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Abstract: The purity of crude glycerol, a by-product of biodiesel production, may be as low as 50%.
Thus, it has relatively low economic value without previously applying adequate physical purification
or chemical conversion processes. A solid-state sulfated acid photocatalyst, TiO2/SO4

2− was prepared
in this study to catalyze the chemical conversion of bioglycerol with acetic acid to produce an antifreeze
of glycerine acetate to improve the low-temperature fluidity of liquid fuel. The experimental results
show that similar X-ray intensity structures appeared between the catalysts of TiO2/SO4

2− and SO4
2−.

An infrared spectra analysis using a Fourier transform infrared (FTIR) spectrometer confirmed the
successful sintering of SO4

2− and ligating with TiO2 for preparing TiO2/SO4
2−. The effects of the

photocatalyst were further excited by the irradiation of ultraviolet light. The highest weight percentage
of glycerine acetate was obtained under a reaction time and reaction temperature of 10 h and 120 ◦C,
respectively. In addition, it was observed that the glycerol conversion ratio reached 98.65% and the
triacylglycerols compound amounted to 40.41 wt.% when the reacting molar ratio was 8. Moreover, the
freezing point of the product mixture of glycerine acetate under the same molar ratio reached as low
as −46.36 ◦C; the lowest among the products made using various molar ratios of acetic acid/glycerol.
The UV light irradiation rendered higher triacylglycerols and diacylglycerols with lower diacylglycerol
formation ratios than those without light irradiation.

Keywords: antifreeze; glycerine acetate; heterogeneous sulfated acid photocatalyst; esterification of
bioglycerol; cosolvent

1. Introduction

For every 1000 kg of biodiesel, 100 kg of its by-product of crude bioglycerol is made [1]
after the transesterification reaction for biodiesel manufacture from triglyceride compounds
in vegetable oils, animal fats, or microalgae lipids. Biodiesel can be produced from non-
edible feedstocks such as rubber seed oil, assisted by mechanical stirring, ultrasound, or
forms of microwave irradiation such as hydrodynamic cavitation reactors, mechanical stir-
ring reactors [2], etc. The recovery of crude glycerol is problematic because it is produced
from various raw materials composed of complex fatty acid mixtures. Impurities after
biodiesel production include alkaline soaps, sodium hydroxide, methanol, trace elements,
water, etc. [3], depending on the catalyst and feedstocks used. The prices of crude glycerol
are estimated to be 200–260 USD/ton and 480–530 USD/ton for pure glycerol in Europe [4].
The annual production of crude glycerol is expected to reach 300 million tons in 2025 [5].
However, it only consumes less than 5 million tons of glycerol annually [6]. This excess
glycerol production leads to a significant drop in its price. More efforts should be made,
for example, by applying thermochemical or biological approaches to transform bioglyc-
erol into more economical products. Glycerol has been used to derive other value-added
pharmaceuticals or fuel additives to promote the competitiveness of whole-biodiesel prod-
ucts in traditional fuel markets [7]. For example, glycerol can be converted to derivatives

Processes 2024, 12, 383. https://doi.org/10.3390/pr12020383 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12020383
https://doi.org/10.3390/pr12020383
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-4076-6655
https://doi.org/10.3390/pr12020383
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12020383?type=check_update&version=2


Processes 2024, 12, 383 2 of 14

such as hydrogen, ethers, pharmaceuticals, glycerol esters, etc. Due to the inferior fluidity
characteristics of biodiesel, its high cold filter plugging point (CFPP) causes poor drivability
and even shut down of vehicle engines in cold-weather regions [8]. An effective antifreeze
agent added to biodiesel can improve its low-temperature fluidity and thus vehicle driv-
ability, especially in cold-weather environments. A high value of glycerol carbonate can be
produced from the transesterification of glycerol with dimethyl carbonate (DMC) catalyzed
by a heterogeneous catalyst Li/TiO2, which is prepared via a wetness impregnation method.
The highest conversion ratio of glycerol carbonate achieved was 95.5%, with a selectivity of
95.9% [9].

Glycerine acetate, which plays the role of an antifreeze agent [10], can be chemically
converted from bioglycerol to reach both goals of increasing glycerol’s economic value
and reducing the biodiesel’s CFPP. Bioglycerol can be esterified with acetic acid to form
monoacylglycerols (MAG), diacylglycerols (DAG), and triacylglycerols (TAG) [11]. MAG
can be used as a food additive, while DAG and TAG have been applied as gasoline anti-
knocking additives and additives for reducing fuel viscosity and cold filter plugging points.
In addition, the blend of MAG, DAG, and TAG can be used as printing ink, softening
agents, and plasticizers [12]. In the compound mixture of glycerine acetate, the freezing
points of triacylglycerols, diacylglycerols, and monoacylglycerols are as low as −78 ◦C,
−30 ◦C, and −10 ◦C [13], respectively. Glycerol can also be converted to allyl acetate
and acetal acetates through a catalytic process of deoxydehydration (DODH)/acetylation
and acetylation/acetalization catalyzed using Amberlyst-15 as the heterogeneous catalyst.
The yields of those products can reach 95 and 78%, respectively [14]. TAG, a transparent
liquid, can be used as a plasticizer to increase the mechanical properties and crystallinity
extent [15]. Triacetin and polyglycidyl nitrate (PGN) are also produced from glycerol
conversion. Triacetain can be used as a bioadditive to boost the octane number of liquid
fuel and enhance engine performance. PGN is the most energetic polymer to consist of a
propellant binder [16].

Homogeneous or single-phase catalysts have the advantages of mild reaction condi-
tions, high catalytic activity, and high selectivity in chemical processes [17]. However, at
high temperatures, those single-phase catalysts frequently cause more unstable reactions,
rigid separation of the products from the catalyst, and more difficulty in recovering the
catalyst from the product mixture [18]. The release of the used single-phase catalyst after
the chemical reaction might harm the environment and increase the amount of the catalyst
consumed. In contrast, the advantages of heterogeneous catalysts include excellent thermal
and mechanical stability, easy separation of catalysts from the products, a high extent of
recovery for re-use, lower environmental pollution, and multiple use of the catalysts to
reduce costs [19].

Catalysts that can accelerate photochemical reactions are called photocatalysts, the
principle of which is like that of catalysts, except that photocatalysts require ultraviolet light
irradiation to produce reduction or oxidation reactions with foreign substances attached
to the object’s surface. There are many photocatalytic materials, such as zinc oxide (ZnO),
titanium dioxide (TiO2), tin dioxide (SnO2), cadmium sulfide (CdS), etc. Among all these
materials, titanium dioxide has a more vital oxidation–reduction ability, long-lasting effects,
and cheap, easy-to-obtain advantages [20]. At present, most photocatalytic materials are
mainly made of titanium dioxide. Titanium dioxide has excellent physical, chemical, and
thermal stability, is finely hydrophilic, has a high refractive index, and is non-toxic. It can
directly contact food, so it is widely used in photocatalysts, textiles, anti-UV materials, inks,
and food packaging materials [21]. As a photocatalyst material, it has the advantages of
anti-abrasion, safety, and durability. There are three stable phases of titanium dioxide: slate
titanium, anatase, and rutile. The latter two phases are familiar crystal structures. Titanium
dioxide is entirely insulated at room temperature but will change to a semiconductor when
heated or irradiated by light at specific wavelengths. Moreover, titanium dioxide (TiO2)
acts as a catalyst carrier and has a large number of pores and holes with a large surface
area which can absorb a large amount of strong acid or alkaline compounds to facilitate
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the esterification reaction of glycerol. Among these compounds, acid catalysts such as
sulfuric acid, sodium hydrogen sulfate, p-toluene sulfonic acid, and methane sulfonic acid
are the most used ones to facilitate the esterification reaction [22]. Shera Farisya et al. [23]
synthesized a solid acid catalyst to catalyze glycerol acetylation to form acetins. They found
that the increase in sulfuric acid concentration increased the number of active sites and
strong acid strength, leading to the high glycerol conversion and selectivity of triacetin.
When the impregnating method is used to produce a combined catalyst of TiO2 and sulfuric
acid, the carrier TiO2 is wholly immersed in the sulfuric acid solution so that sulfuric acid
is diffused to the interior surface of the pores of TiO2. The aqueous combined catalyst
of TiO2/SO4

2− is then filtered, dried, and calcinated at elevated temperatures to fix the
content of sulfuric acid firmly onto the interior surfaces of all pores of TiO2.

Titanium dioxide in the anatase crystallographic phase has the highest photocatalytic
activity because of its high specific surface area and complex crystalline microstructure,
inhibiting the recombination of the electron hole pair [24]. When a titanium dioxide pho-
tocatalyst is irradiated by light, which bears a larger energy gap width than the titanium
dioxide, the electrons will jump from the valence band to the conductivity band, generating
an electron–electron hole pair. The electron hole has oxidizing characteristics, and the
electron has reducing ones. The electron will combine with oxygen molecules to form su-
peroxide ions (O2−), while the electron hole will react with OH− on the surface of titanium
dioxide to form highly oxidizing OH− radicals. The superoxide ions and reactive OH−

radicals will decompose organic matter, leading to the enhancement of the catalytic activity
of the strong acid SO4

2− catalyst and acceleration of the esterification reaction of glycerol
in turn. The adherence of SO4

2− to TiO2 can increase the charge separation efficiency to
facilitate the production of oxidizing agents, including hydroxyl radicals [25]. Hence, the
photocatalytic activity of TiO2/SO4

2− is greatly improved. Regarding the light source, the
gap between the conductive band and the valence band of titanium dioxide of the anatase
phase is about 3.2 eV [26]. Hence, a UV light source with a wavelength less than 387.5 nm
must be provided to excite the electrons of titanium dioxide from the valence band to
the conductive band and facilitate titanium dioxide to incur a photocatalytic reaction [27].
TiO2/SO4

2− photocatalysts have superior chemical and thermal stability. The careless
disposal of these catalysts might not cause significant harm to the environment. A heteroge-
neous phase of this catalyst is prepared in this study to catalyze the esterification of glycerol.
Hence, the TiO2/SO4

2− photocatalyst is prone to be separated from the reactant mixture
and recycled. The photocatalyst is thus considered to have high environmental benefits.
Geetha et al. [28] used a TiO2/SO4

2− photocatalyst to catalyze piperidine synthesis five
times. The product yield only decreased by 2%.

Acetic acid-based glycerides can be produced through the esterification reaction of
glycerol and acetic acid with an acid catalyst [29]. Nda-Umar et al. [30] used different
heterogeneous catalysts such as K-10 montmorillonite, niobic acid, H form of zeolite Socony
Mobil-5 (HZSM-5), H form of ultra-stable Y zeolite (HUSY), and Amberlyst-15 to catalyze
the reaction of acetic acid and glycerol. Amberlyst-15 was the most active catalyst, with the
highest response rate of 97% [31]. The reaction was catalyzed via Dodecamolybdophospho-
ric acid (PMo) sintering on the surface of NaUSY (ultra-stable Y type) zeolite for 30 min.
Comparing the selectivity and yield of sintering different weights (from 0.6–5.4 wt.%) of
PMo on NaUSY zeolite, in the best condition, sintering 1.6 wt.% of PMo on NaUSY zeolite
for 3 h, the rate of glycerol conversion reached 68%, and the yields of MAG, DAG, and TAG
achieved 37%, 59%, and 2%, respectively [32]. The sintering of PMo with weight ratios that
are too high on NaUSY zeolite may result in reduced catalytic activity due to the limitation
of internal diffusion [33]. Caballero et al. [34] performed the reaction of glycerol and acetic
acid using Amberlyst-15 as a catalyst to achieve a more than 95% yield of glycerol triacetate
at a reaction temperature of 80 ◦C. Sedghi et al. [35] found that a 35% yield of glycerol
triacetate was converted from the reaction of glycerol with acetic acid at a reaction pressure
of 1070 kPa, a reaction temperature of 160 ◦C, and a molar ratio of acetic acid/glycerol
equal to 4. Faruque et al. [36] used a solid-state superacid catalyst, SO4

2−/ZrO2 to esterify
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glycerol with acetic acid. They observed that glycerol triacetate could be yielded in a short
time. Banu et al. [37] investigated the esterification of liquid-phase glycerol with acetic acid,
which was catalyzed by the commercial ion exchange resin of Purolite CT-275. The molar
ratios of acetic acid to glycerol were set to between 4 and 9, and reaction temperatures were
between 70 and 110 ◦C.

TAG and DAG are recognized as biofuel additives that improve low-temperature flu-
idity and viscosity-reduction properties, increase octane numbers, and reduce fuel turbidity
and greenhouse gas emissions [38]. The conversion of bioglycerol to produce glycerine
acetate is affected by the reaction time and temperature, the molar ratio of acetic acid to bio-
glycerol, and the types of catalyst used. In particular, irradiated photocatalysts might alter
the fuel composition distribution and, thus, their fuel characteristics. The production from
bioglycerol conversion would be facilitated by irradiation of the photocatalyst. However,
the catalyst characteristics of the photocatalyst TiO2/SO4

2− using techniques such as ther-
mogravimetric analysis (TGA), Fourier transformation infrared (FTIR) spectrometry [39],
and converted product distribution, as well as the weight percentage of the chemically
converted antifreeze, have yet to be thoroughly investigated. The esterification reaction of
glycerol with acetic acid under ultraviolet light irradiation also has yet to be quantitively
analyzed based on its conversion extent from glycerol [40]. The effects of the molar ratio
of acetic acid/glycerol and reacting conditions on the converted product distribution of
MAG, DAG, and TAG from a glycerol and acetic acid reaction under ultraviolet light
irradiation also have yet to be studied [40]. Hence, the effects of the conversion parameters
of bioglycerol, such as the reaction time, temperature, and irradiation of ultraviolet light, on
the catalytic characteristics of the photocatalyst TiO2/SO4

2− are evaluated using techniques
such as TGA and FTIR. Additionally, the properties of the formed antifreeze product of
glycerine acetate are investigated in this study.

2. Materials and Methods

Titanium dioxide (TiO2) powder of a nanometer (nm) size was acidified using sulfuric
acid to form a solid-state strong acid photocatalyst. The TiO2/SO4

2− photocatalyst cat-
alyzed the reaction of glycerol with acetic acid to facilitate the formation of acetic acid-based
glycerides. The catalyst characteristics and glyceride fuel properties were analyzed to find
the optimum reacting conditions for the products. The catalyst and glyceride preparation
methods and analysis procedures are explained below.

2.1. Preparation for Heterogeneous Strong Acid Photocatalysts and Acetic Acid-Based Glycerides

2.1.1. Preparation of TiO2/SO4
2− Solid-State Strong Acid Photocatalyst

In this experiment, titanium dioxide powder was immersed in a dilute sulfuric acid
solution for 24 h and then filtered and forged at high temperatures to obtain the TiO2/SO4

2−

photocatalyst. The purified titanium dioxide powder was filtered using a vacuum pump and
poured into a ceramic beaker. The powder was then heated based on the set temperature
control program of the high-temperature furnace, baked at 100 ◦C for 4 h, and then forged
at 450 ◦C for 3 h. The sample was then taken out, cooled down naturally, and ground.

2.1.2. Preparation of Acetic Acid-Based Glycerides

Bioglycerol and acetic acid were poured into a three-necked round-bottom flask, then
TiO2/SO4

2−, a heterogeneous strong-acid photocatalyst, was added. The reactant mixture
was heated using a temperature-controlled magnetic stirrer until it reached a preset tempera-
ture. The intake air pump and the ultraviolet (UV) light of LED (light-emitting diode) lamps
(Midas Technology Corp., New Taipei City, Taiwan) at the port were triggered simultane-
ously to irradiate the TiO2/SO4

2− solid-state strong acid photocatalyst. The wavelengths
of the LED lamp were in the range of 320 to 380 nm. Moisture was produced during the
esterification reaction and accumulated in a collecting tank. The experimental setup for man-
ufacturing the antifreeze glycerine acetate is illustrated in Figure 1. At the first testing stage,
the photocatalyst was prepared at a reaction temperature of 120 ◦C, a time of 10 h, acetic
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acid/glycerol molar ratios from 5 to 9, and a photocatalyst of 4 wt.% of the reacting glycerol.
The appropriate molar ratio of acetic acid/glycerol was selected to prepare the photocatalyst.
The optimum molar ratio for the photocatalyst production was determined based on the
characteristics of the photocatalyst. The difference in the photocatalyst’s characteristics after
being irradiated by a UV 6 W LED light was compared with the no irradiation condition. In
the second stage, a reaction temperature of 100 ◦C, pressure of 55 kPa, acetic acid/glycerol
molar ratios from 5 to 9, and reaction time of 6 h were set. The UV power varied from 1 W
to 6 W. The optimum preparation conditions were selected according to the properties of
the acetic acid-based glycerides converted from the esterification reaction of glycerol.
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glycerol and acetic acid.

2.1.3. After-Treatment Procedures for the Prepared Glycerine Acetate Product

The esterified product obtained from the reaction of glycerol with acetic acid, which
was assisted with the catalytic effects of TiO2/SO4

2− solid-state strong acid photocatalyst,
required further after-treatment processing to enhance its purity. After the reaction, the
catalyst was removed using a centrifuging separator, which spun for 20 min at 4500 rpm.
After being centrifuged out of the catalyst and other impurities, the product was filtered
through a glass fiber filter paper, followed by a process of vacuum distillation at 105 ◦C
to distill away the excess water and acetic acid until no more condensed liquid droplets
appeared. The sample was then titrated using an acid-value titrator (model 785DMP Titrino,
Metrohm Ltd., Herisau, Switzerland) to indicate the amount of acetic acid contained in the
sample, which was then neutralized with the same molarity of sodium hydroxide. Finally,
a gas chromatography–mass spectrometer (GC-MS) was used to analyze the composition
and compound distribution of the sample so that the optimum experimental conditions
could be adjusted to obtain superior fuel characteristics. GC-MS analysis might not be
sensitive enough for certain compounds such as some herbicides, but it is sensitive to the
analysis of most organic matters.

2.2. Analysis of Characteristics of Solid-State Strong Acid Photocatalysts and Glycerine Acetate

2.2.1. TiO2/SO4
2− Heterogeneous Strong Acid Photocatalyst Characterization

A high-resolution X-ray photoelectron spectrometer (XPS) was used to examine the
effects of the sintered sulfuric acid on the crystal structure of titanium dioxide (TiO2). The
XPS appears to yield high-quality measurements when it is applied to the analysis of
homogeneous solid materials. An X-ray diffractometer (XRD, Model TRAX III), a product
of the Rigaku Corporation, Japan, was used to measure the catalyst at either a wide or low
sweeping angle. The XRD analysis does not apply to those amorphous materials whose
structures do not have the long-range order of atomic arrangements in the crystal structure.
A Fourier transform infrared spectrometer (FTIR, Model Tensor 27), a product of Bruker
Ltd., Berlin, Germany, uses interference spectroscopy for Fourier transformation to obtain
vibrational spectra of compounds so that organic, inorganic, or biochemical molecules
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can be identified. The FTIR spectra were used to determine the molecular structure of
the product samples and the catalyst before and after being sintered. The FTIR analysis
is limited to the discrete Fourier transform because the variation between the successive
phase differences is fixed.

2.2.2. Characteristics Analysis of Glycerine Acetate

A gas chromatography-mass spectrometer is composed of two different instruments.
The gas chromatograph (model JMS-700, JEOL Ltd., Tokyo, Japan) separates mixtures into
pure substances, using various components in a fixed liquid phase or mobile gas phase
due to the difference in the distribution rate to achieve the effect of separation. The mass
spectrometer (model QP2010, Shimadzu Ltd., Kyoto, Japan), connected to the gas chro-
matograph, can determine the molecular weight and structure of the analyzed compound.
Because electrons irradiate the sample in the free chamber of the mass spectrometer, the
compounds are frozen and cracked. The electric field and bending magnetic field accelerate
the positively charged fragments or ions to obtain the mass spectra.

3. Results and Discussion
3.1. Characterization of the Heterogeneous Strong Acid Photocatalyst

The crystalline structure and attached sulfur oxides of the TiO2/SO4
2− solid-state

strong acid photocatalyst were analyzed using an infrared powder diffractometer, infrared
spectrometer, and thermogravimetric analysis. The results are discussed as follows.

3.1.1. Structural Analysis of the TiO2/SO4
2− Photocatalyst

In this experiment, the TiO2/SO4
2− photocatalyst was analyzed using an infrared

powder diffractometer. The heterogeneous TiO2/SO4
2− photocatalyst prepared in this

experiment does not affect the chemical structure of TiO2 itself [41] due to the presence of
SO4

2− in the range of the 2θ angle scanned from 20◦ to 80◦, as shown in Figure 2. Hence,
the structure of the X-ray intensity between the catalysts of TiO2 and the TiO2/SO4

2−

photocatalyst are similar, corresponding to the scanned 2θ angle in Figure 2.
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3.1.2. Analysis of Infrared Spectroscopy for the TiO2/SO4
2− Photocatalyst

According to Wang et al. [42], the most common binding modes of SO4
2− and metal

oxides are bridging and chelating types. The infrared spectra formed by the SO vibrations
in SO4

2− are different for different binding modes. The chelating coordination, which
was in the ranges of 940~960, 1035~995, 1125~1090, and 1240~1030 cm−1, belonged to the
anti-symmetric and symmetric vibrational peaks of S=O and S-O, respectively.

Shihab et al. [43] confirmed that the highest amplitude of vibration of the chelating lig-
and in the compound is higher than that of the bridging ligand. Moreover, the SO4

2− in the
catalyst is bound to the substrate through the chelating ligand. The SO4

2−-chelating ligand
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can strongly attract electrons in the substrate to produce an intense acid reaction [44]. The
Fourier transform infrared spectroscopy (FTIR) analysis of the TiO2/SO4

2− photocatalyst
and TiO2 catalyst is shown in Figure 3.
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and TiO2 catalysts.

The absorption peaks in the range of 1300~900 cm−1 are the characteristic vibrational
peaks of the SO4

2− in TiO2/SO4
2−. The infrared spectrometer demonstrated that the dif-

ferent bonding modes of sulfur oxides on TiO2 are different, but still in the range of
1300~900 cm−1. In Figure 3, 1366 and 1739 cm−1 are at the bending vibration and ab-
sorption peaks of bonded water-OH, where the absorption peaks at 986 cm−1 belong to the
symmetrically stretching vibration and absorption peaks of the S-O single bond. In contrast,
the absorption peaks at 1045 and 1131 cm−1 belong to S=O [45]. Therefore, it is inferred
that the heterogeneous strong acid TiO2/SO4

2− photocatalyst prepared in this experiment
appeared to cause sintering of SO4

2− on the carriers, where it ligated with TiO2.

3.1.3. Thermogravimetric Analysis of the TiO2/SO4
2− Photocatalyst

Figure 4 shows the thermogravimetric analysis (TGA) results for the photocatalysts
TiO2/SO4

2− and TiO2. The weight loss peaks around 200 and 300 ◦C, corresponding to free
and crystalline water removal, respectively, for the heterogeneous strong acid TiO2/SO4

2−

photocatalyst. The weight loss of the catalyst is mainly caused by the water loss due to
water adsorption onto the catalyst [46]. The new weight loss peak at 540 ◦C was attributed
to the loss of SO4

2− due to decomposition of SO4
2− from the TiO2/SO4

2− photocatalyst,
agreeing with the findings of Vargas-Villanueva et al. [47].

3.2. Effects of Molar Ratio on Product Compositions Converted from Glycerol

The chemical conversion conditions of glycerol included the molar ratios of acetic
acid/glycerol equal to from 5 to 9, reaction temperature of 120 ◦C, and reaction time of 10 h.
A 4 wt.% heterogeneous strong acid catalyst of glycerol was used to produce glycerine
acetate. The product characteristics derived from the conversion reaction from glycerol
catalyzed with the TiO2/SO4

2− catalyst were compared during chemical reactions assisted
with or without UV light irradiation. The power of the LED (light-emitting diode) light
lamp for the irradiation was set to 120 mW. The optimum preparation conditions, such as
the molar ratios of acetic acid/glycerol, reaction time, and amount of the catalyst, etc. were
determined accordingly.
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2− and TiO2 catalysts.

3.2.1. Effect of Irradiated UV Light and Molar Ratio on the Conversion Ratio of Glycerol

The effects of the acetic acid/glycerol molar ratio on the conversion ratio of glycerol
under different preparation conditions were analyzed using gas phase chromatography. As
shown in Figure 5, under UV light irradiation of LED lamps on the catalyst surface, the con-
version ratio of glycerol increased with increases in the molar ratio of acetic acid/glycerol,
especially at a molar ratio equal to 8. The conversion ratio of glycerol to glycerine acetate
under this molar ratio reached 98.65%. However, the conversion ratio of glycerol decreased
with increases in the molar ratio of acetic acid/glycerol when the molar ratio was larger
than 9.
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conversion ratio of glycerol (%).

The conversion ratio of glycerol was significantly higher because the concentration of
glycerol in the reaction mixture of glycerol and acetic acid is one of the major conversion
factors. The lower viscosity of the reactant mixture involving a larger ratio of acetic acid
to glycerol facilitated the esterification reaction of glycerol [48]. However, the conversion
ratio decreased when the molar ratio exceeded 9, mainly because too much acetic acid
diluted the glycerol concentration, leading to a lower conversion ratio [49]. The glycerol
conversion ratio under the UV light irradiation using LED lamps decreased to 98.03% at a
molar ratio equal to 9. The optimum molar ratio of acetic acid/glycerol was found to be
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8. Adequate amounts of glycerol and acetic acid are required to obtain a high conversion
ratio of glycerine acetate from glycerol.

Acetic acid will accept a proton (H+) to react with glycerol during the esterification
reaction. A dehydration condensation reaction might occur, leading to the formation of
H2O [50]. When UV light from the LED lamps is irradiated onto the heterogeneous strong
acid photocatalyst surface, the TiO2 photocatalyst will generate an electron–electron hole
(e−-p+) pair. The electron hole (p+) and H2O attached to the photocatalyst surface will
produce H+ and OH− [51], increasing the H+ in the reaction environment. Acetic acid is
also prone to receiving H+ to react with glycerol. Therefore, heterogeneous strong acid
photocatalysts will accelerate the conversion ratio of glycerol and acetic acid under UV
light irradiation in the same reaction environment.

3.2.2. Effects of UV Light Irradiation and Molar Ratio on Triacylglycerol Production

Figure 6 shows the effects of the heterogeneous strong acid photocatalyst TiO2/SO4
2−

on the catalytic conversion from glycerol to triacylglycerol (TAG) under UV light and varied
molar ratios. The selectivity of triacylglycerols increased significantly by increasing the
acetic acid/glycerol molar ratio and UV light irradiation of LED lamps on the photocatalyst
surface.

Processes 2024, 12, 383 10 of 16 
 

 

 

Figure 6. Effects UV light irradiation and acetic acid/glycerol molar ratio on the production ratio 

(wt.%) of TAG in the glycerine acetate product. 

A larger molar ratio of acetic acid/glycerol caused more intense reactions and in-

creased production of triacylglycerols (TAG). The molar ratio is a more critical factor af-

fecting glycerol conversion into triacylglycerol, which is the final product of the conver-

sion process. The hydroxyl group (OH−) in the glycerol molecule and the carboxyl group 

(-COOH) in the acetic acid molecule first proceeded through a dehydration condensation 

reaction to produce monoacylglycerols (MAG). The monoacylglycerols further under-

went a dehydration condensation reaction with the acetic acid’s carboxyl group (-COOH) 

to form diacylglycerol (DAG). Since the hydroxyl group (OH−) has less spatial resistance 

than the carboxyl group (-COOH), it hinders the occurrence of a dehydration condensa-

tion reaction between OH− in diacylglycerol and -COOH in acetic acid molecules [52]. 

Hence, the production of triacylglycerol is more complex than that of diacylglycerol and 

monoacylglycerol. Therefore, the higher the acetic acid/glycerol molar ratio, the more tri-

acylglycerols are produced. When the molar ratio of acetic acid to glycerol reached 8, the 

highest formation ratio of triacylglycerols appeared, which was 40.41 wt.%. However, af-

ter the acetic acid/glycerol molar ratio exceeded 8, the effects of the acetic acid/glycerol 

molar ratio on the yield of triacylglycerols decreased for the case of UV irradiation on the 

photocatalyst surface shown in Figure 6. The production ratio significantly decreased to 

34.63% when a molar ratio equal to 9 was used. 

When the heterogeneous strong acid photocatalyst was irradiated with UV light, the 

photoexcitation generated an electron–electron hole pair, resulting in a photocatalytic re-

action. When the solid-state strong acid photocatalyst is subjected to energy of an appro-

priate amount, the electrons are excited by the light energy and jump up from the valence 

band to the conduction band. The valence band forms an unfilled vacancy called an elec-

tron hole. The electron and electron hole that jump to the conduction band are called an 

electron–electron hole pair [53]. In the esterification reaction of glycerol and acetic acid, 

water is produced during the dehydration condensation reaction. When the electron hole 

attaches to the nearby water molecules, H+ and OH− are produced, resulting in more H+. 

Meanwhile, acetic acid is more receptive to H+ to react with glycerol. Consequently, the 

reaction rate increases, causing a higher production rate of triacylglycerol.  

The highest production amount of triacylglycerol was 40.41% at a molar ratio of acetic 

acid/glycerol equal to 8. The freezing point of triacylglycerol is −78 °C. Hence, 8 is the 

optimum molar ratio to convert glycerol to form a superior antifreeze agent with the low-

est freezing point, which was −46.36 °C among the acetyl glyceride products made from 

various molar ratios in the range of 5 to 9. The highest weight percentage of triacylglycerol 

in the glycerine acetate was also considered to be an excellent mixture of the converted 

product from glycerol. 

Figure 6. Effects UV light irradiation and acetic acid/glycerol molar ratio on the production ratio
(wt.%) of TAG in the glycerine acetate product.

A larger molar ratio of acetic acid/glycerol caused more intense reactions and in-
creased production of triacylglycerols (TAG). The molar ratio is a more critical factor
affecting glycerol conversion into triacylglycerol, which is the final product of the conver-
sion process. The hydroxyl group (OH−) in the glycerol molecule and the carboxyl group
(-COOH) in the acetic acid molecule first proceeded through a dehydration condensation
reaction to produce monoacylglycerols (MAG). The monoacylglycerols further underwent
a dehydration condensation reaction with the acetic acid’s carboxyl group (-COOH) to
form diacylglycerol (DAG). Since the hydroxyl group (OH−) has less spatial resistance
than the carboxyl group (-COOH), it hinders the occurrence of a dehydration condensa-
tion reaction between OH− in diacylglycerol and -COOH in acetic acid molecules [52].
Hence, the production of triacylglycerol is more complex than that of diacylglycerol and
monoacylglycerol. Therefore, the higher the acetic acid/glycerol molar ratio, the more
triacylglycerols are produced. When the molar ratio of acetic acid to glycerol reached 8,
the highest formation ratio of triacylglycerols appeared, which was 40.41 wt.%. However,
after the acetic acid/glycerol molar ratio exceeded 8, the effects of the acetic acid/glycerol
molar ratio on the yield of triacylglycerols decreased for the case of UV irradiation on the
photocatalyst surface shown in Figure 6. The production ratio significantly decreased to
34.63% when a molar ratio equal to 9 was used.

When the heterogeneous strong acid photocatalyst was irradiated with UV light,
the photoexcitation generated an electron–electron hole pair, resulting in a photocatalytic
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reaction. When the solid-state strong acid photocatalyst is subjected to energy of an
appropriate amount, the electrons are excited by the light energy and jump up from the
valence band to the conduction band. The valence band forms an unfilled vacancy called
an electron hole. The electron and electron hole that jump to the conduction band are called
an electron–electron hole pair [53]. In the esterification reaction of glycerol and acetic acid,
water is produced during the dehydration condensation reaction. When the electron hole
attaches to the nearby water molecules, H+ and OH− are produced, resulting in more H+.
Meanwhile, acetic acid is more receptive to H+ to react with glycerol. Consequently, the
reaction rate increases, causing a higher production rate of triacylglycerol.

The highest production amount of triacylglycerol was 40.41% at a molar ratio of acetic
acid/glycerol equal to 8. The freezing point of triacylglycerol is −78 ◦C. Hence, 8 is the
optimum molar ratio to convert glycerol to form a superior antifreeze agent with the lowest
freezing point, which was −46.36 ◦C among the acetyl glyceride products made from
various molar ratios in the range of 5 to 9. The highest weight percentage of triacylglycerol
in the glycerine acetate was also considered to be an excellent mixture of the converted
product from glycerol.

3.2.3. Effects of Irradiated UV Light and Molar Ratio on Diacylglycerol Production

Figure 7 shows the effects of the molar ratio of acetic acid/glycerol and UV light
irradiation on the formation of diacylglycerol (DAG), which were analyzed using a gas
chromatography analyzer. Under UV light irradiation, the diacylglycerol content was
significantly larger than that produced under no UV light irradiation. The highest diacyl-
glycerol content, which amounted to 56.04%, occurred at a molar ratio of 5 under UV light
irradiation, while the content of diacylglycerols did not significantly change with variations
in the molar ratio without UV-light irradiation.
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Diacylglycerols are formed when the OH− radicals of monoacylglycerols (MAG) react
with the -COOH of acetic acid in a dehydration condensation reaction [54]. The effect of
the acetic acid/glycerol molar ratio was not significant for the formation of diacylglycerols.
The increase in the acetic acid concentration in the reactant mixture further drives the
transesterification equilibrium of converting monoacylglycerols into diacylglycerols and
triacylglycerols [55]. The acetic acid content is low when a low acetic acid/glycerol molar
ratio is set. It is inferred that due to the low acetic acid content, there is not enough
acetic acid to facilitate the reaction of glycerol with diacylglycerols to form triacylglycerols.
Therefore, at a molar ratio of 5 and under UV-light irradiation, the content of diacylglycerols
reached the highest among various molar ratios shown in Figure 7.

When UV light from LED lamps irradiates the solid-state strong acid photocatalyst,
the electrons receive enough power to jump from the valence band to the conduction band,
forming a positively charged electron–electron hole pair. A positively charged electron hole
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will be created simultaneously where the original electrons exist. The electron hole has
oxidizing effects. Hence, water molecules will be oxidized to produce OH− and H+ [56].
The increase in H+ radicals in the acetic acid accelerates its reaction with glycerol. In
consequence, the conversion rate of glycerol increases to produce more diacylglycerol
within the same reaction time.

3.2.4. Effects of Irradiated UV Light and Molar Ratio on Monoacylglycerol Production

The effects of the acetic acid/glycerol molar ratio and UV light irradiation on monoa-
cylglycerol (MAG) formation are shown in Figure 8. There was no apparent variation in
the monoacylglycerol content with the acetic acid/glycerol molar ratio under no LED UV
light irradiation. However, a higher amount of monoacylglycerol formation without UV
light irradiation compared to that with UV-light irradiation was observed. There was a
slight increase in the monoacylglycerol content with the rise in the acetic acid/glycerol
molar ratio when the UV light irradiated the catalyst surface. The highest formation ratio of
monoacylglycerol, which was 13.67%, occurred when the molar ratio of acetic acid/glycerol
was equal to 9. In addition, at the same molar ratio, the monoacylglycerol formation
between the cases with and without UV light irradiation reached nearly the same level.
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The variation in monoacylglycerol production with the acetic acid/glycerol molar
ratio was insignificant due to the high extent of complete glycerol conversion after a long
reaction time of 10 h. The UV light irradiation accelerated the monoacylglycerol conversion
process to produce diacylglycerol and triacylglycerol. Hence, when the glycerol reaction was
exposed to UV light irradiation, it resulted in significantly less monoacylglycerol formation
than when glycerol conversion occurred without UV light irradiation. This implies that the
UV-light irradiation played a role in enhancing the glycerol conversion processes.

4. Conclusions

1. The TiO2/SO4
2− heterogeneous strong acid photocatalyst prepared in this experiment

did not affect the crystalline phase of TiO2 itself under the presence of SO4
2−, nor

did it affect the symbolic wavelength of the crystalline structure of TiO2 of the sharp
titanium type. Hence, similar X-ray intensity structures between the catalysts of TiO2
and TiO2/SO4

2− were observed.
2. The presence of bonding wavelengths of sulfur oxide in the infrared spectral fre-

quency between 900 and 1300 cm−1 was confirmed using Fourier-transform infrared
spectroscopy (FTIR). The experimental observance also confirmed that preparing the
heterogeneous strong acid photocatalysts was effective in sintering SO4

2− to its carrier
and bonding it with TiO2.
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3. In comparison with the TiO2 catalyst analyzed via thermogravimetric analysis, the
TiO2/SO4

2− catalyst was found to have significant weight loss at 540 ◦C because of
the decomposition of SO4

2−.
4. The glycerol conversion ratio reached 98.65% under the reaction conditions of a molar

ratio of acetic acid/glycerol equal to 8, a reaction temperature of 120 ◦C, a UV light
wavelength of 365 nm, and a reaction time of 10 h. The derived product of glycerine
acetate under the above conversion conditions appeared to have superior antifreeze
properties, including the lowest freezing point, which was −46.36 ◦C. In addition, the
content of triacylglycerol in the product under the above reaction conditions was the
highest, 40.41%.

5. When the molar ratio of acetic acid/glycerol was increased to 9, the glycerol conver-
sion rate and the formation of glycerol triacetate in the product decreased to 98.03%
and 34.63%, respectively, under the application of UV-light irradiation on the catalyst.

6. The highest formation ratios of diacylglycerol and monoacylglycerol, which were
56.04% and 13.67%, respectively, appeared at molar ratios of acetic acid/glycerol equal
to 5 and 9, respectively. In addition, the formation ratio of monoacylglycerol at a
molar ratio equal to 9 converged for the cases with and without UV light irradiation.

7. The effects of UV light irradiation on the TiO2/SO4
2− photocatalyst for the esterifica-

tion reaction of glycerol with acetic acid caused higher triacylglycerol and diacylglyc-
erol formation and lower monoacylglycerol formation than the reactions occurring
without UV light irradiation.
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