3 !
Reaction time (h)
Figure 4 Reaction performance for different (a) particle sizes

and (b) agitation speeds at different reaction times (at 10
wt.% SFC loading, 6:1 ethanol fo LA, 80 °C)
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The influence of external and internal diffusion must be
determined prior to conducting a study on reaction
kinetics. The results are related to the mass fransfer
limitations that may occur from external and internal
resistance, affecting the reaction rate of esterification
[30]. The internal mass transfer is further discussed by
investigating esterification using SFC particle sizes of
300 and 600 pym. Based on the resulfs in Figure 4(a),
there is negligible influence from internal mass transfer
as the conversion shows minimal changes when these
particle sizes were used for the reaction at 2 and 4 h.
Similarly, the effect of agitation speed (Figure 4(b)) on
LA conversion shows no significant impact when
agitation speeds of 100 and 300 rpm were used.
External mass transfer resistance could be eliminated
by increasing the agitation speed, thereby improving
contact between the reactants and the catalyst [31].
The lack of a clear effect on the reaction for the
agitation speed applied indicates that the external
mass transfer resistance can be neglected. Thus, the
reaction is assumed to follow pseudo-homogeneous
(P-H) reaction kinetics. The reaction kinetics were
further investigated using the developed simple
power-law kinetic model.

3.3 Influence of Reaction Time and Temperature on
Conversion

The relationship between time and temperature in the
LA esterification with ethanol was studied under fixed
reaction conditions of 10 wt.% SFC, 6:1 ethanol fo LA,
200 rpm agitation speed, and 300-600 um particle size.
As shown in Figure 5, the EL yield and LA conversion
increased with longer reaction fimes and higher
temperatures. Esterification at 80 °C exhibited the
highest LA conversion and EL yield from 30 min to 4 h,
with 16.90-68.36% and 16.87-68.36 mol%, respectively.
This explains why esterification is typically conducted
at reflux temperature. The yield and conversion were
further observed at different reaction temperatures,
and similar trends were observed for reactions at 60
and 70 °C. The yield and conversion increased as the
temperature increased from 60 to 80 °C, indicating the
significant influence of reaction temperature. A similar
frend was observed by Sert [32].

For the esterification reaction at 60 °C, the
conversion ranged from 6.00% to 23.02%, with the yield
of 5.95-21.1 mol% over 30 min to 4 h. Meanwhile, at 70
°C, the esterification resulted in the conversion of 9.37-
35.03%, with the yield of 8.48-33.45 mol% for the same
period. As temperature increases, atoms tend to
donate or receive electrons, which can further
enhance the reaction activity [33]. A previous study on
LA conversion to EL at temperatures of 60-120 °C
reported that moderate conditions increased the
reaction rate, although there was some reduction in
yield at high temperatures [34]. A similar increase was
observed for yield and conversion through the study of
different reaction fimes. Increasing the reaction time
allows more reactions to occur, leading to continuous
production of EL.
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Figure 5 Influence of reaction time and temperature on (a)
the conversion of LA and (b) the yield of EL (at 10 wt.% SFC,
6:1 ethanol to LA)

In this study, the reaction fime was varied up to 4 h o
further investigate the reaction kinetics. Typically, the
yield increases as the reaction time approaches
equilibrium; however, certain conditions may reduce
the product vyield due fo side reactions during
prolonged reactions. The presence of a catalyst in the
reaction, along with the effect of reaction time and
temperature, is important for achieving the optimum
EL yield [15, 35]. A high yield of EL at 80 °C indicates
effective catalyst activity compared to the results at
60 and 70 °C. Importantly, the carbon catalyst
accelerates the esterification reaction, leading fo a
higher product yield compared to reactions without a
catalyst, as reported by Fernandes et al. [36]. Without
a catalyst, they achieved only 2% conversion of LA
after 5 h of reaction at 70 °C.

3.4 Kinetic Study

In Figure 6(a), the pseudo-zero-order linear plot shows
a good fit to the experimental data at reaction
temperatures of 60, 70, and 80 °C. However, the
pseudo-first-order linear plot has a beftter fit to the
experimental data at 60 and 70 °C, with a poorer fit at
80 °C, as displayed in Figure 6(b). In Figure 6(c), the
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pseudo-second-order linear plot  exhibits  high
deviation from the experimental data for the reaction
temperature of 80 °C. The coefficients of
determination (R?) for all kinetic models are listed in
Table 3. The linear graph of the pseudo-first-order
models is satisfactory, with high R2 values close to one.
This shows that pseudo-first-order models are the best
fit for the reaction, as further supported by previous
studies reported by Zainol et al. [15], Yadav and
Yadav [17] Consequently, this model was selected for
the esterification of LA to EL using the SFC catalyst. The
values of k for the pseudo-first-order kinetic models at
60, 70, and 80 °C are listed in Table 3.

Table 3 Parameters of P-H kinetic models for LA conversion to
EL using the SFC catalyst

Temp. Regression coefficient (R2) First-order,
(°C) k (min-1)
Zero- First- Second-
order order order
60 0.9863 0.9911 0.9947 0.0012
70 0.9907 0.9914 0.9865 0.0017
80 0.9787 0.9606 0.8795 0.0038

The kinetic results of this study can be used to explain
the reaction mechanism. The esterification follows a
proton-catalysed route, where the reaction ratfe
depends mainly on the LA concentration. Specifically,
the mechanism steps involve the activation of LA by

100
(a) pseudo-zero

060°C O70°C As0°C
80

y=02658x &

60 A

Xa

40

20
y=0.1084x

0 30 60 90 120 150 180 210 240

the acid sites of the SFC catalyst, followed by
nucleophilic attack by ethanol. Table 4 presents the A
and Ea values using the SFC catalyst. The Arrhenius
constant and Eq values were determined from the
intercept and slope of the plot in Figure 6(q),
respectively. Activation energy represents the
minimum energy needed for the reaction to occur,
and is related to the catalytic activity of the SFC
catalyst. The obtained Ea value of 56.1 kJ/mol (based
on the P-H first-order model) exceeds the 15 kJ/mol
threshold [14].

Table 4 Exponential factor (A) and Ea of LA conversion fo EL
using SFC catalyst
Reaction Conditions R2

A (min-')  Ea(kJ/mol)

60-80 °C

SFC catalyst 0.9428 2.60 56.1

The obtained Eqs value suggests that the catalyst
effectively lowers the energy barrier, thereby
enhancing the reaction rate for the conversion of LA.
Additionally, this implies that the reaction depends on
the catalyst's activity and reaction kinetics, rather than
on mass fransfer [37]. Kokare et al. [35] reported Eq
values of 34.91 and 39.89 kJ/mol using Amberlyst-15.
Nandiwale et al. [30] found that the esterification using
desilicated HZISM-5 catalyst achieved an Eq of 21.1
kJ/mol. The Eq values from previous studies employing
different catalysts and reactfion conditions are
presented in Table 5.
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Figure é. Plots of P-H kinetic models for LA conversion
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Most kinetic studies utilised the P-H kinefic model to
determine the kinetic parameters. Comparing the Ea
values, the SFC catalyst is considered to have lower
catalytic activity due to its high Ea of 56.1 kJ/mol.
Previous research has indicated that modified zeolite
catalysts exhibited good catalytic activity, with Eq
values ranging from 20 to 30 kJ/mol for EL synthesis [5,
30]. Nandiwale and Bokade [38] studied the
esterification reaction with different types of alcohols
with micro/meso HZ-5 catalyst and obtained varying
Eq values for each alcohol employed. For the
esterification of LA with ethanol, the micro/meso HZ-5
catalyst was reported to have an Eq of 27.4 kJ/mol.
The Eq obtained for the SFC catalyst is higher than
that reported for other catalysts, which can be
attributed to the low catalytic activity of the SFC
catalyst. This difference may be influenced by
catalyst properties, such as the number and strength
of acid sites. Nevertheless, the properties of the SFC
catalyst could be improved through catalyst
modification in future studies.

Table 5§ Selected reaction kinetic models and
corresponding Ea for various catalysts in previous studies

Catalyst Reaction Kinetic Ea Ref.
Conditions Model (kJ/mol)

Amberlyst- 87-127 °C P-H 34.91 (Kokare et
15 (n-Butanol) al., 2018)
Amberlyst- 87-127 °C L-H 39.89 (Kokare et
15 (n-Butanol) al., 2018)
Desilicated  90-130 °C P-H 21.1 (Nandiwale
HZSM-5 (Ethanol) et al., 2014)
DPTA/DH- 76-84°C P-H 29.4 (Nandiwale
ISM-5 (Ethanol) et al., 2013)
Micro/meso  90-130 °C P-H 27.4 (Nandiwale
HZz-5 (Ethanol) & Bokade,

2015)
Micro/meso  90-130 °C P-H 51.6 (Nandiwale
Hz-5 (Methanol) & Bokade,
2015)
SFC catalyst  60-80 °C P-H 56.1 This work
(Ethanol)

3.5 Thermodynamic Study

Figure 7 shows the plot used to determine the
thermodynamic parameters of the reaction, while
Table 6 summarises the thermodynamic parameters
obtained in this study. The enthalpy value obtained is
53.2 kJ/mol, which is higher than that reported by
Zainol et al. [15], who used a carbon cryogel catalyst
and obtained a lower enthalpy of activation of 17
kJ/mol. This suggests that the process using the SFC
catalyst is more endothermic and requires more heat
fo form EL. In addition, the entfropy of activation is -
190.9 J/mol K, indicating that the system is less
disordered. Moreover, the Gibbs free energy of
activation is 84.4 kJ/mol, suggesting an endergonic
reaction, which explains why the reaction is not
spontaneous. A previous study by Tiong et al. [16]

reported an enthalpy of activation of 25.1 kJ/mol K,
an enfropy of activation of -172.4 J/mol K, and a
Gibbs free energy of activation of 90.3 kJ/mol.
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Figure 7 Plots of (a) In k against 1/T and (b) In k/T against 1/T
for LA esterification catalysed by SFC

These thermodynamic parameters are consistent
with the current study, except for the enthalpy of
activation, which is more than double the value
reported in the previous study. The high enthalpy of
activation is supported by the high Eq observed in this
study, indicating low catalytic activity.

Table é Thermodynamic parameters of LA conversion to EL
catalysed by the SFC catalyst
Reaction R2 A H+ A S+ AGH
Conditions (kd/mol) (J/mol K) (kJ/mol)

60-80 °C
SFC catalyst

0.9372 53.2 -190.9 84.4

The kinetic parameters are important for determining
the thermodynamic parameters for the reaction
conducted using the developed simple power-law
kinetic model. This kinetic model is commonly used to
investigate  reactions involving homogeneous
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catalysts and has also been applied fo
heterogeneous catalyst reactions. The obtained
kinetic and thermodynamic parameters will be
valuable for future simulation work and process
scale-up. Further research could explore the
determination of kinetic parameters using other
kinetic models, such as diffusion models and/or
mechanism-based kinetic models (e.g., Langmuir-
Hinshelwood and Eley-Rideal mechanisms). This
proposed work may lead to the development of
more advanced kinetic models that can enhance
the output of simulation studies and reactor design.

4.0 CONCLUSION

The esterification of LA catalysed by SFC occurs
within  the kinetic range, as indicated by the
investigation of the effect of diffusion. This study
developed kinetic models for LA conversion to EL,
and among these models, the pseudo-first-order
model best describes the reaction. The Eq of LA
esterification using the SFC catalyst is 56.1 kJ/mol.
Utilising the Eyring equation for thermodynamic
parameter evaluation, the results suggest that the
system at the transition state for EL synthesis is more
organised because the reaction is endergonic rather
than spontaneous. Due to the high Es values
obtained in the esterification reaction using SFC, it is
recommended to enhance the catalyst through
modification to increase catalytic activity and lower
the Ea of the reaction. Future studies may explore
diffusion models and/or mechanism-based kinetic
models to improve outcomes and determine the
significant kinetic models suitable for representing the
reaction process in simulation studies and scale-up.
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