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ABSTRACT

A parametric study of the reaction parameter for glycerol acetylation was conducted using a
highly active sulfated-titania catalyst to determine the ideal conditions for achieving higher TA
selectivity and glycerol conversion (GLC). The catalyst was prepared by impregnating titania with
a 15% sulfuric acid solution, followed by calcination under CO, for 2 hours and denoted as the
15SA catalyst. The catalyst was subsequently analysed using TGA, XRD, BET, XPS, NH;-TPD,
and SEM-EDX. The characterisation results revealed that the 15SA catalyst possesses a sufficient
surface area (1.9 m’g™), a high density of acidic sites (342.6 umolg™) and good porosity. The
study then examined the effects of several reaction parameters, including temperature (100 °C —
140 °C), molar ratio of glycerol (Gly) to acetic
acid (Ac) (1:3 w/v — 1:15 w/v), catalyst loading
(0.1 g — 0.9 g) and reaction time (1 h — 5 h).
The catalyst was then reused for five successive
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cycles to evaluate its reusability. The results
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sufficient BET surface area and pore volume of
the catalyst may enhance the formation of GLC
and TA in the glycerol acetylation by facilitating
the diffusion of the glycerol molecules on the
catalyst’s surface. Therefore, optimal conditions
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for glycerol acetylation yielded a higher TA selectivity of 55 % and glycerol conversion of 97 % at
a molar ratio of 1:6 w/v of Gly: Ac and a catalyst loading of 0.5 g at 130 °C for a 2 h reaction time.
The reusability study showed that the 15SA catalyst can attain a higher GLC exceeding 97 % and a
higher DA+TA selectivity of 85 % after five cycles. In contrast, the selectivity of TA reduced after
five cycles due to the leaching of the acidic site from the catalyst, as proven by the EDX analysis.

Keywords: Acetins, acetylation, glycerol, parametric study, solid acid catalyst, sulfated-titania, triacetin

INTRODUCTION

The increasing population, rapid industrialisation, and growing energy have collectively
precipitated an energy crisis associated with environmental deterioration, including
ecological destruction, the scarcity of fossil fuels and pollution (Fauzi et al., 2025; Reinoso
& Boldrini, 2020; Shikhaliyev et al., 2021). Therefore, utilising renewable energy as
an alternative is essential for reducing environmental pollution while fostering social
development and reducing reliance on conventional fossil fuels. Ladero (2021) stated that
more than 280 billion US$ was invested worldwide in renewable energy from 2007 to 2017.
These investments aim to attain a net-zero situation in greenhouse gas emissions (GHG).
As aresult, about 66 countries have committed to sourcing more than 50 % of their primary
energy from renewable sources by 2050, including the Americas, Africa, the Asia-Pacific
and the Indian Ocean (Dey et al., 2021). These developments have led to higher demand
for biodiesel as a renewable transportation fuel, as it has been considered as one of the
options to reduce consumption of fossil fuels and limit the generation of greenhouse gas
emissions (Chilakamarry et al., 2021; Jose et al., 2023).

The transesterification of the biodiesel generates glycerol as a by-product. Hidayati
et al. (2024a) and Malaika et al. (2023) stated that the production of glycerol increases
linearly with biodiesel production. The ratio of glycerol to biodiesel is 1:10, yielding
approximately 10 litres of glycerol for every 100 litres of biodiesel production (Reinoso
& Boldrini, 2020). Therefore, excess production of glycerol has led to a significant price
decline for several years and may become a challenge to the biodiesel industry since the
unwanted glycerol cannot be disposed of in the environment (Mou et al., 2021; Shikhaliyev
et al., 2021). Glycerol can be transformed into valuable chemicals with numerous
applications, including in food, pharmaceutical, cosmetic, and plastic manufacturing. The
low cost of glycerol has motivated researchers to valorise it via several processes, such as
oxidation, transesterification, ammonization, condensation polymerisation, aromatisation,
acetalisation, and acetylation reactions (Ebadi Pour et al., 2021; Hidayati et al., 2024b;
Lee etal., 2026; Rathod et al., 2025; Singh & Gosu, 2025; Timofeeva et al., 2017). Among
these reactions, glycerol acetylation has gained significant attention because of its ability
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to yield three commercially important products: monoacetin (MA), diacetin (DA), and
triacetin (TA).

The acetylation of glycerol with acetic anhydride or acetic acid involves a stepwise,
consecutive reaction. In the first two reactions, MA and DA will form, followed by the
formation of TA. All three products have useful industrial applications. For instance,
MA is used in the production of explosives and smokeless powder, as a solvent in the
leather tanning and dye industries and as a humectant in cosmetics (Beejapur et al., 2017;
Kanimozhi et al., 2018). DA is used as a softening agent, building block in polyester, a
solvent, a plasticiser, and an intermediate in the preparation of antidotes. (Appaturi et al.,
2021; Beejapur et al., 2017; Kulkarni et al., 2020). TA is frequently used as an antiknock
additive in petrol, an antimicrobial agent in pharmaceuticals and in cigarette filter
production. In addition, the mixture of DA and TA can enhance the characteristics of petro-
diesel. Kulkarni et al. (2020) stated that the incorporation of DA and TA can improve the
properties of cold flow, viscosity, and biodiesel formulation quality. Furthermore, TA serves
as a fuel additive by lowering the harmful emissions of unburned hydrocarbon (UHC),
particulate matter (PM), nitrogen oxide (NOx), carbon monoxide (CO) and unregulated
aldehyde (Jiang et al., 2019; Kalyani et al., 2023; Kulkarni et al., 2020; Ramos et al., 2025).

TA is the most valuable product in the acetylation of glycerol; however, its selectivity is
usually lower than that of DA and MA. Therefore, various reaction conditions and catalysts
have been investigated to improve TA formation. Some researchers have used acetic
anhydride as the acetylating agent, achieving 100% TA selectivity at 60 °C within 20 min
(Silva et al., 2010). Chandrakala et al. (2014) also obtained 100 % TA selectivity and 100
% GLC at 115 °C over a 30 min. Although acetylation of glycerol with acetic anhydride
shows excellent performance in terms of TA selectivity and the GLC within a short period of
time, acetic anhydride is more expensive, highly exothermic, and classified as a controlled
substance in many countries due to its potential use as a precursor in narcotics production
(Carpegiani et al., 2020; Garcia-Martin et al., 2019; Mukhopadhyay et al., 2021; Okoye &
Hameed, 2016; Okoye et al., 2017a). Therefore, acetic acid is preferred for the acetylation
of glycerol as it is much cheaper and less toxic than acetic anhydride.

However, recent studies have shown that using acetic acid in glycerol acetylation
without a catalyst has a low TA selectivity. For instance, Jiang et al. (2019) reported 0 %
TA selectivity with 21 % GLC at 70 °C under atmospheric pressure. Similarly, Liu et al.
(2019) obtained only 1 % TA selectivity with 48 % GLC at 125 °C over a 24 h reaction.
Fauzi et al. (2025) achieved 0 % TA selectivity after testing at a reaction condition of 90
°C, 1:3 molar ratio of glycerol to acetic acid at 1 h reaction. Nonetheless, the GLC results
were stated in their investigation of the blank reaction. Moreover, Kale et al. (2015) found
that using 10 g glycerol and 39.16 g acetic acid at 105 °C for 4 h resulted in only 50 % of
GLC and 0 % of TA selectivity.
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The acid-catalysed mechanism has been widely used to facilitate the formation of TA and
enhance GLC in the acetylation reaction. Heterogeneous catalysts, such as heteropolyacids,
resins, zeolites, carbon catalysts and metal oxide catalysts, were widely employed compared
to homogenous catalysts (Dalla Costa et al., 2017; Ferreira et al., 2009; Kulkarni et al., 2020;
Magar et al., 2020; Nda-Umar et al., 2020a). The demand for heterogeneous catalysts in the
acetylation process is increasing, as they can replace the liquid catalysts such as H;PO,, HCI,
H,SO,, sulfonic acid, acidic ionic liquid, para-toluene, etc. Liquid catalysts have several
drawbacks, including reactor corrosion, difficulty in separation, production of hazardous
compounds, catalyst loss and poor catalyst reusability (Appaturi et al., 2021; Dalla Costa
et al., 2017; Hidayati et al., 2024a; Karnjanakom et al., 2018; Khayoon et al., 2014). For
instance, Ferreira et al. (2009) used dodecamolybdophosphoric acid encapsulated in USY
zeolite (PMol_NaUSY) as a heterogeneous acid catalyst for the glycerol acetylation with
acetic acid and achieved 60 % GLC and a 4 % TA selectivity after 3 h of testing. Mou et
al. (2021) attained 95 % GLC and 6 % TA selectivity by employing a 1:6 w/v molar ratio
of Gly: Ac, 5.0 wt.% Amberlyst-15 catalyst, at a temperature of 90 °C for 1 h.

Moreover, Nda-Umar et al. (2020b) prepared a sulfonated carbon catalyst using a
chemical method and subsequently conducted glycerol acetylation with a 1:6 w/v Gly:
Ac molar ratio and a 0.5 g catalyst dosage for a reaction duration of 3 h. They found
a remarkable catalytic activity with 56 % TA selectivity and 94 % GLC, attributed to
the higher BET surface area and greater acidic capacity of the synthesised catalyst, as
demonstrated by N, adsorption-desorption and NH;-TPD analyses. Furthermore, Reddy et
al. (2010) investigated the use of the metal oxides such as ZrO,, TiO,~ZrO,, WOx/TiO,—
Zr0, and MoOx/TiO,~Zr0, in glycerol acetylation with acetic acid, employing 1:6 w/v
Gly:Ac molar ratio, 5 wt.% of catalyst dosage for 60 h reactions at 120 °C. They found that
MoOx/ TiO,—ZrO, achieved the highest GLC (~ 100 %) and TA selectivity (~80 %). Thus, it
can be concluded that the carbon and metal oxide catalysts show an excellent performance
in glycerol acetylation due to their high thermal stability, sufficient BET surface area and
pore volume and good porosity, compared to zeolite, resin, and heteropolyacid catalysts.
Nonetheless, the excessively long reaction time is unsuitable for industrial applications.

The synthesis of metal oxide catalysts for the acetylation of glycerol with acetic acid
remains an active area of research to enhance TA selectivity. Testa et al. (2019) stated
that the excellent catalytic performance in glycerol acetylation is related to the acid
capability, strength and surface density of the acid sites of the catalyst. This is because the
acetylation reaction can be catalysed not only by the Bronsted acid sites but also by Lewis
acid sites (Fauzi et al., 2025). Therefore, incorporating the sulfate species onto the metal
oxide catalysts could be an effective approach to increase the catalyst acidity and boost
performance in glycerol acetylation.
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Kulkarni et al. (2020) reported that the use of sulfated CeO,-ZrO, catalyst resulted in a
TA selectivity of 21 % due to high acid capacity (2.5 mmol), sufficient BET surface area (22
m?g ') and good pore diameter (5.9 nm). In contrast, the non-sulfated CeO,-ZrO, catalyst
achieved only 0.5 % TA selectivity owing to its low acid site density. Moreover, Geetha et
al. (2020) reported the same finding after examining the performance of sulfated-titania
catalyst in a pseudo-five-component reaction. They found that the sulfate concentration
of 5 wt.% in the preparation of sulfated titania via the sol gel method gave the highest
yield (90 %) in the functionalization of piperidine, compared to non-sulfated titania (48
%) after a 30 min reaction under reflux conditions. The surface acidity of bare TiO, is
1600 pg, whereas the sulfated titania exhibits 2200 pg, as determined by the pyridine
adsorption method. The sulfated-titania catalyst prepared via the sole gel method is also
easily recyclable. Nevertheless, the sol-gel synthesis route requires precursor hydrolysis,
which adds complexity to the preparation process.

The work conducted by Geetha et al. (2020) and Kulkarni et al. (2020) is similar to
our previous study, which focused on the impact of the sulfuric acid concentration on the
physicochemical characteristics of sulfated titania and evaluated its efficacy in GLC and
acetin selectivity, particularly TA (Shera Farisya et al., 2021). We found that using sulfated
TiO, with a 15 % concentration of sulfuric acid (15SA), prepared via the impregnation
method, yielded a remarkable TA of 42 %, whereas non-sulfated titania exhibited only
16 % TA selectivity at 100 °C for a 2 h reaction. Despite its simple preparation, the 15SA
catalyst demonstrated good catalytic performance owing to its high acid site density of
342.6 umol g', sufficient BET surface area of 1.9 m? g! and good porosity. However,
the optimal reaction conditions for glycerol acetylation using 15SA catalyst were not
determined in that study. Hence, the present work aims to further investigate the effect of
reaction parameters, namely temperature, molar ratio of glycerol to acetic acid, catalyst
loading and reaction time, on acetin selectivity, particularly TA selectivity and the GLC
in glycerol acetylation over the 15SA catalyst using a systematic parametric approach. In
addition, the reutilization of the 15SA sulphated titania catalyst was evaluated over five
successive reaction cycles to determine its potential for repeated use in the catalytic reaction.

Materials

Sigma-Aldrich supplies acetonitrile (GC grade), 1,3-butanediol and titanium dioxide (98 %)
while R&M chemicals provide sulfuric acid (95-98 %), glacial acetic acid (99 %) and
anhydrous glycerol (99 %). No additional purification was required for any of the chemicals
purchased.

Catalyst Preparation

The sulfated-titania catalyst was synthesised via the impregnation method as reported
in our previous study (Shera Farisya et al., 2021). Briefly, about 15 % concentration of
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the sulfuric acid was poured into 10 g of titanium dioxide. The sulfated-titania was then
stirred for 24 h, filtered, and dried in an oven for 24 h at 100- 120 °C. Afterwards, the dried
catalyst was ground, sieved (250 nm) and calcined for 2 h at a heating rate of 5 °Cmin !
under a CO, environment. Finally, the sulfated-titania catalyst was then stored in a tight
bottle and denoted as 15SA.

Catalyst Characterisation

The thermal stability of the sulfated-titania catalyst was assessed using a Mettler Toledo
851e thermal analysis instrument. The crystalline phases of non-sulfated and sulfated-
titania catalysts were evaluated using an X-ray diffractometer with a Shimadzu model
XRD 6000. Cu Ka radiation source of 30 kW and electricity of 30 Ma was utilised, and
the diffraction pattern was obtained within a scanning range of 26 = 10-80° at a scanning
speed of 4° min ! using a wavelength () of 1.54. The textural properties of the synthesised
catalysts were determined using the nitrogen physisorption method with a Micrometrics
analyser. Before the determination, the sample was degassed for 8 h at 120 °C to remove
adsorbed molecules from the pores. To confirm the existence of the surface functional
groups in the sulphated-titania catalyst, X-ray photoelectron spectroscopy (XPS) analysis
was carried out using a PHI Quantera II instrument equipped with a monochromatic Al
Ko X-ray source (photon energy, hv =1486.6 eV). The analysis was operated at 25.6 W,
and data acquisition was performed using a pressure chamber below 10 mbar equipped
with a charge neutralisation system. The Smartsoft-XPS and MULTIPAK ECSA software
were employed to deconvolute the acquired data into multiple peak and the charging effect
caused by surface contamination of the analysed sample was corrected using the carbon
binding energy scale (C 1s peak). A Thermo Finnigan TPDRO series of NH;-TPD coupled
with a thermal conductivity detector (TCD) was employed to determine total acid density
and the distribution of acid sites of the synthesised catalysts. The surface morphology
and elemental components of the sulfated-titania catalyst were determined via SEM
JEOL, JSM6400 Scanning Electron Microscopy attached with Energy Dispersive X-ray
Spectroscopy (SEM-EDX). The conditions of TGA, XRD, BET, NH;-TPD and SEM-EDX
analysis were outlined in the supplementary data (S1).

Catalytic Test in the Acetylation of Glycerol

Parametric study of reaction parameter for glycerol over sulfated-titania catalyst (15SA) was
investigated in this study, as shown in Figure 1. Briefly, about 0.5 g of 15SA catalyst and
a 1:6 w/v molar ratio Gly: Ac (5 g of glycerol and 18.6 ml of acetic acid) were introduced
into a 250 ml round-bottom flask. The detailed calculation for the molar ratio of glycerol
to acetic acid is provided in supplementary data (S2). A reflux condenser was attached to
the flask, which was then immersed in a silicone oil bath. Before starting the reaction, the
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magnetic rod was added to the mixture. The reaction was conducted at 100 °C for 2 h of
reaction time and then stirred at 450 rpm under reflux conditions. The product was then
cooled and centrifuged at 3000 rpm for 10 min following the completion of the reaction.
The GLC, MA, DA and TA components were further analysed using GC-FID (Agilent
7890A, FID, DB Wax 30 m x 0.25 mm ID x 0.25 um). Approximately 1 pL of the final
sample was injected into the GC-FID instrument, which was initially set at a temperature of
80 °C for 30 min. The temperature was then increased to 260 °C at a temperature ramping
of 10 °C min™' and then to 300 °C with a temperature ramping of 30 °C min'. The total
analysis time was 22.3 min with He serving as the carrier gas at a rate of 1.3 mL min™!. The
detailed procedure for GC-FID, the equation for glycerol conversion and the selectivity of
acetins are outlined in the supplementary data (S3).

Furthermore, to examine the influence of reaction temperature in the glycerol
acetylation, the method was performed at varying temperatures of 110 °C, 120 °C, 130
°C and 140 °C while maintaining constant other parameters. The temperature yielding the
highest TA was chosen for further investigation on the effect of the molar ratios of Gly: Ac
(1:3w/v, 1:6 w/v, 1:9 w/v, 1:12 w/v and 1:15 w/v), catalyst loading (0.1 g,0.3 g,0.5¢g,0.7
g and 0.9 g) and reaction durations (1 h, 2 h, 3 h, 4 h and 5 h) to determine the parametric
study for glycerol acetylation over the 15SA catalyst using one-factor-at-one time (OFAT).
Finally, the reusability of the 15SA catalyst was evaluated at the ideal glycerol acetylation
conditions, as shown in Figure 2. After completing each cycle, the spent catalyst underwent
centrifugation, filtration and multiple washes with acetone to eliminate organic impurities.
The catalyst was subsequently placed in an oven at 100 — 120 °C for a duration of 2 h. The
catalyst was used up to the fifth cycle, and the leaching of the active site was determined

using EDX analysis.
{“‘F'=-’ Water Optimization Study in
t ;
PO / ou Glycerol Acetylation
o 1 !

» =Water » 1. Effect of temperature
n 2. Influence of the molar ratio
Glycerol ; :
of glycerol to acetic acid
= Qil bath 3. Effect of catalyst loading

i 4, Effect of reaction time
[ *= )
. =
Product was analyzed Centrifuged and filtered
using GC-FID

Figure 1. Experimental setup for acetylation of glycerol with acetic acid using a reflux condenser
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Figure 2. The procedure for the reusability study with the 15SA catalyst

RESULTS AND DISCUSSIONS

Physicochemical Properties of the Sulfated Titania Catalyst

15SA catalyst was characterised using X-ray diffractometer (XRD), Brunauer-Emmett-
Teller (BET), X-ray photoelectron spectroscopy (XPS), Temperature-programmed
desorption with ammonia (NH;-TPD) and Scanning electron microscopy with Energy
Dispersive X-ray (SEM-EDX). Thus, in this current study, the 15SA catalyst was further
used for optimising the TA and GLC. Finally, the reusability of the catalyst was identified
at optimal reaction conditions.

Crystallinity and Phase Determination Using XRD

Figure 3 illustrates the X-ray diffraction patterns for 15SA sulfated-titania catalysts. It was
found that the 15SA catalyst exhibits anatase and (TiO)(SO,)(H,0) peaks. The anatase
peaks were detected at 20 = 38.64°, 53.92°, 62.22°, 62.74° and 75.12° (JCPDS-ICDD card:
96-900-8214). According to the X’pert High Score Plus Software, the anatase peak has a
tetragonal structure with a chemical formula of Ti,O; In addition, the peaks detected at 20
=25.34°,36.94°,37.78°, 55.08°, 68.68°, 70.29°, 76.14° correspond to the (TiO)(SO,4)(H,0)
peak with an orthorhombic structure (JCPDS-ICDD card: 96-153-0152). Therefore, the
detection of (TiO)(SO,)(H,0) peaks in the 15SA confirmed that the sulfate species are well
distributed on the surface of the catalyst. Besides, Wijaya et al. (2021) and Yang et al. (2019)
discovered that the sulfation of the catalyst leads to dissolution of the titania and reduces
the peak intensity as compared to that of the untreated titania catalyst. This phenomenon
promotes the generation of Ti-O-S and thereby renders the phase more amorphous (Pratika
et al., 2021). As a result, a lower crystallinity of the (TiO)(SO,)(H,O) with 39.27 nm was
found at the peak of 25.3 °, whereas TiO, anatase exhibit crystallite size of 54.02 nm as
calculated using the Debye-Scherrer formula. Furthermore, X’Pert High Score Plus software
shows that the average particle size of 15SA is smaller than that of TiO, anatase with 36
nm and 80 nm, respectively. Jenie et al. (2010) and Parida et al. (2008) reported that the
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impregnation of the titania surface with sulfation is facilitated by the different molecular

size of sulfate ions (0.242 nm) and TiO, (220 nm). This impregnation inhibits the phase

transformation from anatase to rutile, resulting in smaller crystallites of sulfated titania.
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Figure 3. XRD profile for 15SA catalyst

Thermal Stability Determination Using
TGA-DTG Analysis

The thermal stability and decomposition of
the 15SA catalyst were investigated using
the TGA analysis with a constant supply of
N, gas at 50 mLmin™". Figure 4 illustrates
three distinct stages of weight loss that were
detected following thermal analysis. The
initial decomposition began at the onset of
the heating process, reaching 200 °C. This
decomposition is attributed to the removal
of water from the surface of the catalyst. The
weight loss in this lower temperature region

was about 2 + 0.5 %. The subsequent decomposition was observed in a temperature range
of 450 °C to 700 °C with a weight loss of 11+ 0.5 %. This stage was associated with the
decomposition of sulfate species. This finding agrees with the work reported by Noda et
al. (2003), indicating that the decomposition between 450 °C and 700 °C was attributable
to the sulfate bound to the oxide. Additionally, a less pronounced peak with a weight loss
of 2 £ 0.5 % was detected between 800 °C and 950 °C in the DTG. This indicates that a
high concentration of sulfuric acid (15 %) impregnated with titania requires more heat to
break the intermolecular bond of the sulfate. Thus, at a higher temperature, SO,* in the

sulfated sample will escape as SO,. This finding is correlated with Enriquez et al. (2013)

and Liu et al. (2020).
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Figure 4. TGA-DTG profile for 15SA catalyst

Surface Area and Pore Size Distribution

Table 1 illustrates the BET surface area, BJH
pore volume and pore size of the sulfated-
titania (15SA) and non-sulfated-titania
(TiO,). The BET surface area of TiO, and
15SA decreased from 11.8 m?’g'to 1.9 m’g™!
after the incorporation of SO,* into the
titania. This reduction might be due to
the plugging of the pores and surface
coverage by sulfate species (Lertna et al.,
2022). This finding is consistent with work
reported by Tomer and Biswas (2020),
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which demonstrated that the sulfation of TiO, results in a lower BET surface area. A similar
trend of BET surface area is observed in the pore volume, which decreases from 0.0029
cm®g ! for TiO, to 0.00003 cm’g! for 15SA. Pore blockage could have occurred due to
the increasing of the atomic radius of the sulfated-titania catalyst due to the replacement
of one atom in the O-Ti-O framework by SO,* ion after impregnation on TiO, (Tomer &
Biswas, 2020). This observation was aligned with Zhou et al. (2015), who reported that
agglomeration on the nano-sized Ti(SO,) occurred as more sulfate species were loaded on
the surface, hence diminishing the surface area and porosity of the catalyst. Meanwhile,
the pore diameter remains relatively constant for both catalysts, obtaining 5.2 nm for 15SA
and 5.4 nm for non-sulfated TiO,. This finding suggests that sulfation does not change the
intrinsic structure of the pores but increases the deposition of sulfate groups, which might
enhance the acidity of the sulfated catalysts. Additionally, both 15SA and TiO, catalysts
can accommodate the glycerol molecule (1 nm) for the reaction to occur on the pore
surface, thereby potentially enhancing the conversion of glycerol in glycerol acetylation
with acetic acid.

Table 1
BET surface area, BJH pore volume and pore diameter for sulfated and non-sulfated catalysts
Catalyst BET Surface Area BJH Pore Volume Pore Diameter
(m’g™) (cm’g™) (nm)
TiO, 11.8 0.0029 54
15SA 1.9 0.0003 5.2
0.008
] (a) 0.007 1 ._,.»"'\.\_ (b)
= 2 o008 ’ \.\'
. 20 w 0. /
f Sl | T
:é o E 0.005 ] \_\_
2 < 0,004+ /
& 1 g 0003
s-l—ll-’* ol
0 T 0.001 4
. . : . . 0.000 ————
0.0 02 0.4 0.6 0.8 1.0 2 4 6 8 10 12 14 16 18 20
Relative pressure (p/p°) Pore Size (nm)

Figure 5. (a) N, adsorption- desorption isotherms (b) and pore size distribution of 15SA catalyst

Figure 5 reveals that the nitrogen adsorption-desorption isotherm of the sulfated catalyst
is categorised as type IV, exhibiting a sharp descent at a relative pressure of 0.9-1.0 p/p°.
These findings confirm that the 15SA catalyst exhibits a regular mesoporous structure. These
results align with those of Afshar et al. (2015), Huang et al. (2017), and Tomer and Biswas
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(2020). Moreover, according to the IUPAC classification, 15SA catalysts have prominent
H1-type hysteresis loops due to variations in absorption and desorption. Furthermore, the
pore size distribution, which ranges from 2 to 20 nm, provided additional evidence for the
mesoporous nature of 15SA.

Surface analysis using XPS

The high-resolution XPS spectra scan of the 15SA catalyst is displayed in Figure 6. From
this analysis, the oxidation state of sulfur and the bonding characteristic of the sulfated
catalyst can be determined. Three intense XPS peaks were observed at binding energies
of' 458 eV, 531 eV and 169 eV, which are assigned to Ti 2p, O 1s, and S 2p, respectively,
as illustrated in Figure 6a. In addition, Figure 6b revealed that the Ti 2p XPS spectra
exhibit two significant peaks corresponding to Ti 2ps, and Ti 2p,, at 459.6 eV and 465.3
eV, respectively These characteristic peaks confirm the presence of the anatase phase
of titania, consistent with findings from the XRD. In addition, the Ti in 15SA is mainly
present in the Ti** chemical state with a spin-orbital splitting value of 5.7 eV (Shi & Li,
2014; Tomer & Biswas, 2020).

Figure 6¢ shows the O 1s spectra, which can be deconvoluted into three distinct peaks.
The lower bonding energy peak at 530.8 eV is associated with the Ti-O-S bonds, indicating
the integration of sulfate groups into the titania framework. Meanwhile, the O-S bonds in
the sulfate groups were observed at the elevated peak of 532.5 eV (Dabbawala et al., 2018;
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(b) Ti2p ! Ti2p3/2
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Figure 6. (a) Survey scan XPS spectra; (b) Ti 2p; (¢) O 1s; and (d) S 2p of 15SA catalyst
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Gardy et al., 2016; Tomer & Biswas, 2020). Additionally, the minor peak at 533.9 eV is
associated with the O-H bond from the chemically bound water molecules on the catalyst
surface (Patil et al., 2019; Zhao et al., 2014). In Figure 6d, the S 2p spectra are depicted
with two deconvoluted peaks at photoelectron binding energies of 170.6 eV and 169.4 eV,
which correspond to S 2p,,, and S 2p;, respectively. These peaks confirm the existence of
SO,* species on the surface of the 15SA catalyst. Similar peak assignments at comparable
binding energies for sulfate groups have been reported in studies on sulfated metal oxides
(Dabbawala et al., 2018; Shi & Li, 2014; Tomer & Biswas, 2020).

Analysis of Total Acid Sites Density Using NH;-TPD

Ammonia-Temperature Programmed Desorption (NH;-TPD) analysis was utilised to
measure the comprehensive acid strength of the synthesised catalyst (Azri et al., 2021;
Kanimozhi et al., 2018). The NH;—TPD profile for the 15SA catalyst is displayed in
Figure 7. Wang et al. (2015) and Yang et al. (2019) mentioned that the acid strength of the
surfaces is theoretically correlated with the NH; desorption temperature. The desorption
peaks at lower temperatures correspond to the physically bound NH;, while the peaks at
higher temperatures indicate chemically bound NH; (Dantas et al., 2017) The adsorption of
NH; s correlated with the interaction force between ammonia and acidic sites, which are
categorised into weak acid sites (T,,,, =10-250 °C), moderate acid sites (T ., =250-500 °C),
and strong acid sites (T,,,>500 °C) (Azri et al., 2021; Srivastava et al., 2017). In addition,
Figure 7 shows that the maximum desorption peak for the 15SA catalyst was found at 608
°C, with a total amount of adsorbed ammonia of 342.6 umolg'. This result proves that the
15SA catalyst only exhibits a strong acid site density as the maximal desorption temperature
is recorded at a temperature exceeding 500 °C. This finding aligns with the TGA-DTG
profile, which indicates that the loss of sulfate species occurred within a temperature range
of 450 °C to 900 °C. Furthermore, a larger desorption temperature of the 15SA catalyst
suggests that the number of available active sites is higher, thereby increasing the acidic
strength, regardless of Brensted and Lewis acidity (Neto et al., 2020; Pratika et al., 2023).
According to the Lewis theory, the NH; donates a pair of electrons and attaches to the Lewis
acid centre (Ti") to form a covalent bond, while the Bronsted-Lowry theory indicates that
NH; acts as a base by accepting a proton (H") from the Ti-OH molecules and forming an
ammonium ion (NH4") (Hu et al., 2015; Ropero-Vega et al., 2010). As a result, the sulfate
species at 1 5SA are strongly bound to the titania surface, resulting in a higher total amount
of adsorbed ammonia as displayed in Figure 7. Therefore, the presence of a higher acidic
sites, strong acidic strength, sufficient pore volume and BET surface area in the catalyst,
proven by NH;-TPD, TGA-DTG and BET analyses, potentially enhanced the GLC and TA
formation in the glycerol acetylation by facilitating the diffusion of the glycerol molecules
on the catalyst’s surface.
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Physisorption Chemisorption Scanning Electron Microscopy - Energy
Dispersive X-Ray (SEM-EDX) Analysis

The element composition and the surface
structure of the 15SA catalyst were analysed
using SEM-EDX analysis. According to
SEM analysis, the spherical particles with
a crumb-like structure were found to be

TCD Signal (mV)

agglomerated, as shown in Figure 8, with an

average size of 1 um (from the scale bar).

r— These findings align with the BET analysis,
100 200 300 400 500 600 700 800 900
Temperature (°C)

which indicates that the incorporation of a
higher concentration of sulfuric acid on the
titania surface leads to the blockage of the
sulfate species, thereby resulting in a lower
BET surface area. Tomer and Biswas (2020) also reported the same finding, where the

Figure 7. NH;-TPD profile for 15SA catalyst

agglomeration of particles resulted from the electrostatic interaction between the sulfate
ions on the surface of the sulfated-titania catalyst. Furthermore, the EDX analysis indicates
that the peaks of 15SA were detected at 0.5 keV, 0.6 keV, 2.3 keV, and 0.4 keV, respectively.
This indicates that the 15SA catalyst is composed of titania (Ti), oxygen (O), and sulfur
(S) in proportions of 33 %, 56 %, and 6 %, respectively. Therefore, the detection of S in
this analysis confirms that the sulfation was successfully carried out.

0, v)
30,0 56% 6%

Figure 8. SEM micrograph for fresh 15SA catalyst

Systematic Investigation on the Effect of Temperature in Glycerol Acetylation

A series of reactions was conducted at temperatures ranging from 100 °C to 140 ° to examine
the impact of reaction temperature (T) on GLC and the formation of acetins, particularly
TA. The tests were carried out using a fixed 0.5 g dosage of the catalyst (CL) and a molar
ratio of 1:6 w/v Gly: Ac (MR) for a reaction duration (t) of 2 h. According to Figure 9,
the GLC remained consistently high (98+1 %) between 100 °C and 120 °C. These results
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may be attributed to the near-complete consumption of glycerol, the limiting agent, under
the excess acetic acid conditions imposed by the 1:6 w/v molar ratio, whereby surplus
acetic acid cannot be completely utilised in the reaction (Hidayati et al., 2024a). However,
the GLC marginally decreased from 97 % and 92 % when the temperature was raised to
130 °C and 140 °C, respectively. This reduction is consistent with the partial evaporation
of acetic acid (boiling point: 118 °C, which reduces the effective concentration of acetic
acid available under reflux conditions, rather than indicating any loss of catalyst activity
(Hidayati et al., 2024a; Mufrodi et al., 2014). Overall, the GLC remained high across all
tested conditions, exceeding 97 % except at 140 °C, where more acetic acid transforms
into vapour within the 2 h reaction period, as observed by Kanimozi et al., (2018).

Moreover, Figure 9 shows that MA selectivity declined from 9 % to 5 % as the
temperature increased from 100 °C to 130 °C, while DA selectivity followed the same trend,
decreasing from 49 % at 100 °C to 41 % at 130 °C. In contrast, TA selectivity increased
progressively from 42 % at 100 °C to a maximum of 55 % at 130 °C. This observation is
consistent with the findings of Malaika et al. (2021), who reported that DA and TA are the
dominant products at higher temperatures, while MA prevails at lower temperatures. This
trend reflects the endothermic and thermodynamically controlled nature of the sequential
acetylation pathway from MA to DA to TA. As reported by Okoye et al. (2017b), glycerol
acetylation involves three consecutive reaction steps in which MA form first, followed
by DA and TA, and the reaction is also highly dependent on temperature owing to its
endothermic character. Each subsequent acetylation step required progressively more
activation energy, and the third step (DA — TA) is the most thermodynamically demanding.
At 130 °C, the 15SA catalyst, which possesses exclusively strong acid sites as evidenced by
NH;-TPD (T, = 608 °C, total acidity = 342.6 umol g'), provides a thermally compatible
environment where the elevated temperature supplies sufficient energy to surmount the
activation barrier for TA formation, while the active SO,* species remain thermally
stable well below their decomposition onset at 450 °C, as confirmed by TGA analysis.
Furthermore, based on the Arrhenius equation, a higher reaction temperature results in
a lower activation energy required for the conversion of reactant to products, increasing
the rate constant. The higher frequency of molecular collisions at elevated temperature
promotes better interaction between the reactant molecules and the strong Lewis (Ti*")
and Brensted (Ti-OH) acid sites of 15SA, thereby enhancing the formation of DA and TA
(Appaturi et al., 2023).

However, a further increase in temperature to 140 °C resulted in a decline in TA
selectivity to 38 % and DA selectivity to 48 %, as shown in Figure 9. This observation
is attributed to the reduced availability of acetic acid due to its volatilisation at this
temperature, which limits the progression of the reaction towards TA formation (Hidayati
et al., 2024a). Therefore, it can be concluded that the 130 °C optimum represents a
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Figure 9. The effect of temperature (T) on the GLC and acetins selectivity. (Reaction condition: MR = 1:6 w/v
glycerol: acetic acid, CL=0.5 g, t=2h, T = 100-140 °C)

kinetic-thermodynamic balance specific to this catalyst system: sufficiently high to drive
the endothermic DA to TA step at a competitive rate, yet below the threshold at which
reagent depletion becomes significant. Despite the slight reduction in the GLC from 98
% at 120 °C to 97 % at 130 °C, the main objective of this study is to achieve higher TA
selectivity. Thus, 130 °C was selected as the optimal reaction temperature, as it yields the
highest TA selectivity of 55 %.

Influence of Molar Ratio of Glycerol to Acetic Acid in Glycerol Acetylation

The influence of the glycerol to acetic acid molar ratio on GLC and acetin selectivity is
shown in Figure 10. In this study, the Gly: Ac molar ratio was varied at 1:3 w/v, 1:6 w/v,
1:9 w/v, 1:12 w/v and 1:15 w/v, while the other conditions were fixed at 130 °C, 0.5 g
catalyst dosage for 2 h of reaction time.

Figure 10 shows that increasing the Gly: Ac molar ratio from 1:3 w/v to 1:15 w/v
resulted in excellent glycerol conversion exceeding 90 % under all conditions, confirming
that acetic acid availability does not limit GLC in these experiments. The shift in product
selectivity is best explained by the stoichiometry of the stepwise acetylation reaction and
the surface chemistry of the 15SA catalyst. At the 1:3 w/v molar ratio, only three moles of
acetic acid are available per mole of glycerol, representing the theoretical minimum for full
conversion to TA. However, the absence of excess acetic acid means the equilibria cannot
be effectively driven forward, and MA remains the dominant product at 24 % selectivity,
as only the first acetylation step can be completed before acetic acid is consumed. This
observation aligns with the findings of Appaturi et al. (2021), who reported that a limited
amount of acetic acid at a 1:3 w/v molar ratio restricts reagent availability in glycerol
acetylation, favouring the formation of the mono-substituted product, MA.
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Figure 10. The effect of molar ratio of glycerol to acetic acid (MR) on the GLC and acetins selectivity.
(Reaction condition: MR = 1:3-1:15 w/v Gly:Ac, CL=0.5g,t=2h, T= 130 °C)

TA selectivity increased significantly from 20 % to 55 % as the Gly: Ac molar ratio
was raised from 1:3 w/v to 1:6 w/v. Increasing the ratio to 1:6 w/v creates a two-fold excess
of acetic acid on the 15SA surface. First, it ensures that the Bronsted acid sites (Ti—-OH),
confirmed by the O 1s XPS peak at 533.9 eV, continuously protonate acetic acid molecules
to generate acylium ions, sustaining the forward reaction. Second, the higher acetic acid
concentration reduces the interfacial viscosity of the reaction mixture as reported by Fronza
et al. (2025), improving mass transfer to reactants to the mesoporous catalyst surface. The
5.2 nm pore diameter of 15SA accommodates glycerol molecules (~1 nm) within the pore
channels, enabling repeated sequential encounters with active sites and promoting the full
MA to DA TO ta cascade. Acetic acid may also act as a Brensted acid to further drive the
forward reaction and enhance TA formation (Abida et al., 2020; da Silva et al., 2020). These
effects explain why TA selectivity peaks at 55 % under the 1:6 w/v molar ratio.

GLC and TA selectivity declined slightly when the molar ratio was further increased
to 1:12 w/v and 1:15 w/v, yielding 97 % GLC with 52 % TA selectivity at 1:12 w/v, and
93 % GLC with 43 % TA selectivity at 1:15 w/v. For the 15SA catalyst, excess acetic acid
beyond 1:9 w/v is proposed to compete with glycerol intermediates for the limited number
of strong Lewis’s acid sites (Ti** centres), absorbing non-productively and occupying sites
that would otherwise catalyse the final DA — TA acetylation step. This interpretation is
consistent with the relatively low BET surface area of 15SA (1.9 m? g*), which limits the
number of accessible active sites. A large excess of acetic acid, therefore, disproportionately
competes for these sites, as similarly reported by Okoye et al. (2017b), who found that
excess acetic acid in the catalytic reaction led to a lower TA formation, likely due to mass
transfer resistance limiting contact between glycerol and the catalyst surface. Therefore,
the optimal Gly: Ac molar ratio was achieved at 1:6 w/v, representing the best balance
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between reagent driving force and active site accessibility on the 15SA surface, yielding
maximum TA selectivity of 55 % and GLC of 97%.

Effect of Catalyst Loading in Glycerol Acetylation

The effect of catalyst loading on the GLC and selectivity of MA, DA and TA was evaluated
under fixed conditions: a molar ratio of 1:6 w/v Gly: Ac at 130 °C for 2 h. The catalyst
loading was varied from 0.1 g to 0.9 g, and the results are presented in Figure 11.

As shown in Figure 11, glycerol conversion increased from 91 % to 98 % as the
catalyst loading rose from 0.1 g to 0.3 g. The glycerol conversion showed no significant
change when the catalyst loading rose to 0.5 g and 0.7 g, reaching 97 % for both, and
slightly improved to 100 % at 0.9 g catalyst loading. This trend may be due to the increased
availability of active sites, both Lewis (Ti*") or Bransted (Ti—OH), as the catalyst dosage
increases, which promotes higher glycerol conversion (Hidayati et al., 2024a).

In addition, TA selectivity increased from 38 % to 55 % as the catalyst dosage was
raised from 0.1 g to 0.5 g, while MA selectivity declined from 11 % to 3 % over the same
range. This response reveals a nuanced relationship between active site density and product
distribution, specific to the strong-acid, low-surface-area character of the 15SA catalyst.
At 0.1 g, the catalyst provides insufficient strong acid sites to drive the thermodynamically
demanding DA to TA step at a competitive rate within 2 h window, resulting in DA (45 %)
and MA (11%) dominating the product distribution. According to the mechanism reported
by Spataru et al. (2021), the carbonyl group of acetic acid combines with the protons from
the catalyst to form an acylium ion, which is then attacked by the hydroxyl groups of
produce MA first, followed by DA and finally TA. As the loading increases to 0.5 g, the
cumulative density of SO.>—Ti*" Lewis acid sites and Ti-OH Brensted acid sites becomes
sufficient to complete all three sequential acetylation steps within the reaction window. TA
selectivity peaks at 55 % with 0,5 g, representing the threshold loading at which the strong
acid site population is sufficient to drive the full MA to DA to TA cascade. Appaturi et al.
(2021) similarly reported that the acetylation reaction over solid catalyst mainly occurs as
a surface reaction, where active sites enhance the interaction between acylium ions and
hydroxyl ions, facilitating the formation of higher DA and TA (Dhawan et al., 2021; Fronza
et al., 2025; Shikhaliyev et al., 2021).

Moreover, Figure 11 shows that further increasing the catalyst dosage to 0.7 g and 0.9
g led to a slight decrease in TA selectivity to 43 % to 39 %, respectively, while MA and
DA selectivities increased. At 0.7 g, MA selectivity increased to 10 % while DA selectivity
rose to 45 %. At 0.9 g, MA and DA selectivities reached 10 % and 51 %, respectively. This
decline in TA selectivity at loadings above 0.5 g is a consequence of poor bulk mixing
rather than any reduction in intrinsic catalyst activity. Beyond 0.5 g, the increased solid
mass creates a suspension too dense for efficient agitation at 450 rpm within the 250 ml
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Figure 11. The effect catalyst loading (CL) on the GLC and acetins selectivity. (Reaction condition: MR=1:6
w/v Gly:Ac,t=2h, T=130°Cand CL=0.1-0.9 g)

round-bottom flask used, increasing the inter-particle diffusion path length for glycerol
and acylium intermediates and effectively confining reactions to the outer surfaces of
catalyst agglomerates. This suppresses the final DA — TA step, which requires the most
intensive substrate-surface contact, and is consistent with the SEM observations showing
agglomeration in suspension. A similar observation was reported by Appaturi et al. (2021),
who found that excessive catalyst dosage leads to inefficient stirring and mixing, resulting
in catalyst accumulation, increased mass transfer resistance and hindered TA formation.
Consequently, the ideal dosage catalyst for glycerol acetylation over 15SA is 0.5 g, as it
achieves the maximum TA selectivity of 55 %.

Effect of Time in Glycerol Acetylation

The effect of reaction time on TA selectivity was investigated by varying the duration from
1 hto 5 h while keeping the other parameters constant at 130 °C, a 1:6 w/v Gly: Ac molar
ratio, and 0.5 g of 15SA catalyst, as shown in Figure 12. GLC increased steadily from 97
% to approximately 100 % as the reaction time increased from 1 h to 3 h.

Figure 12 also shows that the TA selectivity rose from 35 % at 1 h to 55 % at 2 h,
reaching its maximum at this point, indicating that the reaction achieves its optimal
selectivity equilibrium at 2 h. The temporal evolution of acetin selectivity directly reflects
the kinetics of the stepwise acetylation on the 15SA surface. In the first hour, the strong acid
sites of 15S A rapidly activate acetic acid into acylium ions and drive the initial acetylation
of glycerol to produce MA, which constitutes most of the product at t = 1 h. The relatively
low TA accumulation at 1 h (35 %) indicates that the MA to DA and DA to TA steps, being
less thermodynamically favourable and requiring repeated substrate-surface interaction,
have not yet reached completion. This demonstrates that the acetylation of glycerol proceeds
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in a stepwise manner, consistent with the findings of Abida et al. (2020) and Mou et al.
(2021), who reported that TA selectivity increases progressively with reaction time as MA
and DA are sequentially converted through further acetylation with excess acetic acid.

The peak in TA selectivity at 2 h represents the kinetic optimum for this catalyst-
substrate system. By this stage, most MA and DA intermediates have been further
acetylated on the strong Lewis and Brensted acid of 15SA, and the reaction has not yet
entered the deactivation phase. Notably, the 2 h optimum is shorter than the reported for
the catalyst with lower acid strength, which is a direct result of the exclusively strong acid
site character of 15SA (T, = 608 °C). This accelerates the rate-limiting third acetylation
step and brings the reaction to its selectivity maximum earlier than a catalyst relying on
weak or moderate acid sites.

Figure 12 further shows that GLC decreased slightly to 98 % and TA selectivity
dropped to 34 % when the reaction was extended to 5 h. This is attributed to the progressive
deactivation of the 15SA catalyst at longer reaction times. Water is produced as a by-product
of each esterification step, with three moles generated per mole of TA formed. Over-
extended reaction times, this accumulated water promotes the hydrolysis of the Ti*'—SO4>
bond, consistent with the XPS-confirmed Ti-O-S bonding at 530.8 eV, which is susceptible
to nucleophilic attack by water. This progressively converts coordinated sulfate species
into free sulfuric acid and reduces the density of strong Lewis acid sites (Kale et al., 2015;
Shi & Li, 2014). This resulting loss of Lewis activity shifts the product distribution back
towards DA and MA, which require less acidic activation. This interpretation aligns with
the reusability data in Section 6, where EDX analysis shows the sulfur content declining
from 6 % in the fresh catalyst to 2 % in the spent catalyst after five cycles, confirming
progressive sulfate leaching as a time- and water- dependent phenomenon. Overall, the
optimal reaction time for the 15SA catalyst is 2 h, yielding the highest TA selectivity of
55 % TA alongside 41 % DA, 3 % MA and 97 % GLC.
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Figure 12. The effect of reaction duration (t) on the GLC and acetins selectivity. (Reaction condition: MR =
1:6 w/v Gly:Ac, CL=0.5g, T=130°Cand t=1-5h)
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Holistic Mechanistic Interpretation of the Optimal TA selectivity

The four reaction parameters investigated in this study are not independent in their influence
on TA selectivity; rather, they interact through a common mechanistic framework governed
by the unique physicochemical properties of the 15SA catalyst. The results obtained in
Sections 5.1 to 5.4 collectively demonstrate that the peak TA selectivity of 55 % observed
at 130 °C, 1:6 w/v Gly: Ac, 0.5 g catalyst loading, and 2 h reaction time arises from the
concurrence of several catalyst-specific factors discussed below.

The 15SA catalyst possesses exclusively strong acid sites resulting from the electron-
withdrawing effect of SO4*~ groups coordinated to Ti** centres in the Ti—O-S framework,
as confirmed by XPS (O 1s at 530.8 eV; S 2p at 169.4-170.6 eV) and NH3-TPD (Tnmax
= 608 °C, total acidity = 342.6 umol g™'). The strong Lewis acid sites (Ti*") activate the
carbonyl group of acetic acid into electrophilic acylium ions, while adjacent Brensted acid
sites (Ti—OH, O 1s at 533.9 eV) facilitate the nucleophilic attack of glycerol’s hydroxyl
groups. The cooperative action of both Lewis and Brensted acidity on the same catalyst
surface enables the full three-step sequential acetylation to proceed to TA under relatively
mild conditions, particularly at the moderate temperature of 130 °C.

The optimal temperature of 130 °C is not coincidental. It represents the minimum
temperature at which the endothermic DA to TA step proceeds at a rate sufficient to
accumulate TA within the 2 h reaction window, while remaining below the threshold at
which acetic acid volatilisation under reflux conditions significantly depletes the reagent
supply. The mesoporous structure of 15SA (pore diameter 5.2 nm, Type IV isotherm)
supports this by accommodating glycerol intermediates (~1 nm) within the pore channels,
enabling multiple sequential encounters with active sites without requiring diffusion to a
new particle surface.

The optimal molar ratio of 1:6 w/v ensures that acetic acid is present in sufficient two-
fold stoichiometric excess to sustain continuous generation of acylium ions on the strong
acid sites, while not overwhelming the limited active site population constrained by the
relatively low BET surface area of 15SA (1.9 m? g') with non-productive competitive
adsorption. The optimal catalyst loading of 0.5 g represents the threshold at which the
cumulative strong acid site density is sufficient to drive the DA — TA step at 130 °C within
2 h, without triggering agglomeration-induced mass transfer limitations that emerge at
higher loadings, as supported by the SEM-observed particle morphology.

Finally, the 2 h reaction time is the kinetic window during which all these conditions
converge to achieve maximum TA selectivity. It is sufficiently long for the sequential MA
to DA to TA cascade to run to near-completion on the strong acid sites of 15SA, yet short
enough to avoid the onset of water-mediated hydrolysis of Ti—~O—S bonds that progressively
deactivates the catalyst. In summary, the optimal condition yielding 55% TA selectivity
and 97% GLC emerges from the concurrence of four factors: sufficient thermal energy to
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drive the endothermic TA-forming step, adequate acetic acid excess to sustain acylium ion
generation, the right active site density for complete three-step acetylation, and a reaction
duration that maximises TA accumulation before catalyst deactivation commences. This
finding demonstrates that the physicochemical properties of the 15SA catalyst, specifically
its strong acid site density, cooperative Lewis—Brensted acidity, and mesoporous structure,
collectively govern the optimal parametric window for selective TA production in glycerol
acetylation.

Reusability Study

The inactivation of the catalytically active sites commonly hampers the industrial
application of solid catalysts. Therefore, the stability and deactivation of the 15SA catalyst
were determined by studying successive reuse cycles. The reusability study over the 15SA
catalyst was investigated under optimal reaction conditions of a molar ratio of 1:6 w/v of
Gly: Ac, catalyst dosage of 0.5 g, reaction temperature of 130 °C, for a reaction duration
of 2 h.

Figure 13 shows a slight reduction in the selectivity of TA, which decreased from 55 %
in the first cycle to 24 % in the fifth cycle, whereas the selectivity of MA and DA increased
over the same period. Particularly, in the first cycle, MA and DA had selectivity of 5 %
and 41 %, respectively, while in the fifth cycle, MA selectivity increased to 15 % and DA
selectivity rose to 61 %. Furthermore, the EDX results shown in Figure 8 revealed that the
sulfur content in the fresh catalyst was 6 %, while the sulfur content decreased to 2 % in
the spent catalyst as shown in Figure 14. Thus, it is proven that the catalytic activities and
the EDX results are aligned with those of Mou et al., (2021), who suggested that the minor
reduction in TA selectivity might be due to the loss of the acidity of the catalysts caused
by intense stirring, separation, and washing throughout the reaction and recovery process.
Additionally, it is advised that additional investigation be conducted using XPS and TGA
analysis to further confirm whether the sulfate species were leached out from the 15SA
catalyst or experienced structural changes following its use in the reaction. Fortunately,
the DA selectivity in this study remains high at 61 % after five cycles, indicating that the
leaching of the active sites only inhibits the diffusion of TA molecules on the catalyst
surface, resulting in lower TA selectivity. This finding is aligned with Testa et al., (2019).

Moreover, it is clearly seen in Figure 13 that the conversion of glycerol (GLC) from
the first cycle to the second cycle slightly improved from 97 % to 100 % and remained
excellent after being reutilised for five cycles. This discovery suggests that the further
leaching of sulfate species from the catalyst’s surface may result in a larger surface
area of the catalyst, thereby improving the conversion of the glycerol. This observation
aligned with the BET results in Table 1, where the non-sulfated titania exhibited a larger
BET surface area of 11. 8 m’g ' while 15SA exhibited a BET surface area of 1.9 m’g™".
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Figure 13. Reusability study using sulfated-titania catalyst (15SA). (Reaction condition: MR = 1:6 w/v Gly:Ac,
CL=0.5g,t=2hand T=130°C)

Therefore, this discovery suggests that apart
from having sufficient BET surface area,
the catalyst used in the glycerol acetylation
requires strong acidic sites to push forward
the reaction toward higher TA selectivity.
Furthermore, Herrada-Vidales et al. (2020)
state that the mixture of DA and TA can
also be utilised as a fuel additive due to

their comparable properties, such as high
hydrocarbon solubility, low water affinity,
and high additive effect. Therefore, DA and
TA do not need to be separated before their

Figure 14. EDX result for the spent 15SA catalyst

use in biodiesel and gasoline. As oxygenated
fuel additives, a mixture of DA and TA could also diminish the emission of toxic gases and
the number of particles in the exhaust fume and provide better combustion in the cylinder
(Malaika et al., 2023). Therefore, Figure 13 shows that the utilisation of the 15SA catalyst
at optimal conditions exhibits a higher mixture of DA and TA selectivity, exceeding 85
%. This result indicates that the 15SA catalyst has a great deal to produce fuel additives
by acetylation under mild reaction conditions. Additionally, the reusability study over the
15SA catalyst concluded that the leaching of the sulfate species from the solid catalyst is
an unavoidable phenomenon that caused lower TA selectivity in subsequent uses in the
reaction. Therefore, it is recommended to conduct further studies to investigate suitable
methods and solvents used for regenerating the catalyst before its use in the next reaction
to minimise sulfate species leaching while maintaining high TA selectivity until five
complete cycles.
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CONCLUSION

The sulfated-titania catalyst (15SA) was prepared using the impregnation method with a
15% sulfuric acid concentration. The catalyst was successfully evaluated in the parametric
study to observe the influence of temperature, loading of the catalyst, molar ratio of Gly: Ac
and reaction time on glycerol conversion and acetins selectivity. The robust acidic strength,
sufficient BET surface area and good porosity of the 15SA catalyst facilitate a higher TA
selectivity of 55 % at optimal conditions of a 1:6 w/v Gly: Ac molar ratio, utilising a catalyst
dosage of 0.5 g at a reaction temperature of 130 °C for a 2 h reaction. In the reusability
study, the 15SA catalyst was successfully utilised in the fifth consecutive cycle, achieving
excellent GLC over 97%. In contrast, the selectivity of TA dropped from 55 % to 24 %
for the first to the fifth cycles, respectively. Fortunately, the DA selectivity remained high,
achieving 61 % and DA+TA selectivity, exceeding 85 % throughout five cycles. This
observation indicates that the 15SA catalyst can generate more fuel additives consisting
of a mixture of DA and TA, thereby potentially replacing homogenous catalysts that have
difficulties in separation, are highly toxic and cannot be reused or regenerated. It is also
acknowledged that the one-factor-at-a-time (OFAT) approach used in this study does not
account for potential interaction effects between reaction parameters such as temperature,
molar ratio, catalyst loading, and reaction time. For future work, it is recommended to
employ multivariate statistical design methods, such as Response Surface Methodology
(RSM) or Central Composite Design (CCD), to comprehensively evaluate parameter
interactions and validate the optimal conditions identified in this study.
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