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 Abstract: Silica functionalized with sulfonic acid catalyst (SiO2−SO3H) was synthesized 
through a one-pot method and evaluated as the catalyst material for esterification of 
levulinic acid in an excess amount of ethanol. Sodium silicate solution was used as the 
silica source, and then a silane coupling agent, namely GPTMS, was used to incorporate 
the sulfonic group of 2-aminoethanesulfonic acid (AS) into the silica. Functionalization 
of AS using GPTMS in the slightly acidic condition has been successfully carried out based 
on the characterization with FTIR, SEM-EDX, and TGA measurements. Catalyst with 
the AS to SiO2 molar ratio of 5:6 (SiO2−SO3H(5)) showed the highest acid content (1.02 
mmol g–1) and the highest conversion of levulinic acid (70%). The reaction followed 
pseudo-first-order with the rate constant of 0.00414 min–1. Catalyst material was 
regenerated by washing with alcohol and water, and the catalyst material can be reused 
at least for 3 cycles. From this study, the SiO2−SO3H produced from a green process is an 
effective catalyst to produce esters used in fuel additives. 

Keywords: silica acid catalyst; coupling agent; one-pot method; esterification; levulinic 
acid 

 
■ INTRODUCTION 

Liquid acid catalysts are widely used in industrial 
processes because of their high activity and selectivity [1]. 
However, these catalysts are avoided because of the 
toxicity, separation difficulty, and waste production. Solid 
acid catalysts then become the solution to overcome 
drawbacks in the liquid acid catalyst. The silica-based 
catalyst has been developed among many solid acid 
catalysts because it is widely abundant, biocompatible, 
non-toxic, thermally stable, and easy to synthesize in mild 
conditions [2]. Silica-based material has been highly 
explored because it can easily be modified with other 
molecules or materials because of its surface silanol (Si–
OH) groups. Silanol groups themselves are weak acid sites 
that cannot be used directly without modification. Silica 
was compatible with organic substances and was often 
modified with organic compounds for different purposes 
such as adsorbent, catalyst, and ion-exchanger [3-5]. A 
silica network can be formed via a sol-gel process 
consisting of hydrolysis and condensation silica 

precursors such as silica alkoxides or silica salts with acid 
or base catalyst. 

One particular challenge in synthesizing acid 
catalysts is incorporating acid sites onto weak acid, an 
inorganic material such as silica. Several reports have 
been demonstrated to increase its acidity. Xiong et al. [6] 
incorporated HSO3Cl directly onto the surface of silica 
materials to form a SiO2−SO3H acid catalyst. However, 
−SO3H groups were not firmly attached to SiO2 and were 
accessible to leach. Berbar et al. [4] used sulfonated 
polyethersulfone membrane (PES) to increase the acidity 
of silica materials. However, the sulfonation degree of 
PES was limited only up to 27%. Ziarani et al. [5] used 
organosilane 3-mercaptopropyltrimethoxysilane 
(MPTMS) as −SO3H groups precursor whereas −SH 
groups were oxidized with strong oxidants such as H2O2 
and HNO3. This research seems promising mainly 
because of the strong covalent bond formed between 
acid sites and silica surfaces. Amidst its advantage, the 
synthesis method needs to use a very toxic oxidizing 
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agent that was not safe for the environment. New 
approaches need to be developed to form silica acid 
catalysts without harming the environment. 

Silica modification with organosilane seems pretty 
interesting with the advantages to adding organic 
moieties that already bonded in organosilane onto silica 
by strong covalent bonding [7]. Organosilane consists of 
an organic functional group and three alkoxy groups. 
Similar to the silica alkoxides, it can undergo hydrolysis 
and condensation, leaving organic moiety on the external 
sites [8]. The organic moiety of organosilane can be used 
directly, and it can also be used as a coupling agent to 
bridge other organic substances onto silica materials. The 
organic sites of organosilane can be further modified with 
another organic substance to change the functional 
groups as desired [3]. Through this crosslinking, the 
preferred organic groups can form strong covalent bonds 
with silanols from silica materials. One of the silane 
coupling agents often used is 3-
glycidoxypropyltrimethoxysilane (GPTMS). GPTMS is 
often labeled as "network former" because it has an epoxy 
ring that is reactive with nucleophile groups [7,9-10]. 
Several experiments have been reported using GPTMS as 
a coupling agent between silica and many organic 
substances such as chitosan [9], alginate [11], 
ethylenediamine, and diethylenetriamine [12-13]. Most 
of them take advantage of epoxy ring-opening of GPTMS 
through nucleophilic substitution with nucleophilic 
groups. However, none of these experiments was 
conducted to obtain silica acid catalysts. Previously, Palla-
Rubio et al. [7] incorporated chitosan onto GPTMS and 
caused crosslinking through condensation with silanol 
groups. Amine groups of chitosan act as a nucleophile to 
encourage ring-opening of the epoxide group in GPTMS. 

Various studies have shown that the ring-opening of 
epoxide groups could happen in acid solutions such as 
acetic acid [7] and formic acid [14]. Gabrielli et al. [15] 
reported that ring-opening of epoxide group in GPTMS 
could be conducted at slightly acidic conditions to 
undergo nucleophilic attack. In neutral pH, the catalysis 
will be too slow. Meanwhile, it can cause hydrolysis of 
epoxide ring to form diol group that hinders the 
nucleophilic reaction in the too acidic condition. In basic 

conditions, polymerization of silanol groups will 
dominate the ring-opening reaction. Incorporating an 
organic substance containing nucleophilic group onto 
GPTMS might cause another challenge because it 
requires appropriate conditions to maximize 
nucleophilic attack and maintain the polymerization of 
silanol groups. 

In silica modified with organic substance with the 
presences of GPTMS, generally, silica is first isolated and 
functionalized with GPTMS using grafting method and 
then reacted with an organic molecule to form 
crosslinking between silica and organic molecules [9]. 
However, this method is limited by multi-step processes, 
high cost, strict preparation conditions, and often uses 
many additional reagents, which are not 
environmentally friendly [16]. In addition, the surface of 
pre-synthesized silica may have different reactivity 
towards modifier molecules. Silane groups of modifier 
molecules may also undergo self-condensation before 
reacting with silica surfaces resulting in non-uniform 
particles [17]. 

In contrast with the grafting method, the one-pot 
synthesis method offers many advantages, such as 
reducing synthesis steps and using additional reagents 
[18]. This method reduces the total synthesis time, 
which is more economical and efficient. Moreover, more 
organic moieties can be bonded onto silica using the 
one-pot co-condensation method [19]. Epoxide group 
of GPTMS can undergo nucleophilic attack by the amine 
group in slightly acidic conditions. The sulfonic acid 
group is at the end of the structure and acts as the acid 
site for catalysis. By crosslinking with GPTMS, the 
sulfonic group can bond tightly onto the silica surface. 

In the present study, we develop a new strategy that 
is simple, non-toxic, and environmentally friendly to 
synthesize silica-based acid catalysts with covalent 
bonds between the epoxy group in GPTMS and the 
amine group in 2-aminoethanesulfonic acid. Another 
objective of this study is to examine the catalyst activity 
in the esterification of levulinic acid with ethanol, 
including the evaluation of the reaction kinetics. 
Levulinic esters are often used as an additive to blend 
with diesel or biodiesel fuel where they can give great 
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performances such as high lubricity, low toxicity, flash 
point stability, and good cold flow properties [20]. 
Fernandes et al. [21] reported that levulinic acid could be 
used up to 5 wt.% in biodiesel engines without further 
modification. 

■ EXPERIMENTAL SECTION 

Materials 

The chemicals used for the synthesis of catalysts 
included sodium silicate (Na2SiO3) solution (SiO2 25.5–
28.5%, Na2O 7.5–8.5%, Aldrich) as a silica source, 3-
glycidoxypropyltrimethoxysilane (GPTMS, 98.0%, 
Aldrich), and 2-aminoethanesulfonic acid (99.4% Focus 
Herb). Levulinic acid (98.0%, Aldrich) and ethanol 
(99.8%, Aldrich) were used to evaluate the activity of 
catalysts. 

Instrumentation 

The characterization of functional groups in the 
materials was performed by FTIR spectrometer using 
Shimadzu Prestige 21 (4000–400 cm–1) with the KBr pellet 
method. The thermogravimetric analysis (TGA) was 
performed on Mettler Toledo by measuring the weight 
loss materials in increasing temperature of 303–973 K at 
a rate of 10 K min–1 under N2 atmosphere. The 
morphology and the elemental composition were 
analyzed with the scanning electron microscopy (SEM) 
images (JEOL JSM-6510LA) equipped with an energy 
dispersive X-ray spectrometer (EDX). Gas 
Chromatography-Mass Spectroscopy (Thermo scientific 
Trace 1310 Gas Chromatograph-ISQ LT Single 
Quadrupole Mass Spectrometer) was used to confirm the 
presence of ethyl levulinate. 

Procedure 

Synthesis of catalyst 
The synthesis was carried out by varying the amount 

of GPTMS-AS from 3 to 6 mmol. First, 3–6 mmol (0.38–
0.76 g) of 2-aminoethanesulfonic acid (AS) was dissolved 
in 10 mL of 0.05 M formic acid. Afterward, the GPTMS of 
the same amount (3–6 mmol, 0.71–1.42 g) was added, and 
the reaction was allowed to proceed for 2 h at room 
temperature to form GPTMS-AS. This step was done to 
form a covalent bond between two structures. Then, a 

solution of Na2SiO3 (2 mL, 6 mmol SiO2) and GPTMS-
AS was reacted under a magnetic stirrer with the 
addition of 5 M HCl solution dropwise until the gel was 
formed. The gel was left for 24 h at room temperature to 
strengthen the bond, and the resulting gel was dried at 
60 °C for 24 h and named as SiO2–SO3H. The dried gel 
was ground and washed with alcohol to remove residues. 
The composition of precursors and code of the resulted 
products are summarized in Table 1. The obtained 
materials were characterized to identify the functional 
groups with FTIR, morphology and chemical 
composition with SEM-EDX, and the acidity with 
volumetry. 

Determination of SiO2–SiO3H acidity 
Acidity was determined with a volumetric method. 

Excess of NaOH solution was used to measure the total 
of acidic groups in catalysts [22]. After equilibrium was 
reached, the solution was back titrated with HCl 
solution. A small number of catalysts (0.1 g) were 
reacted with 10 mL NaOH solution 0.05 M for 60 min. 
Non-adsorbed NaOH was determined using the back 
titration method with 0.05 M HCl solution and 
phenolphthalein as the indicator. 

Esterification of levulinic acid 
The catalytic performance of various catalysts was 

tested on levulinic esterification with excess ethanol, as 
shown in Fig. 1. The optimum condition of esterification 
was first determined using a catalyst with the highest 
acid content. As much as 1 g (8.4 mmol) of levulinic acid 
and 2.5 mL (84 mmol) ethanol (the molar ratio of 1:10) 
were mixed with 50 mg (5 wt.%) of catalyst. The reaction 
was performed by heating the mixture of levulinic acid, 
ethanol, and the catalyst at 70 °C in a three-necked flask 
equipped with a stirrer and a condenser for 6 h. After the 
reaction, the catalysts were separated from liquid mixtures 

Table 1. Composition and code of catalysts produced 
AS 

(g; mmol) 
GPTMS 

(g; mmol) 
Na2SiO3 

(mL; mmol SiO2) 
Product 

code 
0.38; 3 
0.50; 4 
0.63; 5 
0.76; 6 

0.71; 3 
0.95; 4 
1.18; 5 
1.42; 6 

2; 6 
2; 6 
2; 6 
2; 6 

SiO2–SO3H(3) 
SiO2–SO3H(4) 
SiO2–SO3H(5) 
SiO2–SO3H(6) 
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Fig 1. Esterification reaction of levulinic acid 

with the filtration. The liquid mixtures of product and 
unreacted levulinic acid were collected and titrated with 
KOH and phenolphthalein as the indicator. The 
conversion was calculated according to Eq. (1). GC-MS 
confirmed the presence of ethyl levulinate product. 

(M V) of KOHConversion(%) 1 100
mol of acid total

×
= − ×  (1) 

Different levulinic acid:ethanol molar ratios (1:10 
and 1:15) and percentage of the catalyst (10 wt.%) were 
tested as the comparison. The esterification conditions 
with the highest conversion were then used to determine 
the catalysts' optimum reaction time and reusability. The 
levulinic acid:ethanol molar ratio of 1:10 gave the highest 
conversion (~32%) when the reaction used 5 wt.% of 
catalyst for 3 h, and this condition was then used for 
further experiments. 

A reusability test was also performed using the used 
catalysts that have been washed with alcohol and water. 
Esterification of levulinic acid with regenerated catalyst 
was performed at the same condition for 4 h. With the 
same proportion (molar ratio 1:10 and 5 wt.% catalyst), 
the composition of levulinic acid, ethanol, and catalyst 
used for the reusability test was 4 times higher because of 
its possible mass decrease of the catalyst after reaction and 
washing treatment. 

Kinetic study 
The kinetics of levulinic acid esterification were 

evaluated based on the levulinic acid conversion at 
various times (1, 2, 4, 5, and 6 h). Esterification of levulinic 
acid and ethanol is a reversible reaction with the reaction 
rate presented in Eq. (2). 

A B
C D

Levulinic acid (C ) Ethanol (C )
                                     Ethyl Levulinate (C ) Water (C )

+
+

 

A
A 1 A 2 DB C

t

dC
r k C C k C C

d
β γα δ−

− = = −  (2) 

where CA, CB, Cc, and CD are the concentrations of 
levulinic acid, ethanol, ethyl levulinate, and water, with 
the reaction orders of α, β, γ, and δ, respectively. k1 is the 

kinetic constant of ethyl levulinate formation, and k2 is 
the kinetic constant of its reverse reaction. 

The kinetic model could be simplified based on the 
following assumption [23]: The initial ethanol 
concentration was much higher than the initial 
concentration of levulinic acid; thus, CB could be 
assumed constant through the reaction; The excess 
ethanol could push forward the equilibrium reaction 
and was considered an irreversible reaction as k1 >>> k2. 

Thus, the kinetic model was simplified as Eq. (3) 
and (4), where k = k1CB

β. 
A

1 A B
dC

k C C
dt

βα− =  (3) 

A
A

dC
kC

dt
α− =  (4) 

When levulinic acid conversion was assumed as x, 
the concentration of levulinic acid can be written as CA =
CA0(1 − x), where CA0 was referred to as the initial 
concentration of levulinic acid. Then Eq. (4) can be 
transformed to Eq. (5) and (6). 

0
0

A
A

(1 x)d(1 x) k C
dt C

α
−

−  − =    (5) 

0
0

A
A

dx k C (1 x)
dt C

α
 = −   (6) 

Using the integration method, the equation can be 
solved for different order reactions (α = 0, 1, 2) based on 
the experimental results. 

■ RESULTS AND DISCUSSION 

FTIR analysis was conducted to ensure the 
successful reaction of GPTMS and AS and the success of 
SiO2 and GPTMS-AS polymerization. Fig. 2 shows 
absorption spectra of precursors (GPTMS and AS) and 
synthesized SiO2−SO3H. FTIR spectra of GPTMS shown 
at 2900 and 2800 cm–1 are due to asymmetric and 
symmetric stretching of C−H composed from the 
organic side of GPTMS. The broad peak at 1090 cm–1 
corresponds to the stretching vibration of Si−O−CH3 
[24]. The characteristic of the epoxide group can be 
observed from the sharp peak at 850 cm–1 that 
corresponds to asymmetric C−O−C vibration [25]. The 
C−O stretching vibrations were observed at 1400 cm–1 
[26]. The presence of the sulfonic group in AS is 
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observed at 1200 and 1050 cm–1, representing stretching 
asymmetric and symmetric of S=O, respectively [27]. 

The success of GPTMS functionalization with AS 
can be observed from the FTIR spectra of synthesized 
SiO2−SO3H catalysts. It is indicated by the absence of a 
prominent peak at 850 cm–1, which represents asymmetric 
C−O−C stretching vibrations. The peaks corresponding 
to the epoxide ring and sulfonic group are not observed 
mainly due to the complete ring-opening or the 
overlapping band with the strong Si−O−Si absorption 
band at 1200–1050 cm–1. However, it can be observed that 
the band around 1200–1050 cm–1 in the spectra of 
SiO2−SO3H catalyst appears very sharp, indicating the 
character of the S=O band. The character of the N−H 
bond also appears slightly around 3200–3000 cm–1. 

Fig. 3 shows FTIR spectra of SiO2−SO3H materials 
prepared using various concentrations of GPTMS-AS. 
The small shoulder at 950 cm–1 is due to Si−OH groups 
[25], the peak at 1200–1050 cm–1 corresponds to Si−O−Si 
stretching vibration, and the broad absorption around 
3500 cm–1 is due to O−H stretching vibrations from 
hydroxyl groups. This peak overlapped with secondary 
amines (−NH−), which appear at 3350–3310 cm–1 after 
the reaction of GPTMS and AS [7,26]. The absorption of 
Si−O−Si at 750 cm–1 [25] increased when more GPTMS 
functionalized sulfonic acid was added. Increased 
sharpness around 1250–1200 cm–1 indicates S=O bands 
overlapped with broad Si−O−Si in the same area. Even 
though S=O bands overlapped with Si−O−Si vibration, 
we can assume that the appearance of sharp peaks in the 
catalysts with more GPTMS-AS content indicates the 
presence of sulfonic acid groups in the catalysts. 
SiO2−SO3H(5) shows the sharpest peak in this area, 
indicating the highest value of sulfonic acid groups. 

Hydrolyzed methoxy groups of GPTMS can react 
with silanol groups of silica while the epoxy ring reacts 
with organic molecules giving hybrid organic-inorganic 
networks. The epoxy ring can easily be opened with a 
nucleophile group such as an amine group at room 
temperature. The amine group of an organic substance 
was acidified with formic acid to promote the epoxy ring-
opening and provide suitable pH for hydrolysis and  
 

 
Fig 2. FTIR spectra of GPTMS, AS, and SiO2−SO3H(5) 

 
Fig 3. FTIR spectra of (a) SiO2−SO3H(3), (b) 
SiO2−SO3H(4); (c) SiO2−SO3H(5); and (d) SiO2−SO3H(6) 

condensation with silicate [14]. The reaction of GPTMS 
and AS are shown in Fig. 4(a). Hydrolysis of silicate 
produces silanol groups (Fig. 4(b)) at the same time as 
hydrolysis of GPTMS-AS (Fig. 4(c)) produced from the 
previous reaction. Silanols from silicate and GPTMS-AS 
can undergo condensation to form a silica network (Fig. 
4(d)). 

A scanning electron microscope (SEM) was used to 
characterize the particles' morphology, shape, and size. 
Fig. 5 and 6 show SEM images and particle size 
distribution of catalysts. The surface of the particles was 
not smooth because of the presence of organic moieties. 
GPTMS-AS addition will loosen the gel network and  
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Fig 4. Reaction model of catalyst synthesis 

 
Fig 5. SEM images of (a) SiO2−SO3H(3), (b) SiO2−SO3H(4); (c) SiO2−SO3H(5); and (d) SiO2−SO3H(6) 

 
increase the particle size because of the organic sites in the 
significant difference between all catalysts. The particles 
are spheres, and the size distribution with increasing 
GPTMS-AS is around 3.66, 4.10, 4.36, and 4.40 µm. 
Catalyst with more organic content (SiO2−SO3H(6)) 
showed a larger particle size than catalysts with less 
organic content (SiO2−SO3H(3)). 

EDX analysis of catalysts showed the presence of S 
and N elements which is part of AS. The existence of these 
elements indicates the successful reaction of GPTMS and 

AS. N and S elements observed from the surface of 
particles were found around 5–7% and 5–8%, 
respectively. The highest amount of N and S elements 
was found in SiO2−SO3H(5), suggesting high acid sites. 
From the mapping images of the SiO2−SO3H(6) catalyst 
in Fig. 7, it can be observed that all compounds were 
fairly distributed around silica particles. The acid content 
of catalysts was also determined using the titration 
method. Excess of NaOH solution was used to measure 
the total of acidic  groups in catalysts.  After  equilibrium  
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Fig 6. Particle size distribution of (a) SiO2−SO3H(3), (b) SiO2−SO3H(4); (c) SiO2−SO3H(5); and (d) SiO2−SO3H(6) 

 

 
Fig 7. Mapping images of SiO2−SO3H(6) 

was reached, the solution was back titrated with HCl 
solution. Table 2 shows that SiO2−SO3H(5) has the 
highest acid content (1.02 mmol g–1) even though the 
GPTMS-AS added was less than on SiO2−SO3H(6). 
Excessive content of organic network might cause steric 

hindrance that blocks the accessibility of acid sites to 
react with incoming molecules. The high content of 
GPTMS-AS might also cause insufficient 
polymerization ability of silane sides in GPTMS-AS with 
silanols of silica precursors. This result agrees with FTIR 
analysis, showing that SiO2−SO3H(5) has the sharpest 
peak at 1200 and 1050 cm–1, representing stretching of 
S=O bonds, indicating the highest content of sulfonic 
acid groups. From EDX results, SiO2−SO3H(5) also has 
the highest S element content, further confirming the 
high amount of sulfonic acid groups as acid sites in 
catalysts. 

The thermogravimetric analysis is provided in Fig. 
8. TG analysis was performed to quantify organic moiety 
to understand the functionalization and analyze 
catalysts' stability. The total weight loss depended on the 
amount of organic network. The pattern is similar for all 
catalysts. The decrease in weight before 100 °C was 
caused by removing small organic molecules and 
adsorbed water from the samples [29]. The weight loss 
of  around  250 °C  was assigned  to  an  organic  network  
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Table 2. N and S elements content by EDX analysis and acid content by titration method 

Catalyst 
Element content (%) 

by EDX analysis 
Acid content (mmol g–1) 

by titration method 
N S 

SiO2−SO3H(3) 
SiO2−SO3H(4) 
SiO2−SO3H(5) 
SiO2−SO3H(6) 

6.42 
5.16 
7.18 
5.79 

6.66 
5.27 
8.15 
7.75 

0.56 
0.86 
1.02 
0.66 

 

 
Fig 8. TGA curve of (a) SiO2−SO3H(3), (b) SiO2−SO3H(4); 
(c) SiO2−SO3H(5); and (d) SiO2−SO3H(6) 

that undergoes evaporation [30-31]. At those 
temperatures, organic networks, including acid sites from 
GPTMS-AS, may be evaporated. The difference in weight 
loss was due to the amount of GPTMS-AS on the catalyst 
surface. The weight loss observed for all catalysts from 
250-500 °C increased with GPTMS-AS content. 
SiO2−SO3H(3) showed 16.94% weight loss at those 
temperatures, while SiO2−SO3H(4), SiO2−SO3H(5), and 
SiO2−SO3H(6) showed 20.70, 22.75, and 25.95% weight 
loss, respectively. SiO2−SO3H(6) showed the highest 
weight loss even though the N and S content were not the 
highest. This result may be due to the incomplete reaction 
of GPTMS and AS, resulting in bond formation between 
silica and GPTMS, leaving AS out of the framework. 
Organic decomposition continues slightly till 
temperature 500 °C indicating the complete 
decomposition of the organic network. There is no weight 
loss observed above 500 °C for all materials indicating the 
presence of stable silica. 

Esterification of Levulinic Acid 

Catalytic performance of SiO2−SO3H catalysts was 
evaluated for esterification of levulinic acid with excess 
ethanol. The acidity of the catalyst is the main factor 
determining the catalyst activity for esterification 
reaction; thus, the catalyst with the highest acid content 
(SiO2−SO3H(5)) was first used to determine the 
optimum conditions. Different reaction parameters 
such as levulinic acid:ethanol molar ratio and amount of 
catalyst were examined to optimize the esterification 
reaction conditions. Fig. 9 shows conversion of levulinic 
acid esterification with 1:5, 1:10, and 1:15 levulinic 
acid:ethanol molar ratio, over 5 and 10 wt.% catalysts 
SiO2−SO3H(5). 

As more catalyst was used, the conversion increased 
progressively, except for the 1:10 molar ratio of levulinic 
acid to ethanol, where the conversion only slightly 
increased. Increasing the catalyst amount will supply  
 

 
Fig 9. Determination of optimum condition for 
esterification of levulinic acid using a catalyst with 
highest acid content (SiO2−SO3H(5)) 
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enough acid sites to improve the esterification of levulinic 
acid and ethanol. The levulinic acid conversion at varied 
ethanol amounts increased at 1:10 and decreased at 1:15 
molar ratios. As esterification is a reversible reaction, 
excess alcohol needs to be added to drive the forward 
reaction. However, too many alcohol supplies could 
reduce the conversion. Alcohol exists as a reactant and co-
solvent to dilute levulinic acid. The redundant alcohol 
content can shield levulinic acid molecules from reacting 
with acid sites of catalysts [32]. As a result, a suitable 
condition is needed to keep the esterification going and 
optimize the blending condition to minimize the viscosity 
and limitation of mass transfer in the reaction system 
[33]. The molar ratio of 1:10 might be the optimum 
condition for esterification of levulinic acid because it 
produces the highest conversion for both amounts of 
catalysts (5 and 10 wt.%). As the conversion in 5 and  
10 wt.% was only slightly different, 5 wt.% catalysts were 
chosen as the optimum catalyst amount. 

The total conversion of levulinic acid over time is 
shown in Fig. 10. All catalysts have the same pattern for 
conversion at different times of reaction. The highest 
conversions are reached only after 5 h. The use of catalysts 
with the highest acid content can accelerate product 
formation. The SiO2−SO3H(5) catalyst gives the highest 
conversion (70%), while SiO2−SO3H(3) and 
SiO2−SO3H(4) only give 46% and 65% conversion. A 
decrease in conversion (59%) can be observed in 
SiO2−SO3H(6) catalyst. This result followed the amount 
of acid sites, where the highest conversion was achieved 
from catalyst with highest acid sites. More acid sites give 
more available sites for levulinic acid and ethanol to 
interact. Hence, there are more molecules reacted to form  
 

ethyl levulinate products. According to the previous 
report [34], the production of esters is limited by the 
reversibility and water by-product formation. After 
some time of reactions, water by-product is 
accumulated, encouraging the back reaction of 
esterification, and at 5 h of reaction, all catalysts exhibit 
the highest conversion. However, at 6 h of reaction, the 
conversion of levulinic acid decreased. This 
phenomenon might happen because of the occurrence 
of back-reaction and also the blocking of acid sites by 
water by-products. The accumulation of levulinic acid 
and its intermediate on acid sites and the entanglement 
of organic chains can also cause the decrease of 
conversion at 6 h [35]. 

Compared to previous literature presented in Table 
3, this result was higher than the commercial catalyst 
reported by Fernandes et al. [21]. For the same reaction 
 

 
Fig 10. Conversion of levulinic acid over (□) 
SiO2−SO3H(3), (○) SiO2−SO3H(4), (△) SiO2−SO3H(5), 
and (◊) SiO2−SO3H(6) 

Table 3. Conversion of levulinic acid esterification over various catalysts from previous reports 

Catalyst 
Levulinic 

acid:Ethanol 
Catalyst amount 

(%) 
Temp 
(°C) 

Time 
(h) 

Conversion 
(%) 

Ref. 

Amberlyst-15 
Sulfonated CNT 
Sulfonated carbon 
Sulfated SnO2 

Carbon cryogel 
ZSM-12 
SiO2−SO3H(5) 

1:5 
1:5 
1:5 
1:5 

1:20 
1:1 

1:10 

2.5 
2.5 
5.0 
2.5 
5.0 

13.1 
5.0 

70 
70 
80 
70 
78 

100 
70 

5 
5 
9 
7 
6 

24 
5 

54 
20–55 

58 
75 
52 
56 
70 

[21] 
[40] 
[37] 
[36] 
[39] 
[41] 

this work 
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time, Amberlyst-15 generates 54% conversion. On the 
other hand, sulfated SnO2 showed higher conversion 
(75%) in 7 h, mainly due to a higher acid site [36]. 
Moreover, the synthesis of the catalyst requires a toxic 
H2SO4 solution and a longer esterification reaction time. 
With the same amount of catalyst, sulfonated carbon gives 
58% conversion only after 9 h of reaction at 80 °C [37]. 

The used catalyst was washed with alcohol and water 
to remove adsorbed organic species to examine the 
reusability of the catalysts. Under the optimum condition, 
three cycles of esterification were conducted. As shown in 
Fig. 11, all catalysts showed a decrease in conversion after 
the third circle. Conversion of SiO2−SO3H(4) decreases 
from 65 to 51% after the third cycle, while SiO2−SO3H(5) 
and SiO2−SO3H(6) decrease from 70 to 50% and 59 to 
50%, respectively. In addition, SiO2−SO3H(3) shows a 
recognizable reduction in conversion after the third cycle 
(from 46 to 13%). These decreases in conversions are 
attributed to the loss of acid sites into the alcohol media 
during repeated use, as previously reported by Kuwahara 
et al. [38]. 

Kinetic Study 

The reaction order and rate constants were 
determined by integration of Eq. (6) for pseudo-zeroth 
order (α = 0), pseudo-first-order (α = 1), and pseudo-
second-order (α = 2). The equations are shown in Eq. (7), 
(8), and (9), respectively. 

0AxC kt=  (7) 

ln(1 x) kt− − =  (8) 

0A
1 C kt

(1 x)
=

−
 (9) 

The rate constant (k) for the pseudo-zeroth-order 
reaction was determined as the slope in the plot of x vs. t, 
and the rate constant (k) for the pseudo-first-order 

reaction was determined as the slope of the -ln(1-x) vs. t 
plot. For pseudo-second-order reaction, the rate constant 
(k) was calculated from the slope of 1/(1-x) vs. t. 

Experimental data was used to calculate the rate 
constant and determine the reaction order by linear 
fitting. Zainol et al. [39] determined the kinetic model of 
levulinic acid using a carbon catalyst. The observed data 
were directly fitted with a pseudo-first-order kinetic 
model. For better determination, other kinetic models 
were also fitted. The kinetic model could be determined 
by comparing observed and predicted data accuracy for 
three kinetic models. Fig. 12 shows the kinetic plots 
obtained from levulinic acid esterification using 
SiO2−SO3H catalysts. Based on the data shown in Table 
4, all catalysts fitted the best with a pseudo-first-order 
kinetic plot with the highest R2 value compared to other 
kinetic plots. The predicted and observed data showed a 
small deviation in pseudo-first-order than pseudo-
zeroth and pseudo-second-order. Therefore, the kinetic 
models of levulinic acid esterification with SiO2−SO3H 
catalyst could be classified as pseudo-first-order reactions.  

 
Fig 11. Reusability of SiO2−SO3H catalysts 

Table 4. Kinetic parameters of levulinic acid esterification over SiO2−SO3H catalysts 

Catalysts 
Pseudo-Zeroth-

Order 
Pseudo-First-

Order 
Pseudo-Second-

Order 
Pseudo-First-

Order 
R2 R2 R2 k (10–3 min–1) 

SiO2−SO3H(3) 
SiO2−SO3H(4) 
SiO2−SO3H(5) 
SiO2−SO3H(6) 

0.83 
0.88 
0.88 
0.87 

0.92 
0.97 
0.98 
0.95 

0.50 
0.83 
0.90 
0.75 

2.36 
3.78 
4.14 
3.36 
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Fig 12. Kinetic plots for (a) pseudo-zeroth-order, (b) pseudo-first-order, and (c) and pseudo-second-order of (□) 
SiO2−SO3H(3), (○) SiO2−SO3H(4), (△) SiO2−SO3H(5), and (◊) SiO2−SO3H(6) 
 
The slope acquired from the pseudo-first-order linear 
equation determined the rate constant (k) for each 
catalyst. As expected, the catalyst with the highest acidity 
has a higher rate constant. 

■ CONCLUSION 

In summary, we have shown that sulfonate 
functionalized silicas (SiO2-SO3H) have been successfully 
synthesized with a simple one-pot and green process using 
the solution of Na2SiO3, 3-glycidoxypropyltrimethoxysilane 
(GPTMS), and 2-aminoethanesulfonic acid (AS) as the 
silica source, the coupling agent, and sulfonic acid group 
source, respectively. The epoxide groups of GPTMS react 
with amine groups from AS by a ring-opening reaction. 
The SiO2−SiO3H produced is a prospective solid acid 
catalyst to any reaction for producing renewable fuels. 
SiO2−SO3H(5) is the most effective catalyst for 

esterification of levulinic acid with 70% conversion and 
high reusability; three cycles of reuse did not give a 
significant conversion decrease. 
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