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for the synthesis of solketal, a fuel
additive, from biowaste glycerol using transition
metal-based solid acid catalysts†

Sunita Maurya and Yogesh Chandra Sharma *

The rise in global biodiesel production leads to the surplus of glycerol as a byproduct, necessitating its

industrial application in various chemicals to sustain the biodiesel industry economically. Solketal is one

of the value-added chemicals in the biodiesel industry with numerous applications in the food, polymer,

and chemical industries and as a fuel additive. Nowadays, researchers mainly focus on synthesizing

solketal using biowaste glycerol obtained from the biodiesel industry due to its immense applications. In

this work, the experimental data demonstrated that the incorporation of ZnAl2O4 plays a key role in

establishing the surface sulfate groups and structural composites of the solid acid catalysts. Highly

efficient heterogeneous acid SO4
2−/ZnAl2O4–ZrO2 and SO4

2−/ZnAl2O4–TiO2 catalysts were synthesized

and applied for solketal synthesis. It was found that SZZ proved to be highly efficient and active towards

99.3% glycerol conversion with 98% solketal yield. In contrast, SZT showed 83% glycerol conversion with

81% solketal yield at optimized reaction conditions. SZZ showed excellent catalytic activity compared to

SZT due to its better reusability, higher acidity, and good structural stability. Green metric parameters,

like E-factor, PMI, and AE were studied, and it was found that SZZ is more efficient and the acetalization

reaction of glycerol is environmentally friendly in nature.
1 Introduction

The continuous surge in population, urbanization, and indus-
trialization over the past few decades has signicantly hiked the
energy demand by 2.3% annually. These rising demands lead to
the rising consumption of fossil fuel reserves and cause envi-
ronmental pollutions by increasing the emissions of green-
house gases that pose a threat to the health of human beings
and their surroundings.1 The research fraternity are trying to
nd environmentally benign and renewable alternative fuels to
minimize reliance on fossil fuels. Biodiesel is a renewable
alternative energy owing to its excellent fuel properties,
including biodegradability, non-toxicity, and carbon neutrality,
and is produced by a trans-esterication process.2,3 About 10%
of crude glycerol byproduct is produced as waste in the bio-
diesel industry. The growth in the biodiesel industry is directly
related to glycerol production as a waste that needs to be either
removed or repurposed.4 The surplus crude glycerol raises
concerns regarding waste management, leading to environ-
mental challenges. The abundance of glycerol showed assorted
applications in several elds, including food additives,
of Technology (BHU), Varanasi 221 005,
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the Royal Society of Chemistry
pharmaceuticals, plastics, polymers, and cosmetics. However,
the current utilization cannot swallow up the glut of glycerol.5

To ensure the protable utilization of excess glycerol
produced during the transesterication process and improve
the sustainability of biodiesel production, an efficient catalytic
process must be employed to valorize surplus glycerol. This
involves the conversion of this crucial feedstock into various
value-added compounds. These include hydrogenolysis for the
production of propylene glycol,6 oxidation for the production of
dihydroxyacetone,7 reforming for the production of syn gas,8

chlorination for the generation of epichlorohydrin,9 dehydra-
tion for the formation of acrolein,10 and transesterication for
the formation of glycerol carbonate.11 Among these available
methods, acetalization is the most promising method that
involves the condensation of glycerol with acetone to produce
ve-membered cyclic solketal (2,2-dimethyl-1,3-dioxolan-4-yl
methanol) and six-membered acetal (2,2-dimethyl-1,3-dioxan-
4-yl methanol), as shown in Scheme 1. Solketal is considered
Scheme 1 Glycerol acetalization with acetone using the catalyst.
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a clean fuel additive capable of enhancing the transportation
fuel's cold ow properties and oxidation stability andmitigating
environment-polluting gases and particulate matter emis-
sions.12 Moreover, solketal acts as an anti-knocking agent that
helps increase the octane number of fuels by 2.5 points by
minimizing the gum formation, when blended with regular
gasoline. In addition, solketal nds application as a green
solvent in several chemical syntheses, and serves as a plasti-
cizer, surfactant, suspending agent in pharmaceutical indus-
tries, anti-freezing agent, and avoring agent.13,14

The acetalization of glycerol is an exothermic reaction facil-
itated by the acid catalyst. The yield of solketal is primarily
inuenced by the density and acid strength of the catalyst
surface, which plays a crucial role in activating the carbonyl
carbon of acetone.15 Solketal synthesis oen employs both
homogeneous and heterogeneous acid catalysts. Various
homogeneous acid catalysts including H2SO4, p-toluene
sulfonic acid, H3PO4, HCl, and SnCl2 have been employed by
researchers.16–18 Homogeneous catalysts provide a remarkable
advantage over heterogeneous catalysts by increasing the reac-
tion efficiency and lowering the mass transfer resistance.
Despite these benets, some limitations are associated with
catalyst recovery, waste generation during separation, and
product purication from reaction effluent, cost, and corrosive
nature.19 Shiing to a heterogeneous catalyst promises to
enhance the long-term sustainability of the process.
Researchers have focused on a heterogeneous catalyst for glyc-
erol acetalization to address the drawback mentioned earlier.
Heterogeneous acid catalysts proposed a broad spectrum,
including acid clays,20 hetero-poly acids,21 ion exchange resins,22

sulfated metal–organic frameworks,23 mesoporous solid acid
catalysts,24 mixed oxides,25 and beta zeolites.26 This catalyst
shows remarkable catalytic activity in acidity, surface area, non-
toxic behavior, facile separation from the reaction matrix,
reduced natural corrosion, and less waste generation. All these
characteristics collectively enhance the economic viability and
attractiveness of the catalyst.

A SO4
2−/MxOy heterogeneous acid catalyst has been

acknowledged as the most promising green catalyst, which
showed better catalytic activity, good selectivity, and easy
separation from the reaction matrix in a glycerol acetalization
reaction.27,28 The conventional SO4

2−/MxOy solid acid catalyst
primarily comprises an active component MxOy and promoter
SO4

2−, emphasizing the synthesis of SO4
2−/ZrO2 and SO4

2−/TiO2

systems.29 SO4
2−/TiO2 initially shows good catalytic activity but

faces some issues regarding rapid deactivation and a short
lifespan. This is primarily attributed to the deactivation of the
sulfur species and carbon deposition. Consequently, synthe-
sizing acid catalysts for liquid reactions remains a challenge,
requiring a focus not only on the high catalytic activity but also
on the durability and stability of the catalyst.30 Similarly, SO4

2−/
ZrO2 has drawn attention towards its catalytic activity due to its
distinctive properties including robust acidic properties, good
catalytic activity, and selectivity in solketal synthesis. However,
this catalyst still has some shortcomings, such as lack of
stability, poor reusability, and fast deactivation due to the
leaching of surface sulfur or coke deposition.31 To resolve the
39512 | RSC Adv., 2024, 14, 39511–39522
above-mentioned drawbacks, we tried to study the synthesis
and utilization of SO4

2−/ZrO2–MxOy and SO4
2−/TiO2–MxOy solid

acid composites by the incorporation of SO4
2−/ZrO2 and SO4

2−/
TiO2 with additional oxides of MxOy for the acetalization of
glycerol. Hence, the utilization of ZnAl2O4 spinel-type oxide as
MxOy in the synthesis of SO4

2−/ZrO2–MxOy and SO4
2−/TiO2–

MxOy composites increases the catalytic activity, stability, and
acidic strength of modied catalysts for solketal synthesis.
Modied metal oxide has attracted signicantly increased
attention for catalyst synthesis over the past few decades. In this
study, the effect of ZnAl2O4 spinel oxide on SO4

2−/ZrO2 and
SO4

2−/TiO2 was studied, and the synthesized solid acid catalysts
such as SO4

2−/ZnAl2O4–ZrO2, SO4
2−/ZnAl2O4–TiO2 were applied

in the acetalization reaction of glycerol. The authors also con-
ducted a comparative analysis of synthesized catalyst's activity.
To our knowledge, this is the rst study to apply a catalyst for
solketal synthesis. No previous research has been performed for
the comparative analysis of these modied catalysts. Here, a set
of heterogeneous acid catalysts based on ZnAl2O4 and transition
metal oxides (Zr and Ti) were synthesized by a wetness
impregnation process used in solketal production due to its
robust acidic strength, high catalytic activity, good selectivity
towards the ve-membered ring, and easy separation. Every
reaction was meticulously observed using both these catalysts
and the rate of glycerol conversion was thoroughly examined. A
comprehensive analysis was also performed to analyze the
relationship between the acidic properties, glycerol conversion
rate, product yield percentage, and selectivity. Different char-
acterization methods including FTIR spectroscopy, TGA, BET-
surface area, XRD, and XPS analysis assessed the catalytic
activity of the modied catalyst. Based on the environmental
approach, the overall process for solketal synthesis is sustain-
able and green in nature.
1.1 Experimental procedure
1.2 Materials required

Glycerol was synthesized as a byproduct by a transesterication
process during biodiesel production by our lab colleague and
distilled before its application in the acetalization process.
Acetone (99%, SRL), Zn (NO3)2$6H2O (extra pure AR grade, SRL),
ZrOCl2$8H2O (98%, Merck), Al (NO3)3$9H2O (98%, Titan
Biotech Ltd.), TiO2 (99%, Merck), H2SO4 (98%, Merck), etc., were
obtained from the local vendors in Varanasi, India, and used
without further purication.
1.3 Catalyst synthesis

The co-precipitation and wet impregnation techniques were
used in the synthesis of solid acid heterogeneous catalysts, in
particular SO4

2−/ZnAl2O4–ZrO2 and SO4
2−/ZnAl2O4–TiO2,

named SZZ and SZT, respectively. At rst, ZnAl2O4 was synthe-
sized by a co-precipitation process using nitrate salt as
a precursor. In this procedure, a required quantity of zinc
nitrate and aluminum nitrate was taken and dissolved in
deionized water separately (Zn : Al = 1 : 2). At 30 °C, both the
solutions were mixed and stirred for 3–4 h with the addition of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ammonium hydroxide solution drop by drop to regulate the
solution's pH within the range of 8–10. The resulting solution
mixture was agitated additionally for 5–6 h to promote selective
precipitation growth. Following ltration, the reaction mixture
was rinsed with distilled water three to four times to remove any
remaining impurities. The solid mixture was then placed in
a hot air oven at 120 °C for 8 h and subsequently calcined at
700 °C for 5 h in an air muffle furnace to obtain the desired
spinel. Then, the stipulated amount of ZnAl2O4 was immersed
in deionized water and added to ZrO2. In order to augment the
acidic strength of the synthesized catalyst, the mixture powder
was immersed in 0.5 M H2SO4 for 5–6 h at 550 rpm by wetness
impregnation. Aerward, the white powder underwent heat
treatment in an oven overnight at 90 °C and was then calcined
at 550 °C in an air muffle furnace for intervals of 3 h with a 10 °
Cmin−1 heating rate to obtain SO4

2−/ZnAl2O4–ZrO2. Finally, the
calcined catalyst was ground with mortar and pestle, stored in
a desiccator to prevent moisture, and further applied for the
acetalization reaction. Another acetalization catalyst, like
SO4

2−/ZnAl2O4–TiO2, was also synthesized and tested similarly,
as discussed above.
Table 1 Screening of catalysts for the synthesis of solketal with time

Catalyst
Conversion
(%)

Solketal selectivity
(%) TOF (mol g−1 h−1)

SZZ 99.3 99 0.19
SZT 83 96 0.17
1.4 Catalyst characterization

Various characterization techniques have been performed to
study the designed catalyst's physiochemical characteristics.
The pre-calcined catalyst underwent thermal treatment ranging
from 50 °C to 900 °C at a heating rate of 10 °C min−1 using
a Thermogravimetric Analyzer TGA 4000 instrument in the
presence of nitrogen gas with 20.0 ml min−1. The crystalline
nature of the synthesized catalyst was examined using a Rigaku
MiniFlex-300/600 Desktop X-ray Diffraction System. The dif-
fractogram was scaled within a 2-theta range of 10°–80° with
0.02° step width at 5° min−1 scan rate. The obtained data
matched with the JCPDS le number database to conrm the
materials' phase. The BET surface area and BJH pore volume of
the catalyst were determined by conducting N2 adsorption/
desorption isotherm measurements using a BELLSORP MAX
II surface area analyzer and BELCAT-II MicrotracBEL Corp.
First, the catalyst underwent degassing using nitrogen gas for
18 h at 300 °C to remove any adsorbed impurities before the
analysis. The stretching and bending vibrations of the catalyst
sample surface were fetched using a Nicolet iS5 (Thermo Elec-
tron Scientic Instrument) mounted with a KBr crystal. The
spectra were recorded within the wavenumber range of 4000–
400 cm−1. The surface topology of the modied catalyst was
executed using an EVO-SEM MA15/18, which was combined
with an EDS (energy dispersive spectroscopy) unit using
a 51N1000-EDS detector for elemental analysis by energy-
dispersive X-ray spectroscopy (EDS) system. The manifestation
of elements and their respective oxidation states was done by X-
ray photoelectron spectrometer (XPS) analysis. The spectra were
recorded using a K-a source of Thermo Fischer Scientic, with C
1s (i.e., 284.8 eV binding energy) as a reference peak for cali-
brating the other elements' binding energy of the catalyst. The
surface acidity of the modied catalyst was analyzed by an N-
butylamine titration method using neutral red as an indicator.
© 2024 The Author(s). Published by the Royal Society of Chemistry
First, 50 mg of catalyst was immersed in 20 ml of 0.05 M solu-
tion of N-butylamine in toluene and stirred at 30 °C for 24 h.
Following this, the solid catalyst was separated from the reac-
tion mixture via centrifugation, and the solution was titrated
with trichloroacetic acid in a toluene solution by adding 2–3
drops of indicator.
1.5 Evaluation of the catalyst in solketal synthesis

The acetalization reaction between glycerol and acetone was
executed in a 250ml round-bottom ask associated with a reux
condenser and a mechanical stirrer (Tarson digital spinout).
The reactor setup was immersed in a silica oil bath for contin-
uous heating. Initially, 2.5 mmol and 25 mmol of glycerol and
acetone were introduced along with a catalyst loading of 3 wt%
(relative to glycerol) at the optimum reaction temperature of
70 °C for 120 min. Following the reaction completion, the
resulting mixture was cooled and separated from the solid
catalyst by centrifugation. The quantitative validation of the
synthesized solketal was studied by gas chromatography-mass
spectrometry (GCMS). The percentage conversion of glycerol,
selectivity, and yield of solketal were determined by providing
the following equation. Additionally, the verication of solketal
synthesis was carried out by 1H and 13C NMR spectroscopy as
well as FTIR spectroscopy.32,33

% of glycerol conversion = (initial moles of glycerol − final moles

of glycerol)/(initial moles of glycerol taken) × 100 (1)

% of selectivity = (no. of moles of solketal produced)/(total no. of

moles of all products) × 100 (2)

% of solketal yield = (% of glycerol conversion × % of solketal

selectivity)/100 (3)

Turnover frequency = (conversion of glycerol (%))/(catalyst wt%

× molar mass of glycerol × reaction time) (4)

The turnover frequencies for the SO4
2−/ZnAl2O4–ZrO2 and

SO4
2−/ZnAl2O4–TiO2 catalysts were observed to be 0.19 mol g−1

h−1 and 0.17 mol g−1 h−1, respectively. The synthesized cata-
lysts were applied for solketal synthesis, and conversion and
selectivity were obtained, as shown in Table 1.
2 Results and discussion
2.1 Characterizations of the synthesized catalyst

2.1.1 TGA studies. The temperature disintegration versus
mass loss of the uncalcined catalysts SZZ and SZT was studied
RSC Adv., 2024, 14, 39511–39522 | 39513
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Fig. 1 TGA graph of the synthesized uncalcined SZZ and SZT catalysts.

Fig. 2 XRD patterns of (a) SZT and (b) SZZ catalysts.
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by the thermogravimetric analysis in the presence of a nitrogen
atmosphere. In Fig. 1, three distinct phases of mass loss are
evident as the temperature increases for the SZT catalyst. The
initial phase of weight deduction, observed between 100 and
200 °C, may be due to the dehydration of the surface water
molecule adsorbed by the surface of the catalyst. The 2nd phase
was observed around 200–550 °C, possibly due to the evapora-
tion of the crystalline water molecules or any organic impuri-
ties. The 3rd stage of weight reduction occurred within the
temperature range of 500 °C to 850 °C due to the decomposition
of the surface sulfate group. Therefore, the SZT catalyst showed
45% mass weight loss above 550 °C. Similarly, the TGA curve of
the SZZ catalyst is shown here. In the SZZ case, the initial phase
of weight loss for the catalyst, occurring below 200 °C, could be
assigned to removing physically bound water molecules. The
2nd weight loss observed between 200 °C and 550 °C is attrib-
uted to the release of structural water molecules. The 3rd stage
of mass reduction was ascertained at a higher temperature
range between 500 and 900 °C; gradual decomposition of the
sulfate group from the catalyst surface was observed.34,35 Based
on the TGA graph, the weight loss of the sample was estimated
to be 36%. The weight loss in the SZT catalyst above 550 °C was
higher, which indicates that the catalyst is highly unstable
above that temperature, whereas in the SZZ catalyst, the weight
loss was estimated to be less (i.e., 36%) than that of the SZT
catalyst. This happens because the SZZ catalyst surface was
found to be more stable and decomposed to a less extent above
that temperature.

2.1.2 Powder X-ray diffraction studies. The XRD technique
studied the purity of the phase, crystalline structure, and
orientation of the designed catalyst. Fig. 2(a) shows the XRD
graph of the SZT catalyst. The characteristic diffraction peaks
appeared at 2q values equal to 31.2°, 36.8°, 44.9°, 49.0°, 55.5°,
59.4°, 65.2°, 74.2°, and 77.3° corresponding to the miller
indices values (220), (311), (400), (331), (422), (511), (440), (620),
and (533) respectively, showing that the orientation planes of
the cubic phase of ZnAl2O4 matched with the JCPDS card no. 05-
0669. Other prominent peaks appear at 25.3°, 37.8°, 47.9°,
53.7°, 54.9°, 62.7°, 68.8°, 70.3°, and 75.1° with Miller indices
(101), (004), (200), (105), (211), (204), (116), (220), and (215),
39514 | RSC Adv., 2024, 14, 39511–39522
respectively, all of which correspond to the anatase phase of
TiO2 matched with the JCPDS no-65-5714. Due to sulphonation,
some minor Al2(SO4)3 peaks are also observed at 2q values of
15.1°, 21.1°, and 25.2°, matched with the JCPDS no-22-0021.
This conrms the successful impregnation of the sulfate
group on the SZT catalyst. Using Scherrer's equation, the crys-
talline size of the SZT catalyst was determined to be 23.03 nm:

D = (0.9l)/b cos q (5)

where D denotes the average crystallite size, b corresponds to
the line broadening at FWHM, q is the diffraction Bragg angle,
and l refers to the wavelength of the X-ray. Similarly, in Fig. 2(b),
the XRD pattern of the SZZ catalyst is depicted. The predomi-
nant diffraction peaks of tetragonal ZrO2 were observed at 2q of
30.1°, 35.2°, 50.3°, 60.2°, 62.7°, and 74.5° consisting of the hkl
planes of (101), (110), (112), (211), (202), and (220) respectively
matched with the JCPDS card no-88-1007. Some minor peaks of
Al2(SO4)3 also appeared on the surface of the SZZ catalyst at
15.0°, 20.8°, and 25.1°, corresponding to the miller indices
(012), (104), and (113) (JCPDS no-22-0021). The crystalline size
of the SZZ catalyst was observed to be 46.29 nm using the above-
mentioned Scherrer's equation.36 The diffraction peaks of SZZ
catalysts are sharper and more intense than SZT catalysts,
indicating that SZZ catalysts are more crystalline. The higher
crystallinity might cause higher glycerol conversion to solketal.

2.1.3 FTIR spectra studies. The existence of the functional
group on the catalyst surface plays a crucial role in the glycerol
conversion, which was studied by the FTIR analysis. Fig. 3
shows the FTIR spectra of the SZT and SZZ catalysts. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of ST, SZT, SZ, and SZZ catalysts.

Fig. 4 BET isotherm of (a) SZT catalyst and (b) SZZ catalyst.
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characteristic peaks observed between 500 cm−1 and 670 cm−1

indicate metal–oxygen and metal–oxygen–metal bonding. The
low-frequency absorption band appeared at ∼490, 535, and
660 cm−1, corroborating the Zn–O–Al, Al–O, and Zn–O bonds in
SZT and SZZ, respectively. The stretching vibration band of Zr–
O was detected at 600 cm−1 and 725 cm−1 for SZ and SZZ
catalysts.37 Similarly, the vibration mode of the Ti–O–Ti bond
appeared in the range of 400–800 cm−1 in ST.38 The peaks
originating at 1006 and 1102 cm−1 were depicted as the
symmetric and asymmetric stretching of S–O bonds, respec-
tively. Other peaks around 1250 cm−1 could be evident attrib-
uted to the stretching vibration of S]O bonds, indicating the
formation of a bidentate chelating structure between sulfate
and metal ions. In addition, 1630 cm−1 and 3460 cm−1 peaks
assigned the –OH bending and stretching vibrations of the
adsorbed water molecule on the catalyst surface, respectively.39

2.1.4 Studies of the surface area of the synthesized catalyst.
The specic surface area of the synthesized catalyst plays
a crucial role in the glycerol acetalization reaction. Acidity and
surface area both affect the solketal synthesis. Nonetheless,
acidity is a more prominent factor than surface area analysis.
The surface area of both SZT and SZZ catalysts was tentatively
quantied by BET nitrogen adsorption–desorption isotherm,
and the obtained plot is illustrated in Fig. 4(a) and (b), respec-
tively. Similarly, the pore diameter and pore volume were also
elucidated by the BJH (Barrett–Joyner–Halenda) method. The
surface area values, along with the pore diameter and pore
volume of SZT and SZZ catalysts, are listed in Table 2. It was
found that the calculated specic surface area and pore diam-
eter of the SZT catalyst are 3.9 m2 g−1 and 31.8 nm, while those
of the SZZ catalyst are 5.3 m2 g−1 and 39.4 nm, respectively. This
indicates that SZZ has a higher surface area than that of SZT.
Likewise, the pore diameter and pore size of SZZ were found to
be larger than those of SZT. Both catalysts follow a type IV
isotherm with an H1-type hysteresis loop. This signies that the
materials are mesoporous in nature (2–50 nm). The higher
specic surface area of the SZZ catalyst facilitates the acetali-
zation reaction of glycerol. It is recognized that the glycerol
© 2024 The Author(s). Published by the Royal Society of Chemistry
acetalization reaction with a catalyst is a surface adsorption
phenomenon. As a result, the SZZ catalyst with a higher surface
area boosted the glycerol conversion higher than the SZT
catalyst.40

2.1.5 XPS studies. The surface analysis of the SZZ and SZT
catalysts was performed by X-ray photoelectron spectroscopy
(XPS). The XPS technique was employed to determine the
material's oxidation state and chemical composition. Fig. 5
displays the XPS spectra of the SZZ catalyst that indicate the
presence of Zn, Al, O, Zr, and S on the catalyst surface. The
distinctive peaks that appeared at 183.5 eV and 185.9 eV cor-
responding to Zr 3d5/2 and Zr 3d3/2, respectively, corroborated
that Zr is present in the (IV) oxidation state. The O 1s spectrum
reveals three deconvoluted peaks corresponding to different
binding energy states. The rst peak appeared at 530.1 eV,
which can be associated with lattice oxygen involved in metal–
oxygen bonding, while the peak at 531.5 eV is assigned to the
bridged oxygen of the –OH group. Moreover, the peaks observed
at 532.5 eV correspond to the sulfate oxygen group. In the Zn 2p
spectrum, the characteristic peak appeared at 1021.5 eV, which
signies Zn 2p3/2, while the peak at 1044.8 eV corresponds to Zn
2p1/2, which shows the existence of Zn in the +2-oxidation state,
which was close to standard data. The peak appeared at 75.3 eV,
which corresponds to the +3 oxidation state of Al. The S 2p
spectra exhibit two distinct peaks, one appearing at 169.4 eV
and the other at 170.2 eV. These peaks are attributed to the
binding energies of S 2p3/2 and S 2p1/2, respectively, which were
associated with the +6 oxidation state of the sulfur.41,42 The
presence of Zn, Al, Ti, O, and S in the SZT catalyst is depicted in
Fig. 6. The presence of aluminum in the +3 oxidation state is
RSC Adv., 2024, 14, 39511–39522 | 39515
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Table 2 Surface properties and acidic sites of the catalyst

Catalyst Surface areaa (m2 g−1) Pore volumeb (cm3 g−1) Average pore diameterc (nm) Acidic sitesd (mmol g−1)

SZZ 5.3 0.05 39.4 2.87
SZT 3.9 0.01 31.8 2.45

a The specic surface area was determined using BET method. b Pore volume was calculated by the amount of adsorbed nitrogen (p/p0 = 0.990).
c Average pore diameter was deliberated by using BJH method. d Acidity was determined by N-butylamine titration.

Fig. 5 XPS spectra of (a) Zn 2p, (b) Al 2p, (c) Zr 3d, (d) O 1s, (e) S 2p, and
(f) survey peak of SZZ catalyst. Fig. 6 XPS spectra of (a) Zn 2p, (b) Al 2p, (c) Ti 2p, (d) O 1s, (e) S 2p, and

(f) survey peak of SZT catalyst.
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indicated by the peak observed at 75.2 eV in the spectra. The
deconvoluted peak that appeared at a binding energy of
1045.8 eV resembles Zn 2p1/2, and 1022.7 eV corresponds to Zn
2p3/2, showing the +2-oxidation state of Zn. In the Ti spectrum,
Ti 2p peaks are observed at binding energies of 459.1 eV and
464.5 eV associated with Ti 2p3/2 and Ti 2p1/2, respectively. These
peaks exhibit a doublet splitting of 5.7 eV caused by the spin–
orbit coupling of Ti 2p, which indicates the +4-oxidation state of
titanium. In the O 1s spectrum, three characteristic peaks were
39516 | RSC Adv., 2024, 14, 39511–39522
observed: rst at 530.4 eV corroborated to the lattice metal–
oxygen bonding, second at 531.4 eV associated with the bridged
oxygen of the hydroxyl group, and third at 532.3 eV linked to the
sulfate oxygen group. In the S 2p spectra, the binding energies
of S 2p3/2 and S 2p1/2 were obtained at 169.4 eV and 170.2 eV,
assigned to the +6 oxidation state of the bidentate sulfur
group.43 In general, the peak observed at lower binding energies
is mentioned as the lattice oxygen [O lat], while the peak
© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed at higher binding energies corresponds to the adsor-
bed oxygen [O ads] on the catalyst surface. The comparison of
the area ratios [O ads]/[O lat] allows for the evaluation of the
relative quantities of two distinct oxygen species. A greater area
ratio suggests a higher concentration of oxygen vacancies,
whereas a smaller area ratio suggests fewer oxygen vacancies.44

In this context, the [O ads]/[O lat] area ratio for the SZZ (0.68)
catalyst is higher than that of the SZT (0.65) catalyst. Conse-
quently, SZZ exhibits a higher concentration of surface and
unoccupied oxygen than those of SZT.

2.1.6 Morphological study. The structural characteristics
and surface topology of the SZZ and SZT catalysts were viewed
using SEM (scanning electron microscope) techniques. Fig. 7(a)
depicts the morphology of the SZZ catalyst, showing a homo-
geneous distribution of both grains in variable size. The bulk
grain particles of ZrO2 are nely dispersed across the spherical
surface of ZnAl2O4. This outcome clearly showed that both
ZnAl2O4 and ZrO2 were successfully composited on the SO4

2−/
ZnAl2O4–ZrO2. ZrO2 helps prevent the agglomeration of ZnAl2O4
Fig. 7 SEM-EDX image of (a) & (b) SZZ and (c) & (d) SZT catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
particles and facilitates the dispersion on SZZ solid acid cata-
lyst, improving the surface area that is highly suitable for ace-
talization reactions. The atomic ratio of the catalyst was cross-
veried by EDX (energy-dispersive X-ray) spectroscopy. The
EDX histogram of SZZ Fig. 7(b) reveals the existence of elements
such as Zn, O, Zr, Al, and S on the catalyst surface, as indicated
by their atomic and weight percentage.45,46 Furthermore, Fig.
7(c) depicts the surface morphology of SZT. It was found that
the plate-like morphology of TiO2 was not homogenously mixed
with spherical particles of ZnAl2O4, revealing that particles are
not uniformly scattered on the SZT surface. As a result, the
particle size of SZT is larger, which decreases the surface area.
Consequently, SZT has lower catalytic activity than SZZ towards
glycerol acetalization. The EDX histogram conrms the
synthesis of SZT Fig. 7(d) on the basis of their atomic percentage
present on designed catalyst surfaces such as Zn, Al, Ti, O, and
S.47

2.2 Acidity of catalysts

Synthesis catalyst's acidity and acidic strength are crucial in
glycerol acetalization reactions. As a result, the catalyst's active
site protonates the carbonyl carbon, increases the electrophi-
licity, and further proceeds the reaction. Here, we performed
the N-butylamine titration process to estimate the overall
acidity of the catalyst quantitatively, and the obtained results
are illustrated in Table 2. The obtained result showed that SZZ
had more acidic sites than SZT. Given that the acetalization
reaction of glycerol with acetone relies on an acidic catalyst, the
higher acidity of SZZ contributed to improved glycerol
conversion.13

2.3 Inuence of variable parameters on acetalization

The optimization process for glycerol conversion involved the
various optimized parameters. Important variables including
reaction temperature and time, glycerol and acetone molar
ratios, and catalyst weight% were systematically optimized to
achieve a better yield of solketal. To assess the individual
impact of these factors on glycerol conversion, a series of ace-
talization reactions were performed by the one-variable-at-a-
time (OVAT) method. The following section outlines the ob-
tained results.

2.3.1 Optimization of temperature in solketal synthesis.
The reaction temperature, one of the key factors inuencing
glycerol conversion, was also optimized by uctuating the
temperature from 40 °C to 80 °C. In contrast, all other param-
eters remained constant, as revealed in Fig. 8(a). The optimum
temperature for the highest conversion of glycerol is 70 °C. This
temperature provides a sufficient amount of kinetic energy to
the reactants, which accelerates the glycerol acetalization reac-
tion. It was found that both the glycerol conversion and
percentage yield of solketal increased as the temperature
increased from 40 °C to 70 °C. This temperature increase
facilitates the collision between the reactant molecules, conse-
quently promoting conversion. However, above 70 °C, the
conversion and yield percentages began to decrease. This
decline can be ascribed to the evaporation of the acetone
RSC Adv., 2024, 14, 39511–39522 | 39517
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Fig. 8 Optimization of (a) reaction temperature (glycerol-to-acetone
molar ratio = 1/10, catalyst wt% = 3, time = 120 min), (b) reaction time
(glycerol-to-acetone molar ratio = 1/10, catalyst wt% = 3, reaction
temperature = 70 °C), (c) catalyst weight percentage (glycerol-to-
acetone molar ratio = 1/10, time = 120 min., reaction temperature =
70 °C) and (d) glycerol-to-acetone molar ratio (reaction temperature
= 70 °C, catalyst wt% = 3, time = 120 min.).
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molecule from the reaction mixture. Consequently, an incom-
plete acetalization reaction occurs due to the acetone's
unavailability in the medium's liquid phase. It was noteworthy
that acetalization is an exothermic reaction, with no need for
further temperature for glycerol acetalization.48

2.3.2 Inuence of reaction time. The conversion of glycerol
and solketal yield was also affected by the duration of the
reaction. The optimization of the reaction time for the conver-
sion of glycerol to solketal is illustrated in Fig. 8(b). It was found
that as the reaction time increased from 30 min to 120 min, the
percentage conversion of glycerol increased from 44% to 99.3%.
This rise in conversion can be ascribed to the increased number
of reacting species (glycerol and acetone), which aid in forming
new bonds following the cleavage of existing ones. However,
beyond 120 minutes spent on reaction time, the conversion of
glycerol decreased. This reduction in glycerol conversion may
be attributed to the hydrolysis of the synthesized product,
facilitated by water forming during the acetalization process.49

2.3.3 Inuence of catalyst weight percentage. The acetali-
zation reaction for solketal synthesis is highly inuenced by the
catalyst loading percentage of SZZ, and the obtained glycerol
conversion and solketal yield are depicted in Fig. 8(c). In the
absence of a catalyst, no glycerol conversion was detected.
However, with the increase in the catalyst loading percentage
(based on glycerol weight) from 0.5 to 3.0 wt%, there was
a gradual increase in the conversion of glycerol from 61% to
39518 | RSC Adv., 2024, 14, 39511–39522
99.3%, respectively. This increase can be accredited to the
increased availability of the active sites on the catalyst's surface,
thereby facilitating the interaction and collision between the
acetone and glycerol molecules. Additionally, with an extension
in the loading of catalyst from 5 wt%, both glycerol conversion
and solketal yield began to decrease, potentially due to the
hydrolysis of the synthesized solketal.50

2.3.4 Inuence of the ratio of acetone to glycerol reactants.
The acetalization reaction of acetone with glycerol is reversible.
A higher reactant concentration is necessary to drive the equi-
librium towards the product side. In this process, when the
glycerol-to-acetone molar ratio was set at 1/2, the conversion of
glycerol was notably very low (i.e., 51%). However, a further
increase in the reactant molar ratio from 1/4 to 1/10 showed
a remarkable improvement in conversion and was found to be
99.3% in Fig. 8(d). With the further increase in reactant molar
ratio (above 1/10), a marginal variation was observed in glycerol
conversion. This result could be attributed to glycerol in
acetone's increased accessibility that helps shi the equilib-
rium toward the product formation side. These outcomes
suggest that minimal changes were found in glycerol conver-
sion with the augmentation of the reactant molar ratio (i.e.,
acetone and glycerol).51
2.5 Reaction kinetics

To study the kinetics of the glycerol acetalization reaction using
SZZ heterogeneous catalysts at different reaction temperatures
from 50 °C to 70 °C for 90 to 120 min reaction time, 1/10 glycerol-
to-acetone molar ratio, and 3 wt% catalyst loading. In the
absence of a catalyst, no signicant rate constant was observed.
The glycerol acetalization reaction follows the pseudo-rst-order
kinetics. As we take acetone in excess amount (1 : 10), it would
shi the reaction equilibrium towards the product formation
side. Due to its abundance, the concentration of acetone remains
unchanged during the reaction, and the rate of acetalization
reaction is only inuenced by the concentration of glycerol.
Therefore, the reaction rate can be written as follows.

R ¼ �d½G�
dt

¼ k½G� (6)

where
d½G�
dt

is the change in glycerol concentration per time t

(min), [G] is the concentration of glycerol, and k is the rate
constant. The rate constant for the rst-order reaction was
calculated by using glycerol conversion at different time inter-
vals in eqn (7):

−ln(1 − X) = kt (7)

X shows the conversion of glycerol at time t.
The reaction's activation energy was calculated using the

Arrhenius equation at different temperatures (50–70 °C).

ln k ¼ Ea

RT
þ ln A (8)

where A is the pre-exponential factor, R is the gas constant
(8.314 × 10−3 kJ K−1 mol−1), and T is the reaction temperature.
Fig. 9(a) shows the plot of−ln(1− X) vs. reaction time (t) at three
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Kinetic plot−ln(1 − X) vs. time (min) and (b) Arrhenius plot ln
K vs. 1/T.
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different temperatures. This plot shows good agreement with
the linear aggression model that followed the pseudo-rst-order
kinetics. The reaction's activation energy was calculated using
the Arrhenius equation by plotting between ln K vs. 1/T using
eqn (8), as shown in Fig. 9(b). The obtained activation energy of
this catalyst was observed to be 66.8 kJ mol−1.
Scheme 2 Mechanistic demonstration of the acetalization of glycerol
using the SZZ catalyst.
2.6 Plausible reaction mechanism

The mechanist pathway of acetalization reaction using SO4
2−/

ZnAl2O4–ZrO2 acid catalyst is designed by drawing upon the
previously documented literature. The Langmuir–Hinshelwood
(L–H) model was selected as the most effective in describing the
mechanism of this reaction, which goes through several phases
illustrated in Scheme 2. This reaction mechanism follows the
molecular diffusion technique. At rst, reactant molecules
(glycerol and acetone) are diffused on the catalyst surface,
where they are adsorbed into the pores. In the rst phase,
acetone's carbonyl carbon undergoes protonation by the SZZ
catalyst's acidic sites, enhancing the electrophilicity of carbonyl
carbon. Subsequently, the second phase involves glycerol's
hydroxyl group, which acts as a nucleophile and initiates an
attack on the most electrophilic carbon center of the carbonyl
group. The third phase is attended by deprotonation, leading to
a highly unstable hemiacetal intermediate. This intermediate
undergoes cyclization by eliminating water molecules and
engaging in an SN2 nucleophilic substitution via two pathways.
A ve-membered solketal is created if the intermediate is
attacked by the glycerol's secondary –OH group. Conversely,
cyclization occurs by forming six-membered acetals by attack-
ing the primary –OH group. Notably, kinetic parameters favor
the ve-membered cyclic solketal over the six-membered acetal,
making the solketal a major product in this reaction pathway.52
2.7 Characterization of the derived product

2.7.1 GCMS studies. Gas chromatograph-mass spectros-
copy is a robust analytical method employed to identify the
composition of products within an analytical mixture. The
qualitative and quantitative investigation of the synthesis
product was performed using the GC-MS studies, as illustrated
in Fig. S2.† The retention peak conrmed the production of ve-
membered solketal, which was found at 3.98 min while others
© 2024 The Author(s). Published by the Royal Society of Chemistry
demonstrated the formation of six-membered acetal at
4.31 min. A very small amount of unreacted glycerol was found
at a peak at 4.78 min.

2.7.1 FTIR spectroscopy analysis. Solketal synthesis was
also veried by FTIR spectroscopy. The FTIR spectra of both
glycerol and synthesized solketal are shown in Fig. S4.†
Fig. S4(a)† shows the FTIR spectrum of glycerol. The hydroxyl
group's O–H stretching is allocated to a broad peak at
3408 cm−1, while the glycerol absorption peak, which falls
between 2885 and 2942 cm−1, signies the C–H stretching. The
peak assigned to the C–O–H bending vibration appeared at
1419 cm−1. The peaks with low intensity at 1111 cm−1 were
assigned to the stretching vibration of C–O in 1° alcohol,
whereas the peak at 913 cm−1 was ascribed to the bending
vibration of the O–H group within the glycerol moiety.

The FTIR spectrum of the synthesized solketal is depicted in
Fig. S4(b).† A noticeable peak was observed at ∼3427 cm−1,
assigned to the hydroxyl bonds (–OH) of solketal molecules. The
intensity of this band is comparatively lower than that of glyc-
erol, indicating that glycerol is converted into solketal. Within
the range of wave numbers between 2881 and 2987 cm−1,
regarded as stretching of the C–H methyl bonds, another peak
was observed at 1376 cm−1, which signies the “umbrella”
trend associated with the ketone's methyl group. The band at
1212 cm−1 represents the dioxolane –C–O bond. The asym-
metric bands found at 1155 and 1116 cm−1 are accredited to the
RSC Adv., 2024, 14, 39511–39522 | 39519
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–C–O–C–O–C– bonds, while the peaks at 906 and 788 cm−1 are
allocated to the symmetric vibration of the same bond within
a solketal ring. Additionally, the band at 1042 cm−1 is attributed
to the –C–C–OH bond in the 4th position of the alcoholic
group.53 Several characteristic bands, such as 1045, 1156, 1216,
and 1380 cm−1, were not found in glycerol FTIR spectra, which
indicates the synthesis of solketal from glycerol.

2.7.1 Study of the green parameters of the catalyst. As per
the postulates of green chemistry, minimizing waste generation
in chemical reactions signies a more environmentally friendly
process. As a result, a sustainable process should generate less
amount of waste. Therefore, investigating waste generation
during the catalytic cycle was important to ascertain the proc-
ess's overall environmental impact and eco-friendliness. The
degree of ‘greenness’ of the acetalization reaction catalyzed
using the SZZ catalyst was assessed by considering various key
green parameters. These parameters, environmental factor,
process mass index, and atom economy were calculated using
the provided equations.

E-factor = mass of the produced waste (g)

/mass of the desired product (g) (9)

Process mass index = total mass used in acetalization process (g)

/mass of product (g) (10)

Atom economy (AE) =mass of the isolated product/total mass of

all the substance produced (11)

The E-studies serve as an indicator of the environmental
compatibility of the solketal synthesis. A lower E-value reects
the lower waste production during the process. Similarly, PMI is
dened as the ratio of the total mass of the reactant employed in
the acetalization process to the mass of the resulting isolated
product. Atom economy, however, denes the mass of the
Table 3 Comparative study of the catalytic activity of the synthesized S

Catalyst
Catalyst
loading

Reaction
time (min)

Reaction
temperature (°C) Gly :

20% MoO3–ZrO2 0.03 (gm) 10 50 1 : 8
MOF-808-SO4 (DF)
defective/sulfonated

0.01 (gm) 30 78 1 : 7

GS-SO3H 5 (wt%) 240 RT 1 : 4
SO4

2−/SnO2 5 (wt%) 240 RT 1 : 1
Zr–S 0.3 (wt%) 60 40 1 : 6
SO4

2−/CeO2–ZrO2 9 (wt%) 480 100 1 : 3
Acidic carbon 3 (wt%) 60 100 1 : 2
Fe(NO3)3$9H2O 0.3 (mol%) 60 25 1 : 20
Zr–S-400 0.6 (wt%) 60 40 1 : 6
PSF/K–SiO2 5 (wt%) 90 25 1 : 10
MoM3/SiO2 10 (wt%) 480 100 1 : 1(
Montmorillonite 0.7 (wt%) 30 50 1 : 4.
Montmorillonite 0.7 (wt%) 30 50 1 : 4.
DT-851 sulfonic acid
resin

5 (wt%) 120 58 1 : 20

P-25 0.8 (wt%) 1440 30 1 : 13
Amberlyst-15 0.8 (wt%) 1440 30 1 : 13
SZZ (present work) 3.0 (wt%) 120 70 1 : 10

39520 | RSC Adv., 2024, 14, 39511–39522
isolated product relative to the total mass of all the products
produced in the synthesis process. The only water as a byprod-
uct generated is benign and serves as a solvent in numerous
chemical processes. Similarly, excess acetone was recovered
using a rotatory evaporator and further used in the acetalization
process. Notably, the reusability of the catalyst and solvent is
not considered in the green metrics calculation. E-factor, PMI,
and atom economy were calculated to be 0.81, 1.82 g−1, and
100%, respectively, demonstrating minimum waste generation
during the glycerol acetalization process.54

2.7.1 Reusability studies of the catalyst. Catalyst reusability
plays a signicant role in the acetalization reaction of solketal
synthesis. The activity and reusability of the catalyst were
studied by performing the batch reaction, and it was found that
the catalyst can be used for up to the 5th catalytic cycle.
Throughout the repeated cycle, both the conversion percentage
and solketal yield remain unaffected, as shown in Fig. S5.†
However, beyond the 5th catalytic cycle, a sudden decline in
glycerol conversion and solketal yield was observed. The
observed catalytic activity loss could be due to somemass loss of
sulfur content or pore blockage and surface poisoning by glyc-
erol and acetone during the recycling process. To ascertain the
cause of catalyst deactivation, a leaching test was conducted
using the hot ltration technique. Aer a 90 minute reaction
period, the catalyst was segregated from the reaction mixture by
ltration under hot conditions, during which the glycerol
conversion was found to be >90%. Subsequently, the reaction
was prolonged without the catalyst for an additional 180 min
and showed a slight increase in glycerol conversion (Fig. S6†).
This examination demonstrated that the ltrate did not contain
a signicant amount of soluble active catalyst. Consequently, it
demonstrated the catalyst's heterogeneous nature. The XRD
and FTIR study of the recycled catalyst is presented in Fig. S7
and S8.† Similarly, the SEM image of the 5th recycled catalyst is
ZZ catalyst with the reported catalysts employed in solketal synthesis

Acemolar ratio Solvent
Glycerol
conversion (%) Endurance capacity Ref.

Free 89 5th reaction cycle 2
Free 78 4th reaction cycle 4

Free 91 5th reaction cycle 60
Free 95 5th reaction cycle 61
Free 80 4th reaction cycle 62

(benzaldehyde) Toluene 91.8 Not reported 56
Free 82 5th reaction cycle 63
Free 90 3rd reaction cycle 57
Free 80 4th reaction cycle 62
Free 86.3 5th reaction cycle 64

benzaldehyde) Toluene 72 Not reported 58
1 Free 54 3rd reaction cycle 59
1 CH3CN 94 3rd reaction cycle 59

Free 95 10th reaction cycle 65

Free 87 Not reported 55
Free 64 Not reported 55
Free 99.3 5th reaction cycle

© 2024 The Author(s). Published by the Royal Society of Chemistry
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displayed in Fig. S9.† The similarity in the plots and image of
the reused catalyst with the fresh catalyst validates its catalytic
stability.
2.8 Comparative analysis of the synthesized catalyst with
other catalysts

The heterogeneous acid catalysts for glycerol acetalization under
various reaction conditions that have been reported by several
studies are tabulated in Table 3. Catalysts such as P-25, Amber-
lyst-15,55 and SO4

2−/CeO2–ZrO2 (ref. 56) showed appreciable
glycerol conversion, but the time duration for solketal synthesis
is very high. In contrast, the SZZ catalyst showed good catalytic
activity and gave 99.3% glycerol conversion at 120 min. Similarly,
Fe (NO3)3$9H2O showed a good conversion under moderate
reaction conditions. Still, it required a higher amount of acetone
(i.e., 1 : 20 M of glycerol and acetone) and is reusable only up to
the 3rd reaction cycle.57 In contrast, the SZZ catalyst utilizes
a lower glycerol-to-acetone molar ratio (1 : 10) and shows excel-
lent catalytic stability till the 5th reaction cycle. Likewise, MoM3/
SiO2,58 and montmorillonite59 catalyst showed very poor catalytic
activity and used solvents such as toluene and CH3CN and gave
low conversion of glycerol. Here, the synthesized catalyst
exhibited notable catalytic activity in the solketal synthesis under
solvent-free conditions. In this reaction, the synthesized catalyst
is facile and more efficient for the acetalization process. A
comparative analysis indicates that the SZZ catalyst exhibits
outstanding catalytic activity throughout the reaction when
compared to the reported catalysts. The catalyst's thermal
stability and reusability established it as an effective heteroge-
neous acid catalyst for its broad potential applications.
3 Conclusions

This study provided a more environment-friendly route to
produce solketal in laboratories using the byproduct glycerol
obtained from biodiesel plants via a transesterication process.
We have successfully synthesized heterogeneous acid SZT and
SZZ catalysts and examined their catalytic performance in glyc-
erol acetalization reactions. A comparative study between SZT
and SZZ catalysts was performed for solketal synthesis. Several
characterization processes such as SEM-EDX, XRD, FTIR spec-
troscopy, TGA, BET-surface area, XPS, and the N-butylamine
titration method revealed sulfur impregnation on the catalyst's
surface. All characterizations consistently demonstrated that the
SZZ catalyst exhibits a higher catalytic activity than that of the
SZT catalyst. The catalyst's heightened activity relies on its
elevated acidity, which is a pivotal factor in gaining a substantial
percentage of solketal. The higher acidity of the SZZ catalyst was
very helpful for the acetalization reaction of glycerol to solketal.
The solketal produced was subjected to quantitative and quali-
tative analyses through techniques including 1H and 13C NMR
spectroscopy, FTIR spectroscopy, and gas chromatography. The
acidity of the synthesized catalyst and the conditions of the
reaction played a signicant role in inuencing both the
conversion of glycerol and the solketal yield. The higher TOF of
the SZZ catalyst makes it more desirable for catalytic activities
© 2024 The Author(s). Published by the Royal Society of Chemistry
than the SZT catalyst. To obtain an excellent solketal yield, the
reaction conditions were optimized. Greenness parameters such
as E-factor, PMI, and AE were employed to show that the
synthesis route is environmentally benign and eco-friendly in
nature. In summary, the SZZ catalyst proves to be a cost-effective
and highly active catalyst, and its reusability is demonstrated up
to the 5th catalytic cycle. The repeated utilization of the SZZ
catalyst in solketal synthesis implies the economic feasibility of
the process on an industrial scale, and the cost-effectiveness
indicates the sustainability of the solketal market.
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