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Dimethyl Carbonate Synthesis via Transesterification of Propylene
Carbonate Using a Titanium—Praseodymium-Based Catalyst
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ABSTRACT: Dimethyl carbonate (DMC) and propylene glycol U/>7 Tipr Catalyst 9
(PG) synthesis through a methanol and propylene carbonate (PC) /\D e e 1P 4 + o oH
reaction, also referred to as a transesterification reaction, is @ NEW  ponyienecarbonste  Mthanol
and green alternative to other routes, such as phosgene
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methanolysis, urea methanolysis, etc. In this paper, the 2 o B
titanium—praseodymium-based catalyst prepared via the co- & s
e X " Y = 60 503
precipitation method has been used to improve the yield and £ a0s
selectivity of DMC production. Different combinations of catalysts §»§ » \[ﬁ ot P
were synthesized, referred to as TigoProo1, Tig9rProos TioosProos & 2 . 10
and TiygsPry s, according to the molar ratio of Ti with respect to g e e s~ nl =3 L
Pr. The catalysts have been studied and analyzed through various ’ e ;;;I;T - e
characterization techniques, such as X-ray diffraction (XRD), field mRPC conversion (%)  MEDMC Yield (%) wsSeloctivity —TOF (h1]

emission scanning electron microscopy (FESEM), Fourier trans-

form infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). The Brunauer—Emmett—Teller (BET) surface
area and pore volume diameter have been studied through N, adsorption—desorption using BET and Barrett—Joyner—Halenda
(BJH) models, respectively. The basicity was determined through the carbon dioxide temperature-programmed desorption (CO,-
TPD) for understanding the reaction mechanism. The reaction was carried out in the batch reactor, keeping the temperature range
of 160—180 °C and the molar ratio of methanol/PC in the range of 3—10. The study has also been made on oxygen vacancy
concentrations in the mixed oxide catalysts as a result of the mixing of Pr with Ti, thereby affecting the yield and selectivity of DMC.
The maximum yield of DMC was obtained with the TiygsPry, catalyst at a temperature of 170 °C which resulted in the PC
conversion of 81.7%, turnover frequency (TOF) of 0.120 h™, and selectivity of 71.6% for DMC.

1. INTRODUCTION
The demand for fuels and additives has been traditionally

tional route of phosgenation is now banned in several countries
as a result of the toxicity of phosgene, the production of
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fulfilled through the use of coal, natural gas, etc. However,
these chemicals emit harmful gases in the atmosphere that
make them environmentally unsustainable." Hence, it is
desirable to use green chemicals that help in combating
these emissions and also provide an alternative to biodegrad-
able substances.” One such chemical that is highly oxygenated
with about 53 wt % oxygen content is dimethyl carbonate
(DMC), which can be used in several industries, including fuel,
cosmetics, paint, polymer, etc.”’ It is biodegradable in nature
and can be used in lithium batteries as an additive.” It finds its
applications as a raw material during carbonylation and
methylation reactions and as an alternative to several toxic
chemicals, such as methyl chloroformate, dimethyl sulfate, and
phosgene, and can be used for the production of polyurethane,
polycarbonate, etc.’”*

There are several routes through which DMC can be
produced that include methanol7ysis of phosgene/urea,
oxidative carbonylation of methanol,” electrochemical method,
transesterification of methanol using propylene carbonate
(PC)/ethylene carbonate (EC) with methanol, and direct
synthesis from carbon dioxide and methanol.® The conven-
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hazardous waste products, and its harmful effects on the
environment. The green route is the direct synthesis route
utilizing carbon dioxide that helps curb greenhouse gas
emissions in the atmosphere and uses it to produce DMC.
However, this route has a thermodynamic constraint because it
is non-spontaneous and involves the production of water. The
route that is currently used for the production of DMC is
methanol oxycarbonylation; however, it suffers from various
setbacks. In this process, Cu halide is used, which is a
homogeneous catalyst; hence, the separation from the product
becomes difficult.” To overcome these problems, in this paper,
the study has been made on the transesterification route in
which methanol and PC are used as raw materials, and the
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Scheme 1. Transesterification Reaction of PC with Methanol'’
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reaction can be carried out in the batch reactor in the presence
of catalysts and produce the major products, DMC and
propylene glycol (PG). The production of PG as a product in
this reaction is also an advantage because it can also be used in
the chemical industry after its separation from the products.’

Historically, various homogeneous catalysts were employed,
but they pose a problem of separation from the product.
Recently, heterogeneous catalysts have been adopted in the
reaction that include bimetallic oxides, which resulted in
increased PC conversion and an effective yield of DMC."
Kumar et al.® used Ce—M (M = Co, Fe, Cu, and Zn) for this
reaction and found that maximum basicity was obtained with
the combination of Ce—Cu and, hence, increased the DMC
yield to 71.9%. The same group used the Ce—Zn catalyst with
different chelating agents and achieved a DMC selectivity of
95%. Song et al."" used a Fe—Mn double metal cyanide catalyst
and found DMC selectivity to 90.3%. Catalysts, such as alkali
metals, KF-supported metals, zeolites, metal—organic frame-
works, double-layered hydroxides, etc., have been employed for
this route of reaction. Apart from metallic oxides, the
employability of graphene-based catalysts in the reaction is a
novel contribution to this field of research. Many chemical
processes, including the preparation of DMC through
transesterification, can be performed using N-functionalized
graphene oxide, which is also a metal-free catalyst.'” Kumar et
al."” used nitrogen-functionalized graphene oxide nanosheets
and obtained a DMC yield of nearly 50%. The use of double-
layered catalysts reported by Liao et al."* achieved 96.3% DMC
selectivity.

Praseodymium-based catalysts have been used for several
reactions as a result of their unique properties.”” Pu et al.'’
carried out the CO oxidation reaction of Pr over Cu-doped
CeO, and found the enhanced activity as a result of the reason
that the oxygen vacancy created because of doping provided
activation centers for chemisorption for CO. Devaiah et al.'’
used ceria-mixed praseodymium for carrying out the CO
oxidation as a result of its superior bulk oxygen mobility and its
capability of forming dioxides because of the existence of +3
and +4 oxidation states.

The synthesis of CeygMgg1,5n0030,_5 was used for CO
oxidation, and it was found that this combination has led to a
better oxidation capacity because Pr has led to a high surface
area and superior surface oxygen vacancies.'® Tang et al.'”
studied the first-principle investigation by doping CeO, with
Pr for creating the oxygen vacancy in the lattice as a result of
the half-filled orbitals present in the dopant Pr. Westermann et
al.?® studied the defect bands, which were enhanced as a result
of the resonance Raman effect while doping CeO, with Pr that
helped reduce Pr*" cations, thereby modifying the electronic
properties of the catalyst.

It is also evident from the literature that the basicity of
catalysts is of utmost importance for the better achievement of
yield and selectivity of DMC in this particular reaction.'” '

The transesterification reaction of PC with methanol is shown
in Scheme 1.""

In this paper, Pr was mixed with TiO,, prepared through
sonication, which means the mixing of rare-earth metals into
titanium dioxide because rare-earth metals have separate
electron configurations and are bound to form complexes
with various groups, such as acids, amines, aldehydes, alcohols,
etc., through the interaction of these functional groups with the
f orbital of lanthanides.”* This kind of interaction helps in the
conversion of PC and improves the selectivity of DMC during
the transesterification reaction because Pr has the ability in
complexing PC through the interaction of their functional
groups with the f orbital of lanthanides. Further, this
combination enables the formation of an anatase form of
TiO,, which gives the metastable structure of the catalyst, well-
meant for this reaction.”> The prepared catalysts were
characterized using X-ray diffraction (XRD), Brunauer—
Emmett—Teller (BET), X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared spectroscopy (FTIR), and
field emission scanning electron microscopy (FESEM), and the
basicity of the catalysts was calculated using carbon dioxide
temperature-programmed desorption (CO,-TPD). A mecha-
nistic scheme is being proposed in understanding the
mechanism of adsorption of methanol on the surface of the
catalyst and enabling the reaction to occur. The study has been
made in a manner to find out the optimum conditions in terms
of parameters such as the temperature, methanol/PC ratio, and
catalyst dose in the reaction for enhancing DMC selectivity.

2. MATERIALS AND METHODS

The chemicals used in the reaction were of analytical reagent (AR)
grade and were used without any refinement. The raw materials
titanium oxide (TiO,, 99%), praseodymium(IIl) nitrate hexahydrate
[Pr(NO,);6H,0, 99.9%], PC (C4H4O;, 99%), dimethyl carbonate
(C3HgO3, 99%), and methanol (CH;0H) were bought from LOBA
Chemie Pvt. Ltd. The water used during experiments was
demineralized water, so that the quality of the end products remains
intact.

2.1. Synthesis of Ti—Pr Metal Oxides with Different Molar
Ratios. A series of Ti—Pr (Ti;qo_,Pr,O,, where x = 0.01, 0.03, 0.04,
and 0.05) catalysts were prepared by mixing TiO, and Pr(NO;);
6H,0 through the sonication method.** In this process, TiO,/PrO,
catalysts with different molar ratios (Ti/Pr = 0.05, 0.04, 0.03, and
0.01) were prepared by mixing titanium(IV) oxide and praseodymium
nitrate through sonicating in the sonicator.”> At first, the appropriate
amount of praseodymium salt (according to the molar ratio) was
dissolved in 100 mL of demineralized water and sonicated for 30 min
at 60 °C. After the sonication, the estimated amount of titanium oxide
was dispersed and stirred (200 rpm) at room temperature for the next
30 min. Now, the solution was made to evaporate at 80 °C, keeping
the stirring rate at 350 rpm. Further drying was made in air at 90 °C
for the next 12 h. The materials were annealed in the furnace at 500
°C under airflow (40 cm®/min) for 4 h with a 2 °C/min heating rate.

The synthesized catalysts were denoted as TijgoPrq o1, Tipo7Pro 03
Tip96Pro04 and TiggsPryos for catalysts having Pr/Ti molar ratios of
0.01, 0.03, 0.04, and 0.0S, respectively. The entire procedure of the
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preparation method helps in creating mesopores in the catalysts that
helps in the adsorption process effectively.

2.2. Characterization. Powder XRD of the catalysts was
performed using the Bruker D8 Advance diffractometer with Cu Ka
radiation (4 = 1.5406 A) having a step size of 0.02. The angle range
considered was from 5° to 90°. The morphology of the catalysts was
studied using FESEM using a Carl Zeiss Ultra Plus field emission
electron microscope equipped with energy-dispersive X-ray spectros-
copy (EDAX) operated at 16 kV.

Further, the textural properties of the catalysts were characterized
using multipoint N, adsorption—desorption measurements at —195
°C using a Micromeritics ASAP 2020 apparatus. Before analysis, the
catalysts were subjected to degassing at 200 °C under N, flow to
remove any adsorbed impurities during this process. After degassing,
the surface properties, such as surface area and pore volume diameter,
were calculated through the BET and BJH models, respectively. The
desorption branch of the isotherm helped in the calculation of the
pore diameter and mean pore diameter using the Barrett—Joyner—
Halenda (BJH) model. The total pore volume can be estimated by the
amount adsorbed at P/P, = 0.99.

The basicity of the catalyst was determined using TPD of CO, on a
Micromeritics Chemisorb 2720 apparatus fitted with a thermal
conductivity detector (TCD). The process to determine the basicity
includes placing the catalyst sample in a quartz U-tube and activating/
pretreating at 200 °C under the flow of helium gas (20 cc/min) for
approximately 6 h. Then, this sample was cooled to 50 °C and
subjected to CO, adsorption by maintaining 10% CO,/He flow of 20
cm®/min to calculate the basicity. The desorption profile is further
recorded in the range of 50—900 °C, keeping the heating rate at 10
°C/min under He flow (20 cm®/min), and CO, was studied at TPD.

FTIR spectrophotometer (Thermo Nicolet, Model Magna 760)
was used for the FTIR investigation of the catalysts. A KBr self-
supported pellet technique was applied in studying the spectra in the
range of 500—4000 cm™.

The catalyst activity of this reaction has been performed in the
batch reactor of S0 mL. After the reaction, the product was analyzed
using gas chromatography (GC, NETEL Micro-9100) equipped with
a flame ionization detector (FID, 300 X 0.25 mm) column. GC was
programmed at a temperature initially being 40 °C with the holding
time of 10 min, and then the temperature was raised at the rate of 3
°C/min to 75 °C to reach 250 °C. Injector and detector temperatures
were 250 and 260 °C, respectively.

2.3. Reaction Procedure. The prepared catalysts were tested for
PC and methanol transesterification reaction in a batch reactor. The
experiments were carried out in a 100 mL autoclave batch reactor.
Initially, the appropriate amount of methanol, PC [keeping the
required molar ratio (3—10)], and catalyst was kept in an autoclave in
the different temperature range (160—170 °C), and the stirring rate
varied between 500 and 650 rpm. The amount of catalyst used in the
reaction is in the range of 2—6 wt % PC. Before the reaction occurs,
the reactor is purged with N, and then an autogenic pressure is
maintained. The reaction time was taken between 2 and 4 h. After the
reaction, the product was cooled to 65 °C and then analyzed through
GC. The samples to be used for the analysis at GC were prepared
using biphenyl as an internal standard. Precisely, 800 uL of the
reaction sample was mixed with 200 L of biphenyl. Out of this, 1 uL
of the sample was injected into GC in the split mode. The calculation
of PC conversion and DMC yield was calculated through the
following equations:

(initial moles of PC — final moles of PC)

initial moles of PC

PC conversion (%) =

X 100 (1)
. moles of DMC produced
DMCyield = X 100
initial moles of PC (2)

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. The XRD study of the Ti;gy_,Pr,O,-
type catalysts shows the presence of fluorite, cubic pyrochlore,
monoclinic perovskite, tetragonal, etc.”® In the XRD pattern of
Ti,Pryg_,O, (Figure Sla of the Supporting Information), the
most intense peak can be found at a diffraction angle 26 =
25.84°, indicating the presence of anatase (TiO,),”” with the
tetragonal structure corresponding to the plane (011), which is
a metastable structure very much suitable for the conversion of
DMC. Along with anatase, the rutile phase (20 = 54.34°) can
also maintain the tetragonal structure. The weaker peaks at
38.31°, 55.29° and 69.26° showed the exhibition of the cubic
structure of f-titanium with planes (101), (002), and (112),
respectively. The intensity of the peak decreased at 25.86° in
the compound TijgsPrysO, as a result of the increasing
amount of praseodymium in the mixed oxide (Figure Sla of
the Supporting Information). As the amount of praseodymium
increased (from x = 0.01-0.04), the incorporation of
praseodymium in the titanium species would have been
uniform, with better dispersion of praseodymium species in the
titanium lattice, which did not happen as the ratio was further
increased to x = 0.05. As the ratio increased, there could have
been a distortion in the structure of TiO, with the
incorporation of PrO,. The calculation of the average size of
crystallite was performed using the Scherrer equation
respective to the plane (011) (Table 1). The average size of

Table 1. Crystalline and Surface Properties of Catalysts

plane (101)

crystalline  BET surface vgl(;l:le

sample 20 (deg) d (nm) size (nm) area (m?/g) (g/cm®)
Tig99Pro01 25.86 0.344 43.1 S5.74 0.00100
Tig7Prg 03 25.58 0.348 43.1 6.27 0.00047
TipeeProos 2522 0353 62.6 7.52 0.00033
TigosProos 25.41 0.350 54.7 9.31 0.00067

the crystallite was calculated from the dominating peak of the
anatase (011) plane, in which TijgePrgo; and TiggePrgo4
exhibited a similar size of 43.1 nm. There is no dominating
trend of increase or decrease of the crystalline size in the
similar fashion of the prepared catalysts, maybe due to the
formation of other phases of titanium, precisely rutile that is
slightly merged with the anatase phase, confirming that the
transition to the rutile phase is inhibited with the mixing of Pr
in TiO,.”” The uneven patterns in the crystallite size may also
be due to the segregation of Pr’* at the grain boundary.

3.2. Functional Group Analysis by FTIR and XPS. The
FTIR spectra of the prepared catalysts were studied between
500 and 4500 cm™' (Figure Slb of the Supporting
Information). It was found that the peak near 3000—3500
cm ™ is attributed to the hydroxyl group that may be present in
the catalyst. This hydroxyl group is conducive to the formation
of DMC because oxygen vacancy can be created during the
reaction that occurs at a high temperature. This means that the
presence of the —OH group has the capability of creating O,
(oxygen vacancy) when the catalyst is participating in the
transesterification reaction. The peaks near 1620 cm™ were
observed as a result of the mixing of Pr—TiO, and were similar
for all prepared catalysts.”> Further, there is a peak near 1570
cm™' as a result of C=N bonding, mainly present in all
prepared catalysts. There is a dip near 560 cm™, which
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Figure 1. (a) XPS of the prepared catalysts TiygoPry01, Tig.97Pr0.03 Tio06Pro0s and TigesProgs, (b) C s of all of the catalysts, (c) O s of all of the
prepared catalysts, (d) Ti 2p of all of the prepared catalysts, and (e) Pr 3dS of all of the prepared catalysts.

corresponds to the formation of bonding of Ti in TiO, in the
anatase form, leading to the stretching of Ti—0.”®

The presence of various functional groups in the catalysts
was found using the XPS technique (Figure 1la). This analysis
of the prepared catalysts made through XPS helped determine
the main elements present in the atomic percentage and the
peaks of different orbitals. The peaks show four major elements
in different states and orbitals, namely, C 1s, O 1s, Ti 2p, and
Pr 3dS. The deconvoluted spectra of C 1s at around 284.78 eV
reflects the presence of C=C (sp*). The peak of carbon was
due to the organic content that may be present as a result of

the annealing of the catalyst. The binding energies of Ti 2p,,,
and Ti 2ps), were 464.58 and 456.5 eV, respectively.”” This
indicated that titanium mainly existed as Ti*'. As per the
literature, Ti 2p, /, in pure TiO, appears at 459.05 eV; hence,
the shift is attributed to the change in the mixing of Pr to the
titanium, hence forming the bonds of Pr—O—Ti on the TiO,
surface. There is a shift in the peak position of Ti 2p in the case
of TiygsProos toward 457 eV, representing intermediate Pr
incorporation into TiO,.”> The O 1s peak that appears at
526.78 eV is the characteristic peak of lattice oxygen (Ti—0),
and the shift of the peak in TijgsPryos toward 530 eV

https://doi.org/10.1021/acs.energyfuels.2c02235
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represented the Pr—O bond in the Pr,O; form. There are
dominantly two peaks corresponding to Pr 3d. The peak at
934.67 eV (Pr 3d;;, (predominantly the state of Pr’*)
corresponds to the formation of Pr—O, and the peak at
952.2 eV corresponded to the formation of Pr—O—Ti. As it is
known, the ionic radius of Pr’* is larger than that of Ti*", which
means that the Ti*" ion could fit into the lattice of Pr®*, thus
changing the electron field and enhancing the activity of the
reaction, enabling the moiety to enact.

3.3. Calculation of Surface Oxygen Vacancies and
Identifying the Chemical States of the Catalysts. The
XPS spectra of all of the prepared catalysts are shown in Figure
la, through which different states of Pr whether present in Pr**
or Pr*" can be identified.’’ The above section has already
discussed that the peak near 934.67 eV corresponds to the Pr’*
state, which shows that there is a creation of oxygen vacancy in
the lattice. The peaks near 952.2 and 974.38 eV are related to
the Pr*" states. These bands will enable quantitative
enumeration of the concentration of Pr’* states by calculating
through the equation:

Ap s+
C[Pr3+] — ( pr

—— | X 100
Aps+ + Apar

©)

The calculated percentage of Pr** to total Pryy, is 15.25, 21.58,
23, and 21.69% for TiPr(1), TiPr(2), TiPr(3), and TiPr(4),
respectively. The oxygen vacancy that may be present on the
surface of the catalysts is the potent site for the reaction and
the formation of DMC through the transesterification routes.
As the percentage of Pr in the lattice is increased, there is an
enabling tendency of the presence of Pr’* ions, thereby better
oxygen vacancy. After the mixed oxide contained the Pr
amount of more than 0.04 mol ratio, the Pr®" concentration
decreased as a result of the segregation of grains of Pr*" in the
lattice structure. This declining effect could be seen in the
formation of DMC selectivity and yield also (Table 2). The O

Table 2. Catalyst Performance at 170 °C, Methanol/PC
Ratio = §, Catalyst Dose = 3 wt % PC, and Nitrogen Purging
8 bar at Autogenic Pressure

PC
conversion DMC TOF
catalyst (%) yield (%) (h7)  selectivity PG/DMC
Tig 9P 01 779 6948  0.115 8.9 3.500
TigorProos 37.8 27050  0.056 71.6 0.827
Tig 06Pro04 81.7 58.447  0.120 716 0.071
Tig 5Pt 05 638 12817 0.094 20.1 0.752

1s spectra of the catalysts determine that mainly two types of
peaks can be seen: one near 526.78 eV and the other near
528.27 eV. The peak near 526.27 eV determines lattice oxygen
0y, and the peak near 528.78 ¢V determines the O*~ (O,) ions
present in surface oxygen vacancies.

The concentration of surface oxygen vacancies may be
calculated through the following formula:

A
7% Ix100
Ag, + Ao, (4)

It has been found that the concentration of oxygen vacancies
varied as 80, 82, 86, and 82% for TiygoProo;, Tigo7Proos
Tip96Pro04 and TiggsProgs, respectively. Mixing of Pr into Ti
enabled the formation of surface oxygen defects/vacancies

Clo,l =

until the ratio of 0.04 mole fraction of Pr into the mixed oxides.
After this, there occurs the sintering of the lattice structure
with more Pr** ions.

3.4. Morphological Analysis. The morphology of the
catalysts has been studied through FESEM (Figure 2). The
images showed the mixing of praseodymium particles in
titanium dioxide, and the particle size is within the range of
100 nm of sphere-like entities. The structure shows formation
of nanoagglomerates that depict the mixing of Pr’* in the Ti*"
lattice depicting the stable structure of the mixed oxides.”” This
is well in cognizance of the XRD data that showed that the
particle size is in the nano range within 100 nm for all of the
catalysts. TiO, mixed with Pr showed a uniform spherical
structure with a nanosized particle diameter. As the amount of
Pr increased in the mixed oxide, at first, there could be any
significant change in the morphology of the catalysts, but after
the mole fraction of Pr increased to 0.04, there occurred a
larger conglomeration of particles, which inhibited the proper
fitting of Pr’* and Ti*' in the mixed oxide (Figure 2).

3.5. Surface Analysis and TPD Analysis. The surface
area and mesoporous structure of the catalysts were studied
through N, adsorption and desorption isotherms (shown in
Figure S2 of the Supporting Information and Table 1). The
surface area increased as the content of Pr increased in the
catalysts that enabled the better adsorption of species on the
surface and the formation of methoxy ions. These methoxy
ions then help increase the selectivity toward the formation of
DMC. The desorption peak in the relative pressure range of
0.75—0.96 establishes the hysteresis curve H, (Figure S2 of the
Supporting Information), showing mesopore formation in the
prepared catalysts. This type of mesopore is an added
advantage for the transesterification reaction.

To calculate the basicity in the catalyst, CO,-TPD (Figure
S3 of the Supporting Information) was performed for all of the
catalysts and analyzed through TCD signals obtained at
different temperatures. The peaks are divided between low and
moderate basic sites and strong basic sites by studying their
behavior within different temperature ranges.” Within the
domain of 200 °C, there exist moderate basic sites and strong
basic sites for temperatures ranging from 400 and 600 °C and
super basic sites beyond 600 °C. The introduction of Pr in the
catalyst led to the formation of super strong basic sites, giving a
DMC selectivity of 71.6% and a high PC conversion (Table 2).

For the catalyst TijgoPrg0;, the major peaks were found at
321, 416, and 620 °C, whereas for Tig,Pry s, the peaks were
found near 142, 340, and 640 °C. For Tij o¢Pr 4, there are four
peaks found near 109, 344, 593, and 820 °C. There is no
dominant peak found for TiygsPr o5 in the super strong region.
This brings into reasoning that the basic sites, especially the
super strong sites, are responsible for the better DMC yield
and selectivity.” The calculated basicity for TiggoPryo;,
Tigg7Proos and TipeePres was 0.0077, 0.01088, and 0.0147
mmol/g, respectively.

3.6. Reaction and Catalyst Performance. The catalytic
activity for all of the prepared catalysts, ie., TijooProoy
Tigg7Proos TiposProos and TigesPryos, was tested for the
transesterification of methanol and PC to form DMC and PG
in the batch reactor (Figure 3 and Table 2). The results in
Table 2 give the PC conversion, turnover frequency (TOF),
and DMC yield and selectivity. The calculated TOF values for
the catalysts TiygoPr g1, Tio.97Pro.03 TiogePro04r and TiggsPro s
were 0.115, 0.056, 0.120, and 0.094, respectively. The
comparison has been made using pure TiO, as the catalyst
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Figure 2. FESEM images of the prepared catalyst: (a) TigooProop, (b) Tigo7Proos (€) TigosProos and (d) TigesProos.

for the same reaction. It has been found that PC conversion
was as low as 46.34% and yield of 14.39% when pure TiO, was
used as the catalyst (Figure 3). This reflected that addition of
Pr to TiO, has enhanced the PC conversion, yield, and
selectivity during the reaction.

Further, the catalyst activity was determined by calculating
the basic sites for all of the catalysts. The maximum activity
was found for TijgsProos BET analysis showed that the

13153

presence of mesopores has an impact on the better
performance of the catalysts. The surface area increased as
the Pr amount increased in the catalysts; however, the low
performance for TiygsPrygs, even though it has a high surface
area, maybe due to the sintering of Pr particles into the mixed
oxide catalysts, which further weakened the selectivity toward
DMC. The oxygen vacancy concentrations increased with the
increase of Pr in Ti (up to the molar ratio of 0.04 of Pr), which
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= TiO2  Ti0.99Pr0.01 Ti0.97Pr0.03 Ti0.96Pr0.04 Ti0.95Pr0.05 of the catalyst at higher doses. The excess of catalyst mass can
Catalyst lead to inhibition of the charge transfer reaction at the catalyst

. . o B surface, thereby decreasing the DMC yield. Hence, the most

= PC conversion (%) mmDMC Yield (%) "= uSelectivity ——TOF (h-1)

Figure 3. PC conversion, DMC yield, and selectivity at optimum
conditions of temperature = 170 °C, methanol/PC ratio = 5, catalyst
dose = 3.5 wt % PC, and stirring speed = 600—650 rpm.

affected the yield and selectivity of DMC in the reaction. The
defects/vacancies created lead to the adsorption of methanol
on the surface of the catalyst, thereby forming methoxy ion and
H* ion. This leads to the shift of equilibrium toward DMC
production.

3.6.1. Catalyst Dose. The catalyst, TijosProos dose was
varied from 2 to 6 wt % PC to determine the effect of catalyst
on the reaction in terms of DMC yield and selectivity (Figure
4a). It has been found that, with the catalyst dose of 2 wt %
PC, the PC conversion was 46.7%, whereas the DMC yield and
selectivity were 18.4 and 39.4%, respectively. In comparison,
the PC conversion, DMC vyield, and selectivity all increased

optimum catalyst dose for this reaction obtained was 3.5 wt %
PC.

3.6.2. Reaction Time. The reaction has been studied for the
optimum catalyst TiygsProos by varying the reaction time
(Figure 4b). The initial reaction has been carried out in a batch
reactor for 2 h and subsequently increased the time to 4 and 6
h. When the reaction was carried for 2 h, the PC conversion
was 77.24%, whereas the DMC yield and selectivity were 18.9
and 24.5%, respectively. This may be due to the less exposure
time for the intermediate formed 2-methyl-hydroxyethyl
methyl carbonate (2-HMC, shown in later in the mechanism)
to convert to DMC. The maximum yield and selectivity for the
reaction occurred at a 4 h time period in which the PC
conversion was 81.7% and DMC yield and selectivity were 58.4
and 71.6%, respectively. Kumar et al.'” showed that 6 h was the
optimum condition for this reaction, and any further increase
did not lead to a further effect on the reaction. For Tij¢sPrq o4
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Figure 4. Graphical representation of the effect of operating parameters on PC conversion, DMC yield, selectivity, and TOF using the TijgsPrg 4
catalyst. (a) Catalyst dose (2—6 wt % PC), time = 4 h, temperature = 170 °C, and methanol/PC = 5:1, (b) time (2—6 h), catalyst dose = 3.5 wt %
PC, temperature = 170 °C, and methanol/PC ratio = S:1, (c) temperature (160—180 °C), time = 4 h, catalyst dose = 3.5 wt % PC, and methanol/
PC ratio = S:1, and (d) methanol/PC ratio (3:1—8:1), time = 4 h, temperature = 170 °C, and catalyst dose = 3 wt % PC.
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with the further increase in the reaction time to 6 h, the PC
conversion increased to 95.9%. However, the reaction favored
the formation of PG, and the DMC yield and selectivity
decreased to 9.0 and 9.39%, respectively. This may occur as a
result of the longer time provided to the reaction that
increased the PC conversion first to 2-HMC and further to PG
rather than DMC.

3.6.3. Reaction Temperature. The experiments for the most
optimum catalyst TiygsProo, were performed at different
temperatures to find out the effect of the temperature on the
DMC yield and selectivity (Figure 4c). The other parameters,
such as the initial purging pressure of N,, catalyst dose,
methanol/PC ratio, and time of the reaction, were kept
constant. At 160 °C temperature, it was found that the PC
conversion was 53.15%, whereas the DMC yield and selectivity
were very low, precisely 3.7 and 7.13%, respectively. With the
increase of the temperature to 170 °C, the PC conversion,
DMC vyield, and selectivity increased to 81.7, 58.4, and 71.6%,
respectively. This is due to the higher kinetic energy possessed
by the reactant molecules, enabling them to cross the
activation barrier to yield the product. Further, an increase
in temperature to 180 °C decreased the PC conversion, DMC
yield, and selectivity to 55.4, 5.6, and 10.25%, respectively. The
increase of the temperature from a certain value to 180 °C
favored other side reactions, leading to the low selectivity and
yield of DMC.* Wang et al.** reported 160 °C as the optimum
condition for the highest yield and selectivity of DMC, but for
the Ti—Pr catalyst, this temperature is 170 °C, which is also
reported by Kumar et al.® and Devaiah et al.'” with nitrogen-
functionalized graphene oxide. This may lead to the formation
of intermediate 2-HMC in a high amount, leading to an
unfavorable temperature for DMC formation.

3.6.4. Methanol/PC Ratio. The methanol/PC ratio is crucial
to understand because it helps determine whether the amount
of methanol/PC should be increased or decreased to maximize
the formation of DMC (Figure 4d). With the ratio of 3:1, the
PC conversion was 67.9%, whereas the DMC yield and
selectivity were very low, 13.2 and 19.4%, respectively. Hence,
the ratio was increased to 5:1 where the PC conversion was
81.7% and DMC yield and selectivity were 58.44 and 71.6%,
respectively. However, a further increase in the methanol/PC
ratio to 8:1 led to the PC conversion of 82%, whereas the
DMC yield and selectivity decreased to 26.7 and 32.6%,
respectively. Different literature has reported 10:1 as the most
optimum condition for the highest DMC yield for various sets
of catalysts. Kumar et al.’ have reported it to be 10:1 using
Mg—Al hydrotalcite catalysts. PG and intermediate formation
are more favored toward this condition (by increasing the
methanol/PC ratio beyond S:1 for this work). Therefore,
according to the reaction, with a 5:1 methanol/PC conversion,
the best conversion and DMC yield and selectivity were found.

3.6.5. Reusability of the Catalyst. The catalyst TigosPrg o4
was also tested for its efliciency and reusability in terms of the
number of times it can be used for the reaction (Figure 5).
After the use, it is centrifuged and reproduced by drying it in
the oven at 70 °C for around 12 h. After drying, it is again used
in the reaction at optimum conditions for PC conversion,
DMC yield, and selectivity. The reaction was carried out at 170
°C, methanol/PC ratio of 5:1, and time of 4 h. The fresh
catalyst resulted in the PC conversion of 81.7% and DMC
yield and selectivity of 58.4 and 71.6%, respectively. After the
first cycle, it is reproduced to understand how the catalyst
performs in the transesterification reaction at the optimum
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Figure 5. Reuse of catalyst TijgsPrgq, at optimum conditions
(temperature = 170 °C, methanol/PC ratio = §, catalyst dose = 3.5
wt % PC, and stirring speed = 600—650 rpm).

conditions. It is found that, in the second cycle of reuse, the
PC conversion fell to 66.6% and DMC yield and selectivity fell
to 20.8 and 35%, respectively. This reflected that DMC yield
and selectivity decreased substantially as a result of sintering of
catalyst sites and also difficulty in regaining the same amount
of catalyst in the desired amount. After the third cycle, the PC
conversion remained 66%, but DMC vyield and selectivity
reached 20 and nearly 30%, respectively. Hence, the catalyst
may be reused for 4 cycles; after that, the performance of the
catalyst decreases. This may have occurred as a result of the
segregation of reactant molecules on the active sites."”

3.6.6. Reaction Kinetics and Mechanism. For the kinetic
analysis, the effect of both PC and methanol has been
considered. It is assumed that the reaction is first-order with
respect to the concentration of both methanol (C,) and PC
(c).” Using the stoichiometry of the reaction, the
concentration of methanol at time ¢ is given as C, = C,, —
2(C., — C.). Here, C,, is the initial concentration of methanol,
C., is the initial concentration of PC, and C_ is the
concentration of PC at time t. Assuming C,, is the equilibrium
concentration of PC, C,, is the equilibrium concentration of
methanol, ¢ is the running time, and k is the kinetic constant,
with the condition that C,, > 2(C_,, — C.), then the kinetic
equation can be rewritten as®

ln((cco - Cce)/(cc - Cce)) = kt (5)

The above equation is the pseudo-first-order kinetic equation,
where the rate-determining step depends only upon the
concentration of PC only. The values of the rate constant (k),
as calculated using the kinetic data (given in Figure 6a), were
found to be 0.010 min~" at 140 °C, 0.012 min™" at 150 °C,
0.015 min™' at 160 °C, and 0.021 min~! at 170 °C. The
activation energy as calculated from the Arrhenius plot (Figure
6b) was found to be 34.5 kJ mol™".

The mechanism can be enumerated in the schematic
diagram given below (Figure 7). First, the basic sites on the
catalyst activate methanol to produce the methoxy group,
which means CH;O™ and H ions, in the reaction mixture. The
anion formed becomes attached to carbonyl carbon of PC,
forming an intermediate that absorbs H*, which was formed in
the previous step. This ion produces 2-HMC as the
intermediate. This intermediate reacts with another methoxy
ion and H* to produce DMC and PG.
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Table 3. Comparison of Different Catalysts in Terms of PC Conversion and DMC Yield

operating conditions performance
temperature methanol/PC time catalyst dose yield selectivity ~ PC conversion
catalyst F°C ratio (wt % PC) (%) (%) (%) reference
Ca—M—-Al 96.3 3
Ce—M(M = Co, Fe, Cu, and Zn) 160 4 S 71.9 65.4 8
Ce0,—La,0; oxides 160 74—81 55-60 9
nitrogen-functionalized graphene oxide 180 6 1 S0 12
sheets
reduced graphene oxide with ZnO 180 2—-10 4 3 74 13
catalyst
ion-exchange resins 20—40 4-8 100 36
Ce—La oxides 140—-180 4-12 2-10 2-10 74 72 37
Mg—Al solid base 65 10 4 4 38
Ti—Pr catalyst 165 S 4 3.5 71.6 81.7 this work
3.6.7. Comparative Assessment of the Catalytic Activity. the molar ratio of methanol/PC, were varied in the range of
Pyrlik et al.*® carried out the transesterification process using 4—8, achieving selectivity close to 100%. Kumar et al.”” used
ion-exchange resins as the heterogeneous catalyst. The Ce—La oxides in different ratios for the transesterification
pressure was autogenic, whereas other parameters, such as reaction. The reaction was studied at different operating
13156 https://doi.org/10.1021/acs.energyfuels.2c02235
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conditions, such as the methanol/PC ratio (4—12), catalyst
dose (2—10 wt % PC), reaction time (2—10 h), and
temperature (140—180 °C). The Ce,,La,g catalyst gave the
maximum DMC yield and PC conversion of 74 and 72%,
respectively. Liao et al.'* used solid base catalysts derived from
Ca—M-Al (M = Mg, La, Ce, and Y) layered double
hydroxides. The best catalytic performance obtained was of
Ca—Mg—Al, which was also consistent with the basicity and
total surface basic amounts and formation of strong basic sites
for Mg. Along with basic surface sites, the unsaturated O*~ ions
have also played an important part for enhanced catalytic
activity. The maximum DMC selectivity obtained was 96.3%
with catalyst Ce—Mg—Al. Table 3 compares the performance
of the catalysts at varied conditions for the DMC synthesis
reaction via transesterification of PC. Selectivity obtained in
the present study was 71.6%. Some studies have reported
better selectivity;'*** however, many studies have reported
lower selectivity as well.'>*” In the present work, TiPr was used
as a catalyst. In comparison to other catalysts used in other
literature, the optimum dosage of catalyst used was much
lower compared to that reported in the literature. Pr mixing in
the catalyst has been effective in improving the basicity of the
reaction, thereby enhancing PC conversion.

4. CONCLUSION

The catalyst behavior at optimum conditions of 4 h, 165 °C
(temperature), and 600—650 rpm (stirring speed) showed that
the TiggePrgo4 catalyst gave the best conversion, yield, and
selectivity as a result of the presence of basic sites on its
surface, which became a favorable condition for creating
oxygen vacancy on its surface, leading to greater selectivity for
DMC. As the amount of Pr is increased beyond this limit, the
conglomeration of Pr in TiO, hinders the selectivity of DMC
and the formation of PG is favored more. Hence, Tijo¢Prg o4
gives the best results in terms of the selectivity of DMC and
PC conversion. The analysis made through the characterization
of catalysts reflects that various properties, such as the nanosize
of the catalyst, spherical morphology, strong basic sites, average
surface area, and presence of the dominant anatase phase, are
established in the TijgsPryo, catalyst, which effectively
improves the DMC yield and selectivity. The reaction of
transesterification to produce DMC becomes viable and
technically feasible through the use of a Ti—Pr set of catalysts
when carried out in the batch reactor. The enhanced study
made through various characterization techniques showed that
the reaction requires a good amount of moderate and strong
basic sites and appropriate oxygen vacancy on the surface of
catalysts to enhance yield and selectivity of DMC in the
transesterification reaction of methanol and PC to DMC and
PG. The comparison between different catalysts used for this
reaction has been enumerated in Table 3, which reflects that
this work shows maximum PC conversion.

It is also studied that PC conversion may be high in many
reaction cases, but selectivity toward DMC may not be large as
a result of the deviation of the reaction toward the production
of PG. The TijgsPry4 catalyst possesses a good amount of
basic sites with functional groups studied through FTIR and
XPS to form suitable bonding with methanol and PC on its
sites (for adsorption) for enhancing the selectivity of DMC
toward 71.6%.
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