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In the present investigation, glycerol and dimethyl carbonate were transesterified using a Li/Mg/K modified
zeolite beta catalyst to synthesize glycerol carbonate. The various prepared zeolite catalysts were char-
acterized using XRD, FE-SEM, EDS, HR-TEM, XPS, and DLS techniques. Many tests were conducted to
optimize the reaction conditions to obtain the highest yield of glycerol carbonate by changing the catalyst
concentration (5-20 wt%), glycerol-to-dimethyl carbonate mole ratio (1:2-1:6), and reaction temperature
(65-105 °C). A maximum of 81.48% glycerol carbonate was obtained under optimized reaction conditions
(@ glycerol:dimethyl carbonate mole ratio of 1:5, a Lo dosage of 10 wt% w.rt. GLY, a temperature of
95 °C, and a time of 5 h). The experimental data followed second-order reaction kinetics with an activation
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1. Introduction

The increasing consumption of fossil fuels leads to increased
global warming. This increase needs to be controlled, and
many countries all over the world have taken many serious
steps to minimize this global warming threat. Renewable fuels
can be used to replace the usage of fossil fuels in our day-to-day
lives. Biodiesel (BD) is the best substitute among all renewable
resources. The growth of BD capacity has increased 5 times
from 2006 to 2020." BD, at a commercial scale, is obtained by
transesterifying a variety of triglycerides, such as jatropha
curcas, used cooking oils, yellow grease, animal fats, etc., with
methanol or ethanol. This reaction, along with fatty acid methyl
esters (FAME), commonly known as BD, also yielded crude
glycerol (GLY) as a by-product®” which is around 10 wt% of the
BD production.®

The largest GLY manufacturer is in Europe, producing
nearly 2.5 million tons of GLY per year, which is estimated to
triple by 2030.° The estimated global market is predicted to be
around US $150 billion by the end of the year 2024."° The rapid
increase in the production of BD in the last few years has
dropped the global price of GLY from US$ 0.27-0.41 per pound
to US$ 0.04-0.09 per pound.’ Thus, it becomes crucial to
convert this crude GLY to value-added chemicals and fuel
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additives like esters, ethers, acrolein, glyceric acid, propane-
diol, acetins, glycerol carbonate (GC), etc.">"* Out of all the GLY
derivatives, GC (4-hydroxymethyl-1,3-dioxolane-2-one) has got
more attention as it is a green compound of the century,
biodegradable, less toxic with a high boiling point, and low
flammability properties. It is extensively used in the manufac-
turing of plastic, paint, biological lubricants, and fibers, as a
solvent in the cosmetic industries, and as an electrolyte for
lithium-ion batteries."* Moreover, it plays a significant role in
the synthesis of polymers and glycidol.’® The Transparency
Market Research report says that the global market for GC will
hike at around 7% per year and reach US$ 2.4 billion by 2030.

Various direct and indirect catalytic pathways have been
designed to convert GLY to value-added products shown in
Scheme 1.'® Among all the pathways, the indirect synthesis
pathway involved carboxylation of phosgene and transesterifi-
cation using alkylene and dialkyl carbonate.'”” GC synthesized
via these pathways showed a high yield as nucleophilic carbon
of the carbonate group reacts with the hydroxyl group of the
GLY. The direct synthesis pathways were used earlier and were
stopped due to the hazardous nature of carbon monoxide.
These days, Huntsman Corporation is using oxidative carbony-
lation for the production of GC. Carbonates like alkyl carbo-
nates and dimethyl carbonates (DMC) can also be used as a
source of carbonate for the reaction. Direct carboxylation of
GLY with DMC is the potential pathway for GC synthesis under
mild reaction conditions. This pathway not only gives maxi-
mum conversion of GLY and yield of GC but also provides easy
separation as there is quite a large difference in the boiling
point of reactants and the product obtained."®

A basic homogeneous as well as heterogeneous catalyst is
required to synthesize GC from GLY via transesterification
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Scheme 1 Various pathways for the synthesis of GC.

reaction."® Many homogeneous catalytic systems are reported in the
literature, viz., K;CO;,* trimethylamine, ionic liquids,** alkali and
alkaline earth metal hydroxides.”® Although excellent results are
obtained from these catalysts, they also have disadvantages like
difficulties in separation from the reaction mixture and impossibility
of its reuse. To conquer these drawbacks, heterogeneous catalysts
were adopted in the transesterification reaction. It is very simple to
remove these catalysts from the reaction medium and reuse them
multiple times. A variety of basic heterogeneous catalysts have been
used by researchers in the past few decades, viz., MgO,>***> Ca0,*®
CaO-Zr0,,”” Mg/ZnO,*® Ca-Al hydrocalumite,” mixed oxides,**>*
NaAlO, doped Ca0,*® Na,Si0;,* oil palm empty fruit bunch ash,?”
Ti-SBA-15,® Ni/FA*® K-TUD-1, Co/MCM-41,"" K-=zeolite,”” anion
exchange resins,” Na-based zeolites,* trisodium phosphate,*> Sr-
AL etc. Catalysts like metal oxides and mixed metal oxides show
high GC yield but also leaching problems that degrade their
reusability properties. Basic sites of the catalyst are responsible for
the initiation of the reaction. The catalyst made with metals like
lithium (Li), sodium (Na), potassium (K), cerium (Ce), molybdenum
(Mo), etc. gives a good yield of GC. Lithium nitrate shows a strong
ion size effect of all alkali metals, which is responsible for creating
strong basic sites. The literature shows some catalysts with lithium
metal such as alkali metal silicates (Li, Na, K)," Li/CaO-La,05,"®
Li/Mg composites,”® LiNO;/Mg,AlOs5,>° Li/ZnO,”" Li/MCM-41,>>
Li/CFA,> Li,Si0,,>* Li-oil palm ash zeolite,”> and Li/ZrO," used
for the transesterification reaction of GLY and DMC. Very less
literature is available on the transesterification reaction using zeolite
and modified zeolite.® A comparison of the presently used catalyst
and other catalysts reported in the last 10 years is shown in Table 1.
Hence, the present work is focused on zeolite beta modified with
alkali and alkaline earth metals like Li, Mg, and K for synthesizing
GC via the transesterification reaction of GLY and DMC under mild
conditions. The main purpose of using alkali and alkaline earth
metals with zeolite is that they provide several benefits like reduc-
ing support acidity, improving physiochemical properties, and
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increasing the basicity of oxygen atoms in the zeolite frame-
work. Various Li modified zeolite beta catalysts were synthe-
sized and the best-performing Li modified zeolite was
compared with Mg and K modified zeolite beta. '"H NMR
spectroscopy was performed for the quantification of GC
formed and the remaining GLY in the reaction. The kinetic
study of the reaction was also performed. A comparison with
previously reported zeolites is presented in Table S1 (ESIY).

2. Experimental section

2.1. Materials

The ammonium form of zeolite beta was purchased from Alfa
Aeser Company. DMC was procured from Spectrochem Pvt.
Ltd (India). Lithium nitrate (LiNO;3), magnesium nitrate
(Mg(NO3),), potassium nitrate (KNOj), GLY, methanol, ethyl
acetate, and potassium permanganate (KMnO,) were pur-
chased from LobaChemie Ltd, India. Sigma-Aldrich (USA)
provided the D,O used in the 'H and *C NMR experiments.
All of the reagents were used as they were originally obtained
from the company.

2.2. Catalyst synthesis

The ammonium form of zeolite was converted to the hydrogen
form by calcining it at 350 °C for 3 h. By this step, the H-form of
zeolite beta was prepared and was ready to be used in the
reaction. A 30 mL solution of lithium nitrate salt was prepared
at a particular concentration and mixed with 1 g of zeolite beta.
The above-mentioned solution was continuously mixed at 35 °C
for 4 h and then filtered. It was then oven-dried at 120 °C for
12 h. Finally, the calcination process of the obtained white
powder was done at 700 °C for 4 h. Thus, impregnation of
lithium in the zeolite was done using this procedure. Similarly,
other metals like Mg and K were impregnated in the zeolite

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Catalyst ~ Reaction GLY Selectivity

Catalyst loading  conditions Yield (%) conversion (%)  of GC (%)  Reusability = Ref.
LiNO;/Mg,AlO; 5 Wt% 1:3,80°C, 1.5 h 96.28 100 — — 50
Trisodium phosphate 3 wt% 1:2,70°C, 1 h 99.5 99.5 100 9 46
Li/Ca0O-La,03 5 wt% 1:15,60 °C, 2.5 h — 96.3% — 5 48
Na,Si05-200 09g 1:4,75°C, 2.5 h 91.8 97.7 94.0 5 36
MAZ 0.1g 3:1:1, 75 °C, 90 min 94 — — — 30
Li-OPAZ 2 wt% 2:1, 343 K, 90 min 98.0 100 — 5 55
Li/ZnO 5 wt% 1:2,95°C,4 h 96.12 97.40 — 4 51
Sr-Al 3 wt% 1:2,70°C,1 h 99.4 99.4 100 5 47
BaO 5 wt% 1:3; 120 °C, 1.5 h, DMF 68.6 98 70 — 33
CaO 3 wWt% 1:3,80°C,2h 92.1 — — — 26
Li-La,03 3.3 wt% 1:3,85°C,3h 94.4 93.7 92.1 4 49
MgO 03g 1:3,90 °C,2 h 99 — — 3 25
Ti-SBA-15 5.5 wt% 1:5,100 °C, 2 h — — — 3 38
MgO-CeO, 03g 1:5,90 °C, 90 min 86.0 — 100 — 31
NaAlO, 30 wt% 1:4,70 °C,2 h 85 85 100 5 35
EFBA 5 wt% 1:5,90 °C, 45 min 95.6 — — 4 37
MgO-500 300 mg 1:5,90 °C, 100 min 93.0 — 93.0 5 24
Li/ZrO, 5 wt% 1:3,95°C,2 h 91.0 91.0 100 4 13
K/TUD-1 6 wt% 1:5,90 °C, 2.5 h 91.53 98.0 — 4 40
CaO-ZrO, 03g 0.6:1,90 °C, 2 h — 97.0 93.0 — 27
Mg/ZnO 3 wt% 4:1,80 °C,2 h 90.17 98.40 98.37 6 28
CoFe,0,@(Ca0-Zn0) 46 mg 1:5,85°C,2.5h 96.9 97.7 99.2 5 34
Ni/FA 7.5% 1:12, 550 °C, 220 min — 98.6 — — 39
Ca/Al 015 g 1:3,70°C, 3 h — 93 97 6 29
Li/CFA 2 wt% —,90°C,2h 91.72 96.33 — 4 53
Li/MCM-41 4 wt% 1:3,90 °C,3 h 93.14 £ 2.52% 99 + 1.89% — 4 52
Dowex 1 x 2 2 wt% 2:1,105°C,5 h 43 95.0 45.5 — 44
Co/MCM-41 6 Wt% 1:3,90 °C,2 h 81.6 96.7 — 4 41
Mg Zr,-HT 3 wt% 1:5,90 °C, 60 min 96.0 91.3 95.1 4 32
Li/Mg 4 wt% 3:1,80°C,2 h 90.61 92.05 99.44 4 49
LiyB 10 wt% 1:5,95°C,5h 81.48 — 100 5 Present work

using the same procedure. Different concentrations of metal-
modified zeolite are designated as Li,[3, where x represents the
metal content in wt%, M represents the loaded metal and
B stands for zeolite beta. The diagrammatic representation of
the modification of zeolite beta is shown in Fig. S1 (ESIt).

2.3. Characterization

A series of Li-modified zeolites were prepared using the wet-
impregnation method. Various characterization techniques
were used to check the modification of zeolite beta. The powder
XRD was carried out using Cu-Ko. (4 = 0.15406 nm) radiation on
a Rigaku SmartLab SE instrument with an angle range of 5 to
80°. Field emission scanning electron microscopy (FE-SEM) of
various catalysts was performed on a Zeiss instrument. X-ray
photoelectron spectroscopy (XPS) was carried out using a
Thermo Fisher ESCALAB Xi+ instrument to identify the ele-
ments present in zeolite samples. DLS of the pure and Li,of
zeolite samples was performed on a zeta potential analyzer
(model: ZEN 3600, Malvern, UK). HR-TEM images of pure and
Li,of zeolite samples were obtained from a JEOL JEM
2100 PLUS instrument. A JEOL ECS-400 (400 MHz) instrument
was used to record the Fourier transform-nuclear magnetic
resonance (FT-NMR) and "C-NMR spectra of GLY and GC
having tetramethyl silane (TMS) as an internal reference. A
QTOF mass spectrometer with UPLC (XEVO G2 XS) was used to
calculate the mass of the product and leftover reactant in the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

reaction mixture. KBr pellet FTIR (Fourier transform infrared)
was performed on an IRTracer-100 instrument.

2.4. Synthesis of GC

GLY and DMC were transesterified with a metal-modified
zeolite beta catalyst to produce GC. The reactants and catalyst
were taken in a 50 mL two-necked round bottom flask (RBF),
having a thermocouple attached, a water-cooling condenser, a
magnetic stirrer, and an oil bath. The two-necked RBF was
placed inside the oil bath. The magnetic stirrer and thermo-
couple were inserted into the oil bath to monitor the reaction
temperature. In a typical reaction, 0.054 and 0.107 moles of
GLY and DMC, respectively, were added into the RBF, followed
by the addition of a specific amount of the desired catalyst. The
reaction was carried out at 95 °C for 4 h. Aliquots were taken
after every hour to check the performance of the catalyst and its
feasibility for the scale-up reaction where its reusability was
checked. Thin layer chromatography (TLC) was adopted to
observe the reaction progress having ethyl acetate as the mobile
phase and aluminium silica plates as the stationary phase.
Firstly, TLC was run in ethyl acetate solvent and, after that, it
was air-dried and dipped in KMnO, solution. The brown color
of the present components was developed on the TLC plate
against the purple color of KMnO, by gently heating it with a
hot air gun. The reaction was stopped when it reached the
desired point, and the catalyst was isolated from the reaction

New J. Chem., 2024, 48, 4617-4628 | 4619
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Scheme 2 Synthesis of the by-product (glycidol).

mixture via filtration or centrifugation and washed with
methanol. It was dried in an oven at 120 °C overnight and
recalcined at 700 °C. The remaining reaction mixture con-
taining DMC and methanol was evaporated using a rotary
evaporator at 65 °C. A blank reaction was also performed to
check the role of Li present in the catalyst. Sometimes, the
by-product glycidol is also produced in the reaction shown
in Scheme 2.

The GC obtained was then characterized by 'H NMR, "*C
NMR, FTIR, and HRMS spectroscopy. A maximum yield of
81.48% of GC was obtained under optimized reaction
conditions. "H NMR (400 MHz, D,0): § (ppm) 4.80-4.75
(m, 1H), 4.47-4.42 (t, J = 12 Hz, 1H), 4.23-4.19 (q, 1H),
3.73-3.69 (dd, J = 16,4 Hz, 1H), 3.58-3.55 (m, 1H), 3.54-3.50
(dd, J = 12,4 Hz, 1H), 3.44-3.40 (dd, J = 8,4 Hz, 3H),
3.35-3.31 (dd, J = 12,4 Hz, 3H) (Fig. S2, ESI{). "*C NMR
(100 MHz, D,0): 6 (ppm) 157.90, 78.04, 72.05, 66.83, 62.48,
60.91 (Fig. S3, ESIt). FT-IR (KBI) Vpay (cm™?): 3246, 2938,
2879, 1767, 1483, 1182, 1052, 921 (Fig. S4, ESI{). HRMS
(ESI-TOF): (m/z) [GC] calculated for C,HsO,: 118.0498,
found: 118.0502 (Fig. S5, ESIT).
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The obtained reaction mixture containing GC and GLY was
then quantified using "H NMR spectroscopy shown in Fig. 1
using eqn (1):

I
%Coe = 100 x [ —2—).
orec (Id +Icz)

where %Cgc is the percentage of GC, I, is one of the methylene
protons’ (c,) integral of non-superimposed doublets of GC, and
Iq + I, is the complete integral of the methylene proton (c,)
doublet of the superimposed protons of GC and the methine
proton (d) of GLY.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. X-ray diffraction (XRD). Fig. 2a shows the XRD
patterns for the comparison of alkali and alkaline earth metals
such as Li, Mg and K. The XRD patterns of zeolite beta and
LiyoP zeolite with different phases that are formed are shown
in Fig. 2b. The characteristic peaks of LiAlO, (JCPDS card no.
38-1464), Li,SiO; and Li,SiO, are shown in the graph.>*”” It is
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'H NMR spectra of (a) pure GC, (b) the reaction mixture under optimized reaction conditions, and (c) pure GLY.
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Fig. 2 (a) Comparison of the XRD patterns of beta, Li, Mg, and K modified beta zeolite and (b) XRD patterns of different phases of Li with alumina and silica.

clearly visible from the XRD patterns that there is no change in
the structure of the zeolite framework even after the modifica-
tion with active metal.

3.1.2. Field emission scanning electron microscopy
(FE-SEM). The morphological images of the parent zeolite beta
and Li, Mg and K modified zeolite beta are shown in Fig. 3. The
figure displays the spherical shapes of parent zeolite beta,
which becomes slightly distorted after modification with Li,
Mg and K as illustrated in Fig. 3b-d. The particles have
spherical shapes but do not have well-defined edges. The metal
modified zeolites also show a spherical structure, which con-
firms that the basic morphology of the zeolite remains the
same even after modification. The EDS spectra of metal (Li, Mg,
K) modified zeolite are shown in Fig. 4. The spectra revealed
that a good amount of metal is loaded on the zeolite beta. As Li

Fig. 3 FE-SEM images of (a) parent zeolite beta and (b) Li modified, (c) Mg
modified, and (d) K modified zeolite beta.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

cannot be detected in SEM/EDS, no peak of Li is observed in the
EDS spectra of Li,of zeolite.

3.1.3. High-resolution transmission electron microscopy
(HR-TEM). The obtained HR-TEM images of the Li,op catalyst
are shown in Fig. 5. It is clearly visible from the figure that the
Li,oP catalyst possesses some distortion in the spherical struc-
ture. The same results are observed from the FE-SEM images.
The average grain diameter and average distance between the
two grains come out to be 500 nm and 24.28 nm, respectively.

3.1.4. Dynamic light scattering (DLS). The DLS graphs of
beta and Li,op zeolite are shown in Fig. 6. DLS was performed
to study the size distribution of the beta and Li,,f catalysts in a
suspension. The hydrodynamic size of beta and Li,,f zeolite
from DLS comes out to be 531.326 nm and 605.699 nm,
respectively. The increase in the hydrodynamic size of Li,p is
due to impregnation of Li metal over the surface of the zeolite
beta, which results in an increase in its size.

3.1.5. X-ray photoelectron spectroscopy (XPS). XPS of the
catalyst (LiyoB) was carried out to study its quantitative ele-
mental composition (Fig. 7a) and the service spectrum of the
Li,oP catalyst shown in Fig. 7b depicts the characteristic peaks
of Li (1s), O (1s), Si (2p), and Al (2p).”*® The Li 1s spectrum has
two deconvoluted peaks with binding energies at 53.9 eV and
54.9 eV as shown in Fig. 7c. The peak at 53.9 eV confirms the
Li-O linkage and the peak at 54.9 eV confirms the Li-O-Si
linkage. The spectrum of O 1s has been divided into three
peaks having binding energies of 530.6, 531.2 and 532.1 eV as
shown in Fig. 7d. The peak at 530.6 eV corresponds to the Li-O
linkage, the peak at 531.2 eV confirms the presence of the
lattice form of oxygen of the zeolite and the peak at 532.1 eV
corresponds to the hydroxyl group.®® The peaks in Fig. 7e at
102.1 and 102.6 eV are the lattice form of Si 2p, which
corresponds to Li,SiO;, and the Si-O-Si linkage, respectively.
The spectrum of Al 2p shown in Fig. 7f shows a peak at
74.06 eV, which corresponds to Al-O.

New J. Chem., 2024, 48, 4617-4628 | 4621
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Fig. 4 EDS spectra of (a) parent zeolite beta and (b) Li, (c) Mg, and (d) K modified zeolite beta.
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3.2. Catalyst screening

3.2.1. Selection of metal loading on zeolite beta. In this
study, the zeolite beta catalyst was prepared using various alkali
and alkaline earth metals such as Li, K, and Mg. In order to
determine the catalytic performance of the prepared catalyst,
the transesterification reaction of GLY and DMC at a molar
ratio of 1:5 was performed for 5 h at 95 °C (Fig. 8). The reaction
was also performed with the pure zeolite beta catalyst and
without any catalyst to check the product formation, i.e. GC, in
the reaction, and it was observed that no product formation was
observed without the catalyst and traces of product in the
presence of the pure zeolite beta catalyst. The prepared cata-
lysts exhibited 100% selectivity towards GC without the for-
mation of side products. Among all the prepared catalysts, Li-
and K-modified beta zeolite exhibited higher activity. However,
while comparing the stability of Li- and K-modified zeolite, Li
modified zeolite showed better catalytic activity. Li, K, and Mg

4622 | New J. Chem., 2024, 48, 4617-4628
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Fig. 6 DLS graph of parent and Li modified zeolite beta.

modified zeolite beta gave 81.48%, 76.71%, and 59.35% yields
of GC, respectively. So, Li/beta zeolite containing 20 wt% Li was
selected for all the reactions for the purpose of obtaining the
highest GC yield.

3.2.2. Li impregnation over the surface of zeolite. To
achieve the maximum yield of GC, zeolite beta was treated with
different concentrations of lithium-nitrated solutions using the
wet impregnation method. The catalytic activity of the modified
zeolite was examined at a dosage of 10 wt% and a reactant mole
ratio of 1:5 at a temperature of 95 °C for a reaction time of 5
hours. From Fig. 9, it is clearly visible that a 20 wt% loading of
Li on zeolite beta gives the maximum GC yield, which is
81.48%. With an increase in the Li metal concentration, the
catalytic activity of the zeolite increases. An increase of the GC

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 8 Effect of different metal contents in zeolite on the yield of GC
(reaction conditions: GLY : DMC mole ratio, 1: 5; Lioof dosage, 10 wt% w.r.t.
GLY; temperature, 95 °C; time, 5 h).

yield is observed with 5 to 20 wt% Li loading, and at a 25 wt%
catalyst dosage, a decrease in the yield is observed owing to
excessive Li clogging the active basic sites present on the zeolite
surface, thereby decreasing the yield of GC. Therefore, 20 wt%
Li-loaded zeolite beta, named Li,o3 zeolite, was taken for
further reactions to achieve the maximum GC yield.

3.3. Effect of reaction parameters

3.3.1. Effect of Liy,p catalyst dosage on GC yield. The
transesterification reaction depends on the presence of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Li impregnation on zeolite (Wt%)

Fig. 9 Effect of Li metal on GC yield (reaction conditions: GLY:DMC
mole ratio, 1:5; Liof dosage, 10 wt% w.r.t. GLY; temperature, 95 °C;
time, 5 h).

active sites of the basic catalyst which further depends on the
type of metal loading on the surface. The more the active sites
present, the more the interaction of active sites with the
reactants, which leads to high conversion. A negligible reaction
occurs in the absence of the catalyst. This is the reason for
choosing a good basic catalyst that can cross the activation
energy barrier easily. To achieve the maximum GC yield,
various catalytic reactions were carried out by changing the
catalyst concentration w.r.t. GLY. Li,op catalysts with different
concentrations, i.e. from 5 to 25 wt%, were used and a max-
imum yield of 81.48% was achieved at 10 wt% (Fig. 10).
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Fig. 10 Effect of catalyst loading w.rt. GLY (reaction conditions: GLY:
DMC mole ratio, 1:5; Lixof dosage, 10 wt% w.r.t. GLY; temperature, 95 °C;
time, 5 h).

However, when the catalyst loading was further increased, it led
to a decrease to 64.48% and after that no noticeable change was
found in the yield. This could be due to the accumulation of the
catalyst particles, which inhibited the mass transfer to the
active sites of the catalyst.”’ Hence, a 10 wt% catalyst dosage
came out to be the best dosage for the GC synthesis and was
selected for optimizing the rest of the parameters for the
transesterification reaction.

3.3.2. Effect of the GLY/DMC mole ratio on GC yield. The
mole ratio of reactants, i.e. GLY/DMC, is one the most impor-
tant factors affecting the conversion and synthesis of GLY and
GC, respectively. In the present work, the mole ratio is varied
from 1:2 to 1:6 for the synthesis of GC as shown in Fig. 11.
Initially, as the mole ratio increases, the GC yield increases up
to 1:5 from 50.71% to 81.48%. After that, a reduction in the GC
yield of 67.76% is observed, which may be due to the increase
in the immiscibility of the reactants. As we know, GLY is
hydrophilic and DMC is hydrophobic in nature; hence, due to
the high concentration of DMC in the reaction, the formation

90

80

70

1:2 1:3 1:4 1:5 1:6
GLY/DMC mole ratio
Fig. 11 Effect of catalyst loading w.rt. GLY (reaction conditions: GLY:
DMC mole ratio, 1:5; LixoP dosage, 10 wt% w.r.t. GLY; temperature, 95 °C;
time, 5 h).
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Fig. 12 Effect of catalyst loading w.r.t. GLY (reaction conditions: GLY:
DMC mole ratio, 1:5; LioP dosage, 10 wt% w.r.t. GLY; temperature, 95 °C;
time, 5 h).

of these two phases makes the reaction difficult to proceed,
which ultimately decreases the yield of GC.**

3.3.3. Effect of reaction temperature on GC yield. Gener-
ally, transesterification is a reversible reaction and thus tem-
perature has a significant impact on the progress of a reaction.
In general, the higher the reaction temperature, the higher the
rate of the reaction and hence the higher the GC yield. To
obtain the highest yield of GC, the reaction temperature was
varied from 65 °C to 105 °C at a 10 wt% catalyst loading with a
mole ratio of 1:5 for a 5 hours reaction time as shown in
Fig. 12. The same figure represents a prominent rise in the yield
of GC from 65 °C to 95 °C. At 95 °C, an 81.48% yield of GC was
obtained, the reason being the maximum successful collisions
occurred between both reactants at the highest temperature.
Beyond this temperature, a slight reduction in the yield was
observed, which could be attributed to the decarboxylation of

90

80 +

70

% GC yield

1 2 3 4
Reaction time (h)
Fig. 13 Effect of catalyst loading w.rt. GLY (reaction conditions: GLY:
DMC mole ratio, 1:5; Lixop dosage, 10 wt% w.r.t. GLY; temperature, 95 °C;
time, 5 h).
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Fig. 14 Comparison of the Liof zeolite (a) before and (b) after the transesterification reaction.

GC into glycidol, which led to ring opening of the GC structure
and hence a decrease in the yield of GC.”®

3.3.4. Effect of reaction time on GC yield. To study the
effect of reaction time, the reaction was performed for 6 hours
and the observations are shown in Fig. 13. The maximum GC
yield was observed in 5 hours under the reaction conditions of a
10 wt% catalyst dosage, a GLY : DMC mole ratio of 1:5 at 95 °C.
The yield of GC increases from 31.1% to 81.48% in the first five
hours of the reaction run. After this, a slight decrease is
observed in the sixth hour of the reaction run, which may be
due to the excessive basic active sites on the Li,,p catalyst
surface being used to decarboxylate the GC molecule.”*

3.3.5. Regeneration of the catalyst. The key benefit of using
heterogeneous catalysts is its reusability, which makes them
more useful at a large scale by lowering the price of the product.
The transesterification reaction of GLY with DMC was per-
formed using the catalyst Li,o under optimal reaction condi-
tions of a GLY : DMC mole ratio of 1:5, a 10 wt% Li,,f catalyst,
a 95 °C reaction temperature and a 5 hours reaction time. The
catalyst was regenerated after every cycle. The catalyst was
washed with methanol and then oven-dried overnight. After
that, it was recalcined at 700 °C. The reactions were performed
using the regenerated catalyst and Fig. 14 shows the FE-SEM
images of the Li,,p catalyst before and after the transesterifica-
tion reaction of GLY with DMC.

90
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= 60 - iy
- L 608
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v
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- 400
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Fresh 1 2 3 4 5
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Fig. 15 Reusability of Li,op zeolite (reaction conditions: GLY: DMC, 1:5;
Liop dosage, 10 wt% w.r.t. GLY; temperature, 95 °C; time, 5 h).
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3.3.6. Recyclability of the catalyst. The recyclability of the
Li,oP zeolite catalyst was tested by regenerating it as mentioned
in the above section under the optimal reaction conditions
(GLY:DMC mole ratio of 1:5, 10 wt% Liyop catalyst, 95 °C
reaction temperature and 5 hours reaction time). The Liy,f
zeolite was reused up to five catalytic cycles under the optimal
reaction conditions. A gradual decrease in the GC yield was
observed from 81.48% to 59.88% for the five cycles and this is
shown in Fig. 15. Although a decrease is observed, no side
product formation is observed during the reusability process up
to five cycles.

4. Reaction kinetics

The kinetics for the transesterification of GLY and DMC has
scarcely been reported in the literature as shown in Table S1
(ESIY). The reaction kinetics of transesterification of GLY and
DMC was studied in the presence of 10 wt% of Li,of zeolite as
the best-performing catalyst at temperatures ranging from
65 °C to 95 °C and a 1:5 mole ratio of GLY : DMC for a 5 hours
reaction time. The aliquots were collected after each hour
during the reaction for all the four temperatures. The transes-
terification reaction of GLY and DMC over Li,of zeolite is
shown in Scheme 3.

The reaction order was found by plotting rate equations for
zero, first and second orders, which are shown in Fig. S6 (ESIf).
From all the graphs plotted, the relatively higher value of R?
which was 0.98, for the second-order reaction rate suggested
that the transesterification reaction of GLY and DMC over Li,o3
zeolite followed second-order kinetics as shown in Fig. Séc
(ESIY).

(o]

o 1

0
10 wt% LiyB o 0
OH + )j\ —_—— +
\0 o /

2CH;0H
95°C,5h
OH
OH
Glycerol Dimethyl carbonate Glycerol carbonate Methanol
(GLY) (DMC) (GC)

Scheme 3 Synthesis of GC using Liyop zeolite.
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Table 2 Effect of the rate constant with reaction temperature
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Table 3 Activation energy and pre-exponential factor

Reaction temperature (°C)

Rate constant, k (min ")

Activation energy, E, (k] mol )

Pre-exponential factor, A

65
75
85
95

0.328
0.576
0.705
0.905

Table 2 shows the temperature effect on the rate of the reaction

and it was confirmed that the & value increases with an increase in
the temperature of the reaction. The second-order kinetics at
various reaction temperatures is shown in Fig. 16a. The slope of
this graph gives different k values for the reaction, which was
further applied in the Arrhenius equation to find the activation
energy, and the plot of In k against 1/T is shown in Fig. 16b.

—Ey
k = AeRT

1)

E,
Ink =In A RT

2)

where k represents the reaction rate constant, E, represents the
activation energy, A represents the Arrhenius constant, T repre-
sents the temperature and R represents the universal gas
constant for the reaction.

From Fig. 16b, the activation energy (E,) comes out to be
34.60 k] mol " and the pre-exponential factor (4) comes out to
be 7.76 x 10" for the transesterification reaction (Table 3).
According to the literature, the activation energy has been
reported in the range of 22.012 to 53.77 k] mol .

5. Plausible mechanism

Li,oP zeolite catalyzed transesterification reaction of GLY with
DMC comprises the interaction of the catalyst with both
substrates (Scheme 4). Firstly, the basic sites present on the
Li,of zeolite withdraw the primary hydroxy group of GLY and at
the same time they accompany the interaction between the O of
DMC and Si present on the surface of the catalyst. Moreover,
DMC gets triggered by the Lewis acidic sites of Si present in
zeolite. Furthermore, the carbonyl group present on DMC was

R*=0.982

4 p>on

R3=0.931

.

R2=0.895

Time (h)
Fig. 16
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Scheme 4 Plausible mechanism presenting the interaction between GLY,
DMC and Liyof zeolite.

nucleophilically attacked by the primary hydroxy group of GLY,
followed by alcohol elimination to form an intermediate.>* The
intermediate undergoes intramolecular nucleophilic substitu-
tion to synthesize GC by eliminating another alcohol molecule.

6. Conclusion

In the present work, zeolite beta was successfully modified with
different alkali and alkaline earth metals using the wet-impregnation

0.0

(b) R?=0.949

-0.2

0.4

In k

-0.6

-0.8

§

T
295

T T T
2.80 2.85 2.90

/T

T T
2.70 2.75

(a) A plot of 1/(1 — Xgc) vs. reaction time for the transesterification reaction and (b) In k vs. 1/T plot for transesterification of GLY with DMC.
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method. Under optimal reaction conditions (GLY:DMC, 1:5;
catalyst dosage, 10 wt% w.r.t. GLY; temperature, 95 °C; time,
5 h), LiyoP zeolite became the optimum catalyst for the trans-
esterification reaction. A maximum GC yield of 81.48% was
observed and the reaction showed second-order reaction
kinetics having an activation energy of 34.60 kJ mol '. The
stability and performance of Li,,f3 were examined by reusing it
for five reaction cycles, which showed a decrease in the GC yield
of 59.9% but imparting 100% selectivity towards GC.
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