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A B S T R A C T

Glycerol, a by-product of biodiesel production through transesterification, presents an opportu
nity for biodiesel industries to transform surplus glycerol into high-value chemical products. This 
study focuses on the development of a series of propyl sulfonic acid functionalized (PrSO3H) SBA- 
15 catalysts, synthesized by direct synthesis of 3-mercaptopropyltrimethoxysilane (MPTMS) and 
tetraethoxysilane (TEOS) in an acidic medium. The catalysts were evaluated for acetylation of 
glycerol with acetic acid under conditions optimized through response surface methodology. 
Among the catalysts tested, the direct-synthesized PrSO3H-SBA-15 catalyst with a 20 % MPTMS/ 
(MPTMS + TEOS) ratio exhibited the highest amount Brønsted acid sites, resulting in a complete 
glycerol conversion level and 30.1 % triacetin selectivity. Notably, the catalysts maintained its 
conversion over three consecutive reaction runs without a significant reduction in glycerol con
version level.

1. Introduction

According to the 26th UN Climate Change Conference of the Parties (COP26) in Glasgow, the United Kingdom, the agreement for 
global de-carbonization was strongly emphasized. With a mission to obtain net zero carbon by 2050, more than 100 countries released 
their respective energy transition policy to reduce greenhouse gas (GHG) emissions by 2030 [1]. Utilization of biofuels as one of the 
sustainable energy sources was proposed as an effective way to reduce emissions of GHGs. The use of biodiesel has been found to 
reduce the emission of GHGs and particulate matter in the transportation sector and does not require any significant modification to 
currently used diesel engines [2].

Biodiesel can be produced using agricultural products, such as vegetable oil and animal fats, via transesterification with low 
molecular weight alcohols (principally methanol, ethanol, and propanol) [3]. Biodiesel is often considered as a carbon-neutral fuel 
because the carbon dioxide emitted during its combustion is offset by the carbon dioxide absorbed by the plants used to produce 
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biodiesel feedstock through photosynthesis. The high demand for biodiesel resources has stimulated the agricultural economy [4], but 
its production and consumption have also raised concerns. When derived from edible feedstocks like palm oil, soybean oil, biodiesel 
can drive up the price of these commodities, affecting food security. Even non-edible oil feedstocks can still compete with food crops 
for agricultural land. Unfortunately, a glut of crude glycerol results since this is generated at 10 % (w/w) of the total biodiesel pro
duced. Usage of crude glycerol is very limited and so this glut has adversely affected the global market price of glycerol [5]. Therefore, 
the conversion of crude glycerol into valuable products is one of the attractive solutions to improve the economic viability of biodiesel 
manufacturing. Glycerol can be transformed into many valuable products, such as propionic acid, lactic acid, citric acid, propanediol, 
ethanol, etc. In the field of biofuel, the prominent glycerol derivative product is acetin, which is formed via acetylation (usually with 
acetic anhydride or acetic acid) [6] in the presence of an acid catalyst. Generally, acetin are composed of three structures which are 
mono-, di-, and tri-acetin. Monoacetin and diacetin are easily generated through acetylation reaction and can be utilized as food 
additive [7], plasticizer and solvent [8]. However, among three products (mono-, di-, and tri-acetin), triacetin has been used in wide 
range and significant applications as an additive of biodiesel fuel compositions [9].

Several heterogeneous catalysts have been used in the acetylation reaction of glycerol and acetic acid in order to promote glycerol 
conversion and selectivity for triacetin production since these have the advantages of the reusability and ease of separation of the 
catalyst from the reaction mixture. Shape selectivity, acidic property, and reusability are the main criteria for catalyst selection in the 
acetylation reaction, and typically include zeolite and Amberlyst resin [10] (shown in Table 1). In addition, the textural properties of 
the catalyst must be appropriate to the chemical reactant and products. As the acetylation reaction proceeds, the structures of all the 
products (mono-, di-, and tri-acetin) are marginally enlarged. The critical diameter of triacetin, the last formed and most desired 
product, is 1.021 nm; therefore, the pore size of the catalyst is expected to be one of the crucial parameters for this reaction.

Three zeolite H-Y, H-beta, and H-ZSM-5, with an average pore diameter (dp) of 0.81, 0.74, and 0.62 nm, respectively, were studied 
in glycerol acetylation with acetic anhydride. The 100 % triacetin selectivity was obtained at reaction conditions at 80 ◦C, anhydride to 
glycerol molar ratio of 5, catalyst amount of 0.25 g (5 wt% of glycerol), no stirring by zeolite H-Y with the large pore size and less 
acidic, suggesting that the dp of the catalyst can significantly affect triacetin formation [10]. In case of the propyl sulfonic acid 
(PrSO3H)-functionalized on mesoporous silicas (SBA-15 and SBA-16) with large pore diameter of 5 and 6.5 nm, the existence of 
Brønsted acid sites and triacetin selectivity (21.5 %) on the PrSO3H-SBA-15 was higher than on the PrSO3H-SBA-16 (18.1 % triacetin 
selectivity) at reaction conditions of 130 ◦C, acetic acid to glycerol weight ratio of 5, catalyst amount of 0.05 g [11]. Likewise, 
commercial resin amberlyst-15, a Brønsted acid catalyst with an acidity of 4.7 mmol/g, gave a 97.1 % glycerol conversion and 19.7 % 
triacetin selectivity at a reaction condition of a 1:6 glycerol: acetic acid molar ratio, catalyst concentration of 5.53 g/L and stirring 
speed of 800 rpm and 100 ◦C [12]. In contrast, aluminium oxide, a Lewis acid catalyst, yielded only a 33.4 % glycerol conversion and 
0.3 % triacetin selectivity at the same reaction conditions, suggesting the requirement for Brønsted acid sites [12].

Among the potential catalysts, ordered mesoporous silica SBA-15 has the advantage of having a high surface area, easy preparation, 
controllable structure, and ability to incorporate multi-functional groups into its channels with a one-step procedure. A comparative 
study of PrSO3H-SBA-15 and PrSO3H-silica (SiO2) catalysts was conducted over six successive cycles [13]. The PrSO3H-SBA-15 catalyst 
demonstrated a consistent ability to produce triacetin, attributed to its sulfonic acid groups. In contrast, severe leaching of the sulfonic 
acid groups from the PrSO3H-SiO2 was evidenced by the disappearance of the S 2p X-ray photoelectron spectroscopy (XPS) spectra 
from the catalyst surface. Although PrSO3H-SBA-15 catalysts with a high acidity have received attention as potential catalysts for many 

Table 1 
Catalytic activities of different catalysts studied in acetylation of glycerol.

Catalyst Glycerol 
(wt%)

Temp 
(◦C)

Mole ratio 
Glycerol/ 
Acetic acid

Pore 
diameter 
(nm)

Conversion 
(%)

Triacetin 
selectivity (%)

Brønsted 
(mmol H+/ 
g)

Lewis 
(mmol 
H+/g)

Totala

(mmol 
H+/g)

Ref

Zeolite H-Y 5 100 (1 
h)

1:5 (Ac2O) 0.81 100 100 0.59 0.24 0.83 [10]

Zeolite H- 
beta

5 80 (2 
h)

1:5 (Ac2O) 0.74 100 40 0.53 0.25 0.78 [10]

Zeolite H- 
ZSM-5

5 80 (2 
h)

1:5 (Ac2O) 0.62 100 13 1.09 0.05 1.14 [10]

PrSO3H/ 
SBA-15

2.5 130 (1 
h)

1:5 5.1 100 21.5 n/a n/a 0.60b [11]

PrSO3H/ 
SBA-16

2.5 130 (1 
h)

1:5 6.5 52.0 18.1 n/a n/a 0.40b [11]

Amberlyst- 
15

5 110 (4 
h)

1:6 30.0 97.1 19.7 n/a n/a 4.7c [12]

Al2O3 5 110 (4 
h)

1:6 4.2 33.4 0.3 n/a n/a 0.17b [12]

PrSO3H- 
SBA-15

5 105 (3 
h)

1:3 9.4 100 33 n/a n/a 1.2b [13]

PrSO3H- 
SiO2

5 105 (3 
h)

1:3 4.6 100 49 n/a n/a 1.7b [13]

a Measured by pyridine adsorption–desorption FT-IR for zeolites.
b Calculated by TPD of NH3, total acid sites (mmol NH3/g).
c Manufacturer datasheet, acidity (mmol/g).
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reactions, each catalyst needs to be discussed in terms of the specific requirements for this reaction. The challenge in acetylating 
glycerol to triacetin using PrSO3H-SBA-15 catalysts prepared by direct synthesis lies in optimizing the acidic sites on the catalyst. To 
understand how these acidic sites, which are critical for the reaction, relate to the catalyst’s performance, we quantify their nature and 
distribution using pyridine-FTIR spectroscopy.

The aim of this research was to prepare the PrSO3H functionalized SBA-15 by two synthesis methods (direct and post synthesis) and 
investigate their performance on triacetin formation from the acetylation of glycerol. In particular, the PrSO3H functionalized SBA-15 
with a high degree of Brønsted acid sites and their arrangements on the SBA-15 surface affected their physicochemical properties and 
consequently exhibited a superior catalytic activity. Catalytic performances were conducted at optimum reaction conditions, as ob
tained by response surface methodology, in previous work [14]. We found an approach to the synthesis of propyl sulfonic acid 
functionalized SBA-15 (PrSO3H-SBA-15) catalysts using a direct synthesis method, which offers a unique advantage over traditional 
grafting methods. In addition, the reusability of the prepared PrSO3H functionalized SBA-15 catalysts was tested over three consec
utive runs.

2. Materials and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS; 99 %), (3-mercaptopropyl)trimethoxysilane (MPTMS; 95 %), and PEG-PPG-PEG (Pluronic P123; 
Mw ~ 5800) were purchased from Sigma-Aldrich Chemical Co. Hydrogen peroxide [H2O2; 30 % (w/w)] was obtained from Merck & 
Co., Inc. Hydrochloric acid (HCl; 37 %) and methanol (AR grade) were procured from RCI Labscan Ltd. Sodium chloride (NaCl; 
99.0–100.5 %) was purchased from Elago Enterprises Pty Ltd. Glycerol (99.5 %) and acetic acid (AR grade) were from Qrec Chemicals 
Co., Ltd.

2.2. Catalyst preparation

2.2.1. Synthesis of mesoporous SiO2 (SBA-15)
The SBA-15 was synthesized according to the reported method [15] by dissolving 4 g of P123, 160 g of 2 M HCl, and 1.18 g of NaCl 

at 35 ◦C and stirring continuously for 2 h. Afterwards, TEOS (8.4 g) was dropped into the solution and stirred for 5 min. The solution 
was then aged in a water bath at 35 ◦C for 24 h followed by hydrothermal treatment in an oven at 100 ◦C for 24 h. The resultant white 
solid product was separated through vacuum filtration, washed with deionized water, dried at 80 ◦C overnight, and finally calcined at 
500 ◦C for 12 h at a ramping rate of 1 ◦C /min.

2.2.2. Post synthesis of SA-SBA-15 (10%-P SA-SBA-15)
About 3 g of synthesized SBA-15 was dried in an oven at 120 ◦C for 4 h prior to being used in the post-synthesis method. Next, the 

dried SBA-15 was dispersed in a mixture of MPTMS and methanol and stirred for 30 min. The solution was then transferred to an 
autoclave and heated at 180 ◦C for 12 h. The white solid product was obtained by vacuum filtration, washed with excess methanol and 
dried at 100 ◦C overnight. The dried solid was labeled as SH-SBA-15, where SH represents the propyl thiol-functionalized SBA-15. 

Scheme 1. Catalyst preparation procedure of PrSO3H-SBA-15 catalysts.
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Next, the thiol groups were oxidized to sulfonic acid groups by H2O2. Typically, SH-SBA-15 (3 g) was dissolved in 60 mL of a 1:1 (v/v) 
solution of 30 % (w/w) H2O2: deionized water at room temperature for 10 h. The solid products were recovered as described above. 
Finally, the dried catalyst was collected and denoted as 10%-P-SA-SBA-15, where 10 % represents the %mole of (MPTMS/(MPTMS +
TEOS)), P refers to the post synthesis method and SA represents propyl sulfonic acid [16].

2.2.3. Direct synthesis of PrSO3H on mesoporous silica (X%-D SA-SBA-15)
The SA-SBA-15 was prepared by direct synthesis via co-condensation, as previously reported [17]. First, P123 (4 g) was dissolved in 

a 2 M HCl (125 mL) by stirring at room temperature for 2 h. Then, TEOS (6.83–8.11 g) was dropped into the solution and stirred at 
40 ◦C for 45 min. Next, MPTMS (0.42–1.68 g) and 30 % (w/w) H2O2 were added into the solution and stirred at 40 ◦C for 20 h. 
Subsequently, the solution was heated in an oven at 100 ◦C for 24 h. After that, the white solid product was obtained through vacuum 
filtration and dried in air at room temperature overnight. The P123 scaffold was removed by solvent extraction (400 mL of ethanol/1.5 
g of catalyst) at 78 ◦C for 24 h. Finally, the catalyst was dried in an oven at 120 ◦C for 9 h. The functionalized samples were denoted as X 
%-D-E/M SA-SBA-15, where X represents %mole of MPTMS/(MPTMS + TEOS), D represents direct synthesis method, and E or M 
represents washed with ethanol or methanol, respectively. The chemical composition, calculated in mole fraction units, was s: (1 - Y) 
TEOS: (Y) MPTMS: 18Y H2O2: 5.8 HCl: 0.017 P123: 165H2O where Y was varied from 0.05 to 0.2 [18]. Procedures for SA-SBA-15 
catalyst prepared by post synthesis and direct synthesis are shown in Scheme 1.

For the as-synthesized SA-SBA-15 catalysts, the procedures were similar to those mentioned above except without the washing step, 
with the obtained catalyst being denoted as 10%-SA-SBA-15.

2.3. Acetylation reaction

The catalytic performance test was conducted at the optimum condition found previously using RSM and selecting that with the 
best p-value and R-squared (R2) value, and was determined to be a 1:9 glycerol: acetic acid molar feed ratio, and 115 ◦C for 8 h [14]. In 
a typical experiment, about 0.5 g of the prepared catalyst, 10.04 g of glycerol, and the desired amount of acetic acid were transferred 
into a 100-mL three-necked round-bottomed flask, which was immersed into a silicone oil bath at the desired reaction temperatures 
and continuously stirred under reflux. Reaction time was recorded after reaching the desired reaction temperature. The mixture was 
cooled to room temperature and filtered to collect the catalyst from the reaction solution using vacuum filtration. All measurements 
and experiments were performed in triplicate.

2.4. Reusability test

Reusability and regeneration of the 20%-D-E SA-SBA-15 catalyst was studied at 115 ◦C for 9 h using a 1:9 glycerol: acetic acid molar 
ratio. After the first run, the spent catalysts were filtered, washed with methanol, dried in an oven at 120 ◦C for 9 h, and denoted as RZ- 
MeOH (where Z refers to the number of recycle runs). The spent catalyst was regenerated by being reoxidized with 20 mL of 15 % (w/ 
w) H2O2/g of spent catalyst for 4 h and subsequently washed, dried in an oven at 120 ◦C for 9 h, and denoted as RZ-H2O2, where Z 
refers to the recycle round. Reusability tests were sequentially tested under the optimum reaction conditions several times.

2.5. Product analysis

The glycerol and acetin products were analyzed by gas chromatography using an Agilent 7890B equipped with a HP-5 column (30 
m × 0.32 mm id column, Agilent) and a flame ionization detector (FID). The reaction products (0.1 g) were diluted in 4.4 g ethanol and 
then 0.05 g butanol was added as an internal standard. Each sample (0.2 μL) was injected in a split mode with a split ratio of 6:1. The 
initial oven temperature was set at 70 ◦C and increased up to 180 ◦C and then to 250 ◦C at a heating rate of 5 ◦C/min and 10 ◦C/min, 
respectively, and the FID temperature was set at 310 ◦C. Then the glycerol conversion and acetin selectivity were calculated using the 
following equations: 

Glycerol conversion
(
Xgly,%

)
=

initial mole of glycerol − remained mole of glycerol
initial mole of glycerol

× 100 

Selectivity (Si,%)=
mole of i product

total moles of products
× 100 

The identification of chemical substances in liquid products was performed using nuclear magnetic resonance spectroscopy (NMR), 
sulfur analyzer, and Fourier transform infrared spectroscopy (FTIR). Product identification was performed on a Bruker Ultrashield 500 
spectrometer (Magnet System 500 MHz). The product sample was mixed with sodium sulfate in order to trap the water. Each sample 
(150 μL) and DMSO-d6 (500 μL) was loaded in the NMR tube. The 13C and 1H NMR spectra of the prepared sample were recorded and 
TopSpin 4.1.4 software was employed to analyze the NMR spectra.

The sulfur contents in the liquid product was analyzed by a LECO, Truespec Sulfur analyzer. About 0.1 g of the liquid sample was 
transferred into the crucible boat and placed into the furnace at 1350 ◦C under oxygen. Then, the carrier gas carried the oxidized 
component (sulfur dioxide) to the separated column and detector, respectively.

The chemical functional groups of the liquid product were determined by FTIR analysis (Nicolet Nexus 670 Fourier transform 
infrared spectrometer with an iD7-ATR mode, Thermo Scientific, USA) using 64 scans and a spectral resolution of 4 cm− 1. The sample 
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was scanned in a range of 600–4000 cm− 1.

2.6. Kinetic analysis

A kinetic study of the acetylation reaction between glycerol and acetic acid was conducted over a temperature range of 85–115 ◦C 
using the 10%-D-E SA-SBA-15 catalyst [14]. According to previous work [19], the kinetic rate model was based on the Lang
muir–Hinshelwood–Hougen–Watson (LHHW) model, with the kinetic rate equations expressed in Eqs. (1)–(4). The derivation of the 
kinetic rate equations are explained in the supplementary materials: 

− rgly = −
dcgly

dt
= k1cgly (1) 

rmono = k1Cgly − k2Cmono (2) 

rdi = k2Cmono − k3Cdi (3) 

rtri =
dctri

dt
= k3cdi (4) 

The calculation of the kinetic rate constants (k1, k2, and k3) was performed using the non-linear equation solver in polymath V.6 
with the high R-squared (R2) value. Each response has a zero value at the initial condition (time = 0).

2.7. Catalyst characterization

The physicochemical properties of the functionalized catalysts were investigated using nitrogen (N2) adsorption–desorption, X-ray 
diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), pyridine-adsorbed Fourier 
transform infrared spectroscopy (Py-FTIR), micro-Raman spectroscopy (Raman), and simultaneous thermal analysis (STA).

The crystallinity of the catalyst was determined by XRD analysis using a Rigaku, Smartlab X-ray diffractometer with CuKα radiation 
(λ = 1.541 Å) at 50 kV and 300 mA. The small-angle X-ray scattering patterns (SAXS) was recorded over a 2θ region of 0.5–3◦ at a step 
size and scanning rate of 0.02◦ and 0.5◦/min, respectively. The specific surface area (SBET) was calaulated using the Brunauer-Emmett- 
Teller (BET) method using a Quantachrome, Autosorb-IQ surface area analyzer. The samples were outgassed at 110 ◦C for 18 h under a 
high vacuum condition to remove volatile absorbents on the surface prior to analysis. The pore size distribution and total pore volume 
(Vp) were calculated using the Barrett–Joyner–Halenda (BJH) method from the desorption branch data. The dp was obtained at the 
peak maximum of the BJH pore size distribution profile. The morphology of the catalysts was imaged by field emission (FE)-SEM using 
a Hitachi S-4800, Japan, operated at an accelerating voltage of 2 kV. The prepared sample was dried in an oven at 105 ◦C for 24 h.

The nature of the surface acidic sites was examined by Py-FTIR using pyridine as a molecular probe. A 30-mg sample was pressed 
into a 10 mm disc and then set into a quartz cell equipped with calcium fluoride windows. The cell was pretreated at 110 ◦C for 1 h 
under vacuum before being cooled to 50 ◦C, and then purged with pyridine gas for 30 min. The adsorbed catalyst was degassed at the 
same temperature. The FTIR spectrum of the adsorbed pyridine was then recorded on a Nicolet Nexus iS10 FTIR spectrometer (Thermo 
Fisher Scientific).

To measure the mass loss of P123, thermal gravimetric analysis was performed using STA with a NETZSCH STA 409 instrument. 
The mass loss of sample was monitored over a temperature range from 35 to 800 ◦C at a heating rate of 10 ◦C/min under N2 at a flow 
rate of 20 mL/min.

The surface chemical compositions and chemistry of the catalysts were analyzed by XPS using a Kratos Axis Ultra DLD instrument 
equipped with monochromatic Al Kα radiation. All XPS spectra were analyzed using CasaXPS software (version 2.3.24PR1.0). Each C 
1s spectrum was calibrated with the binding energy (BE) of 285 eV. The S 2p spectrum for a typical functionalized catalyst was used to 
confirm the presence of sulfonic acid groups on the surface of SBA-15.

The identification of functional groups was analyzed by micro-Raman spectroscopy using a XPloRA PLUS, Horiba. The solid-state 
laser had an excitation wavelength of 532 nm (laser power of 52.3 mW) with a grating of 1200 gr/mm. The samples were focused using 
a x50 long working distance. The micro-Raman spectra were collected over a range of 500–3600 cm− 1.

Table 2 
Calculated rate constant at different reaction temperatures.

Temperature (◦C) k1 (min− 1) k2 (min− 1) k3 (min− 1)

85 1.67 × 10− 2 0.57 × 10− 2 0.17 × 10− 2

100 2.30 × 10− 2 0.81 × 10− 2 0.28 × 10− 2

115 3.15 × 10− 2 1.00 × 10− 2 0.30 × 10− 2

k1, k2, and k3 are the rate constants (min− 1) for monoacetin, diacetin, and triacetin, respectively.
Data were obtained using the highest R2 data set.
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3. Results and discussion

3.1. Kinetic analysis

The derived temperature dependency of the rate constants is expressed in Table 2. Activation energies were determined from the 
slope of the linear plot between ln(ki) and 1/T using the gas constant equal to 8.314 J/K•mol. The rate constants were k1 (glycerol to 
monoacetin) > k2 (monoacetin to diacetin) > k3 (diacetin to triacetin). A higher temperature improved the acetin production cor
responding to the Arrhenius equation. The high rate constant value for monoacetin production reflects the rapid monoacetin for
mation, whereas the low rate constant value for triacetin indicates the slow triacetin formation. In addition, the low activation energy 
for monoacetin formation from glycerol indicated how fast monoacetin formation was compared to those for diacetin from monoacetin 
and for triacetin from diacetin. This is in line with the rate constants obtained previously [19,20] using a CeO2-ZrO2 metal oxide 
catalyst and Amberlyst-15 catalyst at five and three different temperatures, respectively.

In this study, activation energies of 13.26, 21.66, and 35.01 kJ/mol at temperature range of 85–115 ◦C were obtained for the 
formation of monoacetin, diacetin, and triacetin, respectively; thus, the yield of triacetin is lower than mono- and diacetin in the 
reaction mixture. which were comparable to those reported previously of 7.2–26.6 kJ/mol using sulfated alumina catalyst [21] and 
24.99–51.73 kJ/mol using heteropolyacid [22].

Fig. 1. Representative (A) pore size distribution, (B) N2 adsorption–desorption isotherms, and (C) SAXS patterns of (a) SBA-15, (b) 10%-SA-SBA-15, 
(c) 10%-P SA-SBA-15, (d) 10%-D-M SA-SBA-15, (e) 5%-D-E SA-SBA-15, (f) 10%-D-E SA-SBA-15, (g) 15%-D-E SA-SBA-15, and (h) 20%-D-E SA- 
SBA-15.

P. Sriratchatchawan et al.                                                                                                                                                                                           Heliyon 10 (2024) e41044 

6 



3.2. Physicochemical properties of the SA-SBA-15 catalysts

Representative pore size distribution curves and N2 adsorption-desorption isotherms of the prepared catalysts are presented in 
Fig. 1. The narrow pore size distribution (5–10 nm) was categorized as mesoporous materials following the IUPAC standard [23]. The 
hysteresis loop corresponded to the capillary condensation inside the pores of a mesoporous material and was in the P/P0 range of 
0.6–0.8 in Fig. 1(B), and categorized as a type IV isotherm [24]. The catalysts had a high SBET and Vp (Table 3) in the range of 534–696 
m2/g and 0.9–1.3 cm3/g, respectively. When the SA-SBA-15 catalysts were prepared by different synthesis methods or modified by 
different MPTMS loading levels and different washing solvents, it resulted in different physicochemical properties. The changes in 
these properties (SBET, Vp, and dp) shown in Table 3 are due to the presence of functional groups within the mesoporous structure of the 
support. The d100 values, unit cell parameter, and dp of the prepared SA-SBA-15 were closer to those of the parent SBA-15, suggesting 
that the structure of SBA-15 was still preserved. However, a decrease in the d100 value and unit cell parameter was observed at higher 
SA loadings (20%-D-E SA-SBA-15).

Fig. 1(C) shows SAXS patterns of the prepared catalysts. The SBA-15 expressed three diffraction peaks at a 2θ of 0.9◦, 1.6◦, and 1.8◦

corresponding to the (100), (110), and (200) planes, respectively, which can be indexed on a two-dimensional hexagonal SBA-15 
structure [25]. The higher peak intensity and a slight shift to a lower 2θ value indicated the presence of sulfonic groups inside the 
pores, which caused higher d-spacing and lattice parameter values.

Representative FE-SEM images of the SBA-15 modified with different loadings of sulfonic groups, as a mesoporous material, are 
demonstrated in Fig. 2. Rice-like shaped (5%-D-E SA-SBA-15, Fig. 2(a)) and rod-like shaped (10, 15, and 20%-D-E SA-SBA-15) 
morphologies were clearly observed in Fig. 2(b)–(d). Well uniformed hexagonal particles of 5%-D-E SA-SBA-15 were related to the 
high intensity of the diffraction peak in Fig. 1(C(e)). Then, the depletion of hexagonal shape and an increased non-uniform 
arrangement was observed, which is in line with the low intensity found in the XRD patterns. This is primarily due to the interac
tion between the sulfonic acid groups and the silica framework of SBA-15. In this direct synthesis method, this can potentially influence 
the formation of the silica structure and the subsequent distribution of sulfonic acid groups. Higher loadings of sulfonic acid groups can 
introduce defects or disrupt the regular structure of SBA-15. This can lead to changes in morphology, such as the formation of 
aggregates.

The organosilane incorporation on the SBA-15 catalyst was confirmed by XPS analysis, as summarized in Table 4. The quantitative 
analysis of the elemental content on the catalyst surface was performed using XPS in a wide scan mode. The amount of SA incorporated 
as sulfur on the surface indicated that the lowest amount was obtained by the catalyst prepared by post synthesis. The sulfur 
composition on the mesoporous SiO2 surface varied from 2.43 to 5.87 at.%, depending on the synthesis method and organosilane 
loading level. A higher amount of sulfur was observed on SBA-15 with increasing amounts of incorporated SA.

3.2.1. Effect of solvent extraction
In the SBA-15 synthesis, surfactants are commonly used as the organic templates while thermal calcination is commonly used for 

template removal. In this present work, solvent extraction was used to remove the surfactant template of the SA-SBA-15 prepared by 
the direct method. Although it was reported that P123 extraction using methanol was more efficient than other solvents [26], it is 
interesting to compare the efficiency between methanol and ethanol. As clearly seen from TGA profiles in Fig. 3, the weight loss of 
water, P123, and -PrSO3H groups were centered at 120 ◦C, 260 ◦C, and 530 ◦C [27], respectively. The amount of P123 can be estimated 
by the weight loss between 120 and 340 ◦C. In the case of ethanol removal of P123, 2.94 % of the total mass was left compared to 5.06 
% left by methanol, suggesting that ethanol was more efficient than methanol for removing the P123 (Table 5). Thus, the TGA revealed 
that 81 % of P123 was removed by ethanol compared to only 68 % by methanol. Note that the TGA results were consistent with the 
textural properties (Table 3). Using ethanol as the washing solvent resulted in a larger SBET, Vp, and dp of the prepared catalyst, 
indicating that a higher amount of the structure-directing agent (SDA) was removed. The SBET (632 m2/g) and total Vp (1.2 cm3/g) of 
10%-D-E SA-SBA-15 were much larger than those of 10%-D-M SA-SBA-15 (582 m2/g and 1.0 cm3/g, respectively), indicating the 
higher P123 removal efficiency by ethanol. In addition, a larger dp (7.8 nm, Table 3) and higher crystallinity were obtained when using 
ethanol (10%-D-E SA-SBA-15) than when using methanol (6.6 nm). Although methanol is more polar than ethanol, the critical micelle 

Table 3 
Textural properties of the prepared catalysts.

Sample SBET
a (m2/g) Vp (cm3/g) dp

b (nm) Peak position (degree) d100
c (nm) a0

d (nm) Wall thickness (nm)

SBA-15 695 ± 8.7 0.89 6.6 0.9 9.8 11.3 4.8
10%-SA-SBA-15 534 ± 7.2 0.97 6.5 0.8 10.8 12.5 6.0
10%-P-SA-SBA-15 556 ± 5.2 0.78 6.6 0.9 9.8 11.3 4.8
10%-D-M SA-SBA-15 582 ± 9.1 1.04 6.6 0.8 10.8 12.5 5.9
5%-D-E SA-SBA-15 696 ± 6.6 1.26 7.8 0.8 10.9 12.6 4.7
10%-D-E SA-SBA-15 632 ± 8.3 1.23 7.8 0.8 10.8 12.4 4.6
15%-D-E SA-SBA-15 560 ± 3.4 0.98 7.8 0.8 11.0 12.8 4.9
20%-D-E SA-SBA-15 541 ± 5.5 0.96 7.8 0.8 10.5 12.1 4.3

a Determined by the BET method.
b Obtained from the maximum of BJH method desorption pore size distribution.
c Calculated from the (100) plane reflection.
d Unit cell parameter (a0) calculated from the position of the (100) diffraction.
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temperature of P123 in 1 M ethanol is slightly higher than that in 1 M methanol, resulting in a decreased level of micellar aggregation 
[28]. The higher P123 removal by methanol compared to other organic solvents was reported due to its high polarity [26,27]. We 
conclude from our results that ethanol is an effective solvent to remove the P123 templates and preserve a larger dp and SBET of the 

Fig. 2. Representative FE-SEM images (x50000 magnification) of the X%-D-E SA-SBA-15 catalysts with SA loading levels of (a) 5 %, (b) 10 %, (c) 15 
%, (d) 20 %, and (e) SBA-15 support.

Table 4 
Analysis of the sulfur content on the bulk surface and acidity property of the catalysts.

Catalyst %Sulfur atoms on the 
surfacea

% SO3H from S 2p 
regiona

Acidic propertyb

B acid sites 
(mmol/g)

L acid sites 
(mmol/g)

B/L Total acidity 
(mmol/g)

Density of acidic sites 
(μmol/m2)

10%-P SA-SBA- 
15

2.43 100.00 0.08 0.26 0.32 0.34 0.61

10%-D-M SA- 
SBA-15

n/a n/a 0.18 0.18 1.01 0.37 0.64

5%-D-E SA- 
SBA-15

2.66 76.48 0.07 0.09 0.82 0.16 0.23

10%-D-E SA- 
SBA-15

3.39 85.17 0.25 0.21 1.16 0.46 0.73

15%-D-E SA- 
SBA-15

3.53 86.2 0.33 0.17 1.98 0.50 0.89

20%-D-E SA- 
SBA-15

5.87 100.00 0.45 0.07 6.28 0.53 0.98

Results were obtained by aXPS and bPy-FTIR analyses.
n/a: data is not available.
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prepared catalyst.

3.2.2. Effect of the synthesis method
It is well known that the synthesis method significantly influences the physical properties of the obtained catalysts. Generally, a 

post synthesis method is used due to its high efficiency in the incorporation of the active species in the SBA-15 support. The parent SBA- 
15 is prepared first and then the sulfonic acid group is attached to the surface of the catalyst, rather than inserting into the silica 
structure in the direct synthesis [29]. Table 3 shows that using the post synthesis method gave catalysts with a lower SBET, Vp, and dp at 
the same sulfonic groups loading level (10%-P SA-SBA-15 and 10%-D-E SA-SBA-15). At a 10 % nominal mole of sulfonic acid func
tionalization, the (100) diffraction peak of 10%-D-E SA-SBA-15 was shifted towards a lower angle, indicating a larger interplanar 
distance (d100) and unit cell parameter (a0) [30,31]. The lower amount of sulfur on the surface of the catalyst prepared by post 
synthesis, as seen by XPS analysis, was due to the limited availability of reactive silanol groups on the surface of the SiO2 material [32]. 
The data for direct synthesis in the present work agrees well with previous work [33] that direct synthesis leads to greater physico
chemical properties (SBET, Vp, and dp) and promotes interaction between the active species and the support (the acidity via func
tionalization) than post synthesis. Thus, the direct synthesis of SA-SBA-15 was used in this study for further investigation.

3.2.3. Effect of the sulfonic groups loading level
The catalysts prepared by direct synthesis with different organosilane loadings were characterized. The SBET and Vp of the catalyst 

obtained from a high incorporation of organosilane were diminished (Table 3). An enlarged wall thickness was evident, caused by the 
higher amount of anchored sulfonic acid groups on SBA-15, except for 20%-D-E SA-SBA-15 where mesoscopic disorder occurred. An 
increase in the amount of organosilane resulted in a lower intensity of diffraction peaks (Fig. 1(C)), owing to the disruption of micellar 
formation of P123 from the concentrated MPTMS [17]. In the same way, a higher MPTMS loading resulted in a greater wall thickness 
due to the deposition of sulfonic acid groups on the silica wall [34]. Likewise, a lower intensity of the diffraction peak was found when 
adding more MPTMS into the initial solution.

Increasing the MPTMS/(MPTMS + TEOS) ratio increased the length and decreased the width of the particles (Fig. 2), which was 
due to the charge repulsion between deprotonoted mercaptopropyl groups [35]. The morphology and support of 
mercapto-functionalized mesoporous silicas changing from short particles into whorled long rod-shaped particles has been reported 
previously [36]. It was speculated that the hydrophobic behavior of MPTMS produced an effect on the micellar shape of the surfactant 
that then directly affected the shape of the SiO2 particles. In the case of 20%-D-E SA-SBA-15, electrostatic forces play a role on the 

Fig. 3. Representative TGA profiles of (a) 10%-D-E SA-SBA-15, (b) 10%-D-M SA-SBA-15, and (c) 10%-SA-SBA-15.

Table 5 
Comparison of P123 extraction from 10%-D SA-SBA-15 with different extraction solvents.

Sample Solvent Quantity Duration P123 wt% P123 %removal

10%-SA-SBA-15 – – – 15.8 –
10%-D-M SA-SBA-15 MeOH 400 mL/1.5 g catalyst 24 h 5.1 68
10%-D-E SA-SBA-15 EtOH 400 mL/1.5 g catalyst 24 h 2.9 81
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particle shape, where a large amount of mercaptopropyl groups can produce the repulsive electrostatic force; therefore, the particle 
shape of the catalyst becomes more spherical with a mesoporous disorder demeanor, resulting in a larger particle size compared to 
15%-D-E SA-SBA-15.

3.3. Acetylation of glycerol

The catalytic performance of various SA-SBA-15 catalysts in the acetylation of glycerol was performed with 5 wt% of catalyst at 
115 ◦C for 8 h. The composition of acetin in the liquid product was composed of 1-monoacetin, 2-monoactin, 1,2-diacetin, 1,3-diacetin, 
and triacetin (Fig. S1), similar to other work [37]. The product selectivity depends strongly on the nature of the catalyst surface and 
strength of the active sites.

The glycerol conversion and products distribution obtained with the SA-SBA-15 catalysts are shown in Fig. 4, The presence of SA- 
SBA-15 in the acetylation reaction obviously improved the catalytic performance with the glycerol conversion level and triacetin 
selectivity being increased from 96.8 % and 13.3 % (blank test) to 100 % and 18.2–30.1 %, respectively. Comparing the synthesis 
method of 10%-P SA-SBA-15, a similar glycerol conversion level was observed (98.4–98.7 %) but the magnitude of triacetin selectivity 
was higher in the direct synthesis catalyst than that with the post synthesis catalyst. This is due to the limited sulfonic acid incor
poration on the silanol surface in the post synthesis method. In our experiments, the large pore 10%-D-E SA-SBA-15 catalyst with pore 
diameter 7.8 nm exhibited higher triacetin than 10%-P SA-SBA-15 and 10%-D-M SA-SBA-15 catalysts with pore diameter of 6.6 nm, 
suggesting that the catalyst pore size is an important factor limiting triacetin formation with critical diameter of 1.0206 nm [10]. The 
larger pore sizes facilitate better diffusion and accessibility of reactants within the catalyst, thus enhancing the reaction efficiency and 
triacetin yield. Additionally, selectivity to triacetin was increased from 26.3 % to 30.1 % as the SA was increased from 5 % to 20 % in 
the SA-SBA-15 catalysts (D-G, Fig. 4), suggesting that the acidic sites are required for both the optimal glycerol conversion and triacetin 
selectivity. These catalysts showed a higher glycerol conversion level and triacetin selectivity compared to the previously reported 97 
% and 23 %, respectively, from sulfonated bio-carbon based catalysts (starch as the carbon precursor) [38] at 110 ◦C with glycerol to 
acetic acid molar ratio of 1:6 within 2 h and 98.7 % and 27.5 %, respectively, from sulfated alumina catalysts [39] at 110 ◦C with 
glycerol to acetic acid molar ratio of 1:12 and catalyst amount of 0.36 g.

To be able to comprehend the capabilities of our prepared catalysts, the amount of Lewis (L) and Brønsted (B) acid sites in SA-SBA- 
15 was obtained from the FTIR spectra of adsorbed pyridine, as shown in Fig. 5. The deconvoluted results revealed that the bands at 
1445, 1490, and 1546 cm− 1 were clearly ascribed to L, L + B, and B acid sites, respectively. For SA-SBA-15, the Brønsted acid sites were 
mainly generated from anchored PrSO3H- groups while the Lewis acid sites were created from siloxane bridge sites (Si-O-Si) on the 
SiO2 surface [40]. The quantitative number of acid sites and the B/L ratio were calculated and are shown in Table 4.

Increasing the B/L ratio significantly enhanced triacetin selectivity (13.3–22.9 %) of the catalysts studied (blank test, Al-SA-SBA- 
15, and 10%-P SA-SBA-15; Fig. 6) due to the catalytic mechanism involving Brønsted acid sites. These sites facilitate the formation of a 
positively charged acylium ion intermediate, which attacks the hydroxyl groups on glycerol. The subsequent proton transfer and water 
removal drive the reaction forward, regenerating the Brønsted acid site, ultimately increasing triacetin yield [41]. For the D-E 
SA-SBA-15 catalyst series, the triacetin selectivity ranged from 26.3 to 30.1 %. At a B/L ratio of 6.28, the catalyst achieved a 100 % 
glycerol conversion level and 30.1 % triacetin selectivity, suggesting that the B/L ratio was directly related to the catalytic 

Fig. 4. Catalytic performances of the A) blank test, B) 10%-P SA-SBA-15, C) 10%-D-M SA-SBA-15, D) 5%-D-E SA-SBA-15, E) 10%-D-E SA-SBA-15, F) 
15%-D-E SA-SBA-15, and G) 20%-D-E SA-SBA-15. Reaction conditions: catalyst loading of 0.5 g, molar feed ratio of 1:9 (Gly:AA), reaction tem
perature of 115 ◦C, and reaction time of 8 h. Data are shown as the mean ± standard deviation (SD).
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performance. A higher monoacetin selectivity was achieved (23.4–25.7 %) with the catalysts with a low B/L ratio (0.34–0.37). 
Therefore, the presence of Lewis acid sites can disrupt triacetin formation because it promotes monoacetin formation [12,42]. 
Interestingly, the influence of the solvent type (methanol and ethanol) for P123 extraction was noted, where the 10%-D-E SA-SBA-15 
catalyst had a higher B/L ratio and triacetin selectivity than the 10%-D-M SA-SBA-15 catalyst at the same sulfonic acid loading level.

The acidic property of the samples was examined using the amount of pyridine that adsorbed on the catalyst active site. A higher SA 
amount gave more B acid sites (Table 4) because of the generation of sulfonic groups on the material surface. The B acid, L acid, total 
acidity, and density of acid sites were related to the catalytic performance and triacetin selectivity. It is interesting to note that the B/L 

Fig. 5. Representative Py-FTIR spectra of (a) 10%-P SA-SBA-15, (b) 10%-D-M SA-SBA-15, (c) 5%-D-E SA-SBA-15, (d) 10%-D-E SA-SBA-15, (e) 15%- 
D-E SA-SBA-15, and (f) 20%-D-E SA-SBA-15.

Fig. 6. Relationship between the B/L ratio and triacetin selectivity of the ( ) blank ( ), Al-SA-SBA-15 ( ), 10%-P SA-SBA-15 ( ), 10%-D-M SA- 
SBA-15, (■) 5%-D-E SA-SBA-15, (▴) 10%-D-E SA-SBA-15, (●) 15%-D-E SA-SBA-15, and (◄) 20%-D-E SA-SBA-15. Data are shown as the mean ±
standard deviation (SD). Reaction conditions: catalyst loading of 0.5 g, molar feed ratio of 1:9 (Gly:AA), reaction temperature of 115 ◦C, and re
action time of 8 h.
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ratio and density of acid sites of the catalyst were correlated to the amount of SA in the initial mixture. However, for the large pore 
diameter (7.8 nm), 5%-D-E SA-SBA-15 with low acid site density exhibited higher triacetin selectivity than 10%-D-M SA-SBA-15 with 
high acid site density and small pore diameter (6.6 nm). It is interesting to note that both pore structure and surface acid site density 
significantly affect the acetin selectivity.

That sulfonic acid was successfully formed on the material surface supported from the S 2p XPS spectra (Fig. 7), which exhibited 
two major peaks at a BE of around 168 and 165 eV, corresponding to the sulfonic acid (-SO3H) and thiol (-SH) groups, respectively 
[13]. Thus, the functionalization of -SO3H groups was successfully anchored on the SBA-15 support, where the lower amount of 
organosilane displayed a higher amount of unconverted -SH groups due to the lower amount of H2O2 in the solution.

3.4. Reusability of the direct synthesized SA-SBA-15 catalyst

The reusability of the catalyst was evaluated using the 20%-D-E SA-SBA-15 catalyst because of its superior catalytic performance. 
After completion of the reaction, the catalyst was recovered by simple filtration, washed (to regenerate it), and reused in two or three 
consecutive reaction cycles. Comparison between two regeneration methods (methanol and H2O2) under the optimal reaction con
ditions was performed. The textural properties of the spent co-condensation PrSO3H SBA-15 catalysts regenerated by either acetone or 
H2O2 after use for furfural production from xylose both showed a decreased SBET and Vp compared to the fresh catalyst due to the 
accumulation of byproduct (coke content) on the catalyst surface [43]. However, H2O2 regeneration exhibited more coke removal 
compared to acetone regeneration. Thus, H2O2 regeneration gave a better SBET and Vp of the spent catalyst than acetone regeneration.

Examination of the textural properties of the spent catalysts in the present work revealed that the SBET, Vp, and dp were decreased, 
while the wall thickness (after regeneration) was increased compared to the fresh catalyst (Table 6). As expected, H2O2 regeneration 
resulted in better surface properties compared to methanol regeneration. The SAXS patterns of the spent 20%-D-E SA-SBA-15 catalysts 
did not change much after H2O2 oxidation compared to the fresh one (Fig. S2), suggesting that H2O2 had no significant effect on the 
structural properties of the SBA-15 support.

The surface composition of each type of catalyst was evaluated using XPS analysis (Fig. 8). For the methanol-regenerated catalysts, 
creation of -SH groups was observed after the catalyst was used and tended to increase after the first and second catalytic activity 
recycle passed, corresponding to the Raman spectra result. The Raman spectra of the fresh and spent 20%-D-E SA-SBA-15 catalysts are 
shown in Fig. S3. The position at 807, 1405, and 2924 cm− 1 indicated the functional group of siloxane group, CH2 deformation, and 
CH2 stretching, respectively. Two sulfur functional groups, -SO3H and -SH groups, were located at a peak position of 1045 and 2505 
cm− 1, respectively [34,44]. The amount of -SH groups significantly increased from the fresh catalyst to the first and second regenerated 
catalysts, as evidenced by the increased intensity of the Raman shift at 2505 cm− 1 and a decreased -SO3H group peak at 1045 cm− 1. 
The formation of -SH groups from a reduction of SO3H species is the most plausible deactivation cause. The spent catalyst after three 
consecutive cycles was regenerated by H2O2 (Fig. 8), where some of the lost SO3H species were recovered, while the -SH groups 
decreased after the first (13.4 %) and second (9.78 %) catalytic activity recycles. A longer regeneration time (R3-H2O2) led to complete 
thiol group oxidation.

The catalytic activity of the spent catalysts, in terms of glycerol conversion and triacetin selectivity, are illustrated in Fig. 9. For 

Fig. 7. Representative S 2p XPS spectra of the (a) 10%-P SA-SBA-15, (b) 5%-D-E SA-SBA-15, (c) 10%-D-E SA-SBA-15, (d) 15%-D-E SA-SBA-15, and 
(e) 20%-D-E SA-SBA-15.
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methanol regeneration, after the first regeneration the catalyst retained a 100 % glycerol conversion level and a high triacetin 
selectivity of 26.2 %; however, after the second regeneration the glycerol conversion level was slightly reduced to 98.6 % with a 
substantially decreased triacetin selectivity to 17.7 % (Table S1). For the H2O2-regenerated catalysts, they exhibited the same trend in 
catalytic activity as the methanol-regenerated catalysts, but after the third H2O2-regeneration, which was performed for a longer time 
(24 h), the catalytic performance was slightly increased compared to after two regenerations. Thus, a longer regeneration time can only 
minimally improve the performance of the catalyst.

According to the catalytic activity and characterization results of the spent catalysts, it can be concluded that deterioration of 
functionalized groups on the catalyst’s surface leads to the loss of catalytic performance. This was due to the reduction of active -SO3H 
groups into -SH groups, resulting in weak acid sites [45] and a decreased SBET, Vp, and dp due to chemical deposition inside the catalyst 
pore. A similar trend of catalytic activity for spent catalysts has been reported previously [46]. A sulfated alumina catalyst was tested in 
the acetylation of glycerol over three consecutive runs with the spent catalyst being regenerated with acetone. The triacetin selectivity 
was clearly decreased in the second regenerated catalyst, decreasing by 26.7 % from that for the fresh catalyst, but without any change 
in the glycerol conversion level. In this case, deactivation of the catalyst was due to leaching out of the active species of the catalyst. 
The reusability of a sulfonic acid-functionalized carbon sphere (CS) catalyst revealed similar patterns of decreasing glycerol conversion 
and, especially, triacetin selectivity with increasing cycles of use. For the CS catalyst, glycerol conversion was minimally decreased 
from 98 % to 95 % for the first to fourth reaction cycle, respectively. However, after four reaction cycles the triacetin selectivity was 
reduced by 59.1 % compared to first reaction, which was due to leaching out of the sulfur content [47].

In addition, in order to monitor the leached species in the mixture, the liquid sample was evaluated by FTIR and sulfur analyses. The 
FTIR spectra of the obtained liquid products (Fig. S4) from the reusability test confirmed that there was no difference in the functional 
group and peak intensity of the liquid product from the fresh and reused catalysts, where the observed peaks at 3008, 1707, 1386, 
1225, and 1048 cm− 1 were attributed to O-H stretching, C=O stretching, C-O-H, C-C(O)-C stretching, and O-H bending, respectively 
[48]. In addition, the sulfur analyzer results (Table S2) demonstrated that the small amount of detected sulfur in the product liquid was 

Table 6 
Textural properties of the spent catalysts.

Sample SBET
a (m2/g) Vp (cm3/g) dp

b (nm) Peak position (degree) d100
c (nm) a0

d (nm) Wall thickness (nm)

20%-D-E SA-SBA-15 541 ± 5.5 1.0 7.8 0.8 10.5 12.1 4.3
R1-MeOH 470 ± 4.1 0.6 3.8 0.8 10.9 12.6 8.8
R2-MeOH 431 ± 2.3 0.5 3.8 0.8 11.2 12.9 9.1
R1-H2O2 578 ± 3.0 0.6 3.9 0.8 10.4 12.0 8.1
R2-H2O2 617 ± 5.8 0.7 3.8 0.9 10.3 11.9 8.0
R3-H2O2 409 ± 3.4 0.5 3.8 0.8 10.5 12.1 8.3

a Determined by the BET method.
b Obtained from the maximum of BJH method desorption pore size distribution.
c Calculated from the (100) plane reflection.
d Unit cell parameter (a0) calculated from the position of the (100) diffraction.

Fig. 8. (A) Representative S 2p XPS spectra of the (a) 20%-D-E SA-SBA-15, (b) R1-MeOH, (c) R2-MeOH, (d) R1-H2O2, (e) R2-H2O2, and (f) R3-H2O2.
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considered as an insignificant loss. Therefore, the sulfur species on the functionalized catalyst was probably attached on the catalyst’s 
surface without leaching into the liquid product.

4. Conclusions

This study revealed the catalytic performances of SA-SBA-15 catalysts prepared by direct synthesis in the glycerol acetylation 
reaction and its reusability. During catalyst preparation, higher levels of P123 were effectively removed by ethanol washing than 
methanol washing in the direct synthesis approach. Decreasing the amount of aggregation of micelles of the SDA (lower residual P123 
levels) affected the properties and structure of catalyst. The SA-SBA-15 prepared by direct synthesis expressed a higher level of 
organosilane anchored on the silica surface, resulting in a higher amount of acid sites on the SBA-15 surface than that prepared by post 
synthesis. The presence of Brønsted acid sites and large pore structure clearly enhanced the catalytic performance. Increasing the SA 
loading increased the amount of B/L sites, which then enhanced both the glycerol conversion level (100 %) and triacetin selectivity 
(30.1 %). Reduction of -SO3H groups into -SH groups and changes in the textural properties of the catalyst both significantly affected 
the reusability of the catalyst.

Fig. 9. Reusability of the catalysts in terms of the (A) glycerol conversion level and (B) triacetin selectivity of H2O2-regenerated catalysts at different 
recycle rounds. Reaction conditions: catalyst loading of 0.5 g, molar feed ratio of 1:9 (Gly:AA), reaction temperature of 115 ◦C, and reaction time of 
8 h.
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[40] D.A. Cabrera-Munguia, H. González, E. Tututi-Ríos, A. Gutiérrez-Alejandre, J.L. Rico, Acid properties of M-SBA-15 and M-SBA-15-SO3H (M = Al, Ti) materials 
and their role on esterification of oleic acid, J. Mater. Res. 33 (2018) 3634–3645, https://doi.org/10.1557/jmr.2018.374.

[41] U.I. Nda-Umar, I.B. Ramli, E.N. Muhamad, N. Azri, U.F. Amadi, Y.H. Taufiq-Yap, Influence of heterogeneous catalysts and reaction parameters on the 
acetylation of glycerol to acetin: a review, Appl. Sci. 10 (2020) 7155, https://doi.org/10.3390/app10207155.

[42] C. Gonzalez-Arellano, R.A.D. Arancon, R. Luque, Al-SBA-15 catalysed cross-esterification and acetalisation of biomass-derived platform chemicals, Green Chem. 
16 (2014) 4985–4993, https://doi.org/10.1039/C4GC01105H.

[43] X. Shi, Y. Wu, H. Yi, G. Rui, P. Li, M. Yang, G. Wang, Selective preparation of furfural from xylose over sulfonic acid functionalized mesoporous SBA-15 
materials, Energies 4 (2011) 669–684, https://doi.org/10.3390/en4040669.

[44] M. Mazilu, A.C. De Luca, A. Riches, C. Herrington, K. Dholakia, Optimal algorithm for fluorescence suppression of modulated Raman spectroscopy, Opt Express 
18 (2010) 11382–11395, https://doi.org/10.1364/OE.18.011382.

[45] R.J. Ouellette, J.D. Rawn, in: R.J. Ouellette, J.D. Rawn (Eds.), Alcohols and Phenols, Elsevier, Boston, 2015, pp. 209–238.
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