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Abstract

In this study, ceria-zirconia based catalysts (&0, and CgsZryos0,) catalysts
were synthesized by hydrothermal method and chamaetd by N-sorption, X-ray
diffraction (XRD), scanning electron microscopy (BE and transmission electron
microscopy (TEM). Acidity and basicity of synthesizcatalysts have been investigated by
NH3- and CQ- temperature-programmed desorption (TPD). Brun&memett-Teller (BET)
surface area of CeDCe sZros0, and ZrQ were found to be 88, 117 and 76 gt and
average crystalline sizes was 9.48, 7.09 and 9mMb raespectively. These catalysts were
further used for direct conversion of g@ith methanol for the synthesis of dimethyl
carbonate (DMC). DMC yield was found to be highBpeéndent upon the both basicity and
acidity of catalysts. GeZrosO, catalysts showed better activity as compared to,Ge@
ZrO, catalyst. Effect of reaction conditions (such atlkysts dose, reaction temperature and
reaction time) and catalyst reusability was studigith Ce)sZro 5O, catalyst. The optimum
operating condition for direct conversion of £@to DMC at constant pressure 150 bar,

reaction time=24 h, catalyst dose=1.25 g and teatpex=120 °C. Moreover, chemical



equilibrium modeling has been performed using PBogpinson—Stryjek—Vera equation of
state (PRSV-E0S) along with the van der Waals @nd-{1PVDW) mixing rule to calculate
heat of reaction and Gibbs free energy change.

Keywords: DMC; direct conversion of C£ Ce) sZro 50, catalyst; NH- & CO,-TPD.

1. Introduction

Dimethyl carbonate (DMC) is a promising chemicaklkyl carbonate series, due to
its non-toxic and biodegradable nature. It is highsatile in terms of its usage and is widely
used for green chemical synthesis [1-3]. It cauded as a solvent for synthesis of various
useful chemicals such as copolymers, phenol catbdag polycyclic aromatic [5], etc. It is
also used in electrolytic solution in lithium bajtelue to high dielectric constant [5]. DMC is
used as a replacement of non-biodegradable and toethyl tert-butyl ether (MTBE)
additive in the gasoline based fuels [6]. DMC hahloxygen content (53.3%) as compared
to other commercial fuel additives such as metasttbutyl ether (MTBE) (17.6%), ethanol
(34.89%) and methanol (50%) and is consequentlg aseoctane booster in gasoline based
fuels [1-3]. Traditionally, DMC was synthesized Bgrious methods such as phosgenation
process, oxycarbonylation and methyl nitrite castiaimon process [1-3,7-8]. Other methods
used for DMC synthesis such as the direct synth&sim CO, transesterification of
propylene carbonate and urea methanolysis procesalso used for synthesis of DMC [9-
13].

In the last few years, GOis considered as an abundant, cheap, non-toxic and
inexpensive renewable resource which can be uilifor the synthesis of a variety of
chemicals. However, the transformation of @O other valuable products requires high
energy [14-16]. Consequently various catalysts bhetng used to lower this energy

requirement and enhance the productivity usingedgffit routes [14-17]. Methods are also



being developed for transformation of £i@to DMC in the presence of a catalyst. However,
this route of CQ utilization requires a lot of research attentiare do very low DMC vyield
because of thermodynamic restrictionsSHE16.74 kJ/mol) [18]. Various homogeneous
catalysts such as thallium (I) hydroxide, tin (fralkoxides, dialkytin dialkoxides, bases,
C,N-chelated organotin (IV) trifluoro methane sulbes and titanium (1V) tetralkoxides
have been used for the synthesis of DMC from [@©-25]. Deactivation of catalyst, difficult
separation process, and recovery of catalystaetcsome of the drawbacks of homogeneous
systems. Subsequently, various heterogeneous siatafye been investigated for DMC
synthesis such as Ceg{26], ZrO, [26], CesZr0502 [27-28], Gd-Ce.4Zr0.602 [28], Cu-CeQ
[29], Sn-SBA-15 [30], and C,N-chelated organotii)(krifluoro methane sulfonates [19]
have been reported for DMC synthesis. Few invetstigehave previously used CgQ@rO,
and combined Cef£rrO, catalysts for DMC synthesis from G[®26-28]. Zhang et al. [27]
synthesized and characterized, §&&, 50 catalyst and used it for DMC synthesis from O
However, Lee et al. [28] synthesized (G&r O, catalysts by sol-gel methaahd metal
oxides (GaOs, La0s3, NiO3, F&0s, Y03 Co04 and AbOs) were further supported on
CeyZro.402 by an incipient wetness impregnation method aret uss catalysts for DMC
synthesis. Authors correlated the amount of DMG@niedl mmol/g-catalyst with basicity and
acidity of the catalysts. Chen et al. [26] used €a@l ZrQ catalysts for direct conversion of
CO, with methanol into DMC and studied their reactmbachanism. Synthesis of DMC from
CO, is one of the primary utilization routes and iet&rCeQ@-ZrO, solid solutions have been
demonstrated in the literature to have good catabybperties.

It is known that for commercialization of this reuts essential to optimize the
operating parameters such as catalysts dose,aedetnperature and reaction time and study

the reusability of the catalysts. All these factbewe been studied in the present study and



discussed with respect to catalyst characterizaMoreover, present study reports chemical
equilibrium modeling which is essential for reaatiesign.

In the present work, synthesis of DMC from direghwersion of CQwith methanol
was studied using ceria, zirconia and ceria-zi@ooatalysts prepared by hydrothermal
method. Synthesized catalysts were characterigelijbid N,-sorption, X-ray diffraction
(XRD), atomic force microscopy (AFM), scanning efea microscopy (SEM), and
transmission electron microscopy (TEM). Acidity apakicity of synthesized catalysts have
been investigated by NHand CQ-temperature-programmed desorption (TPD). Effe¢hef
reaction condition such as catalysts dose, reattimperature, reaction time and reusability
of the catalyst was studied with chemical equilibri modeling using best performing

catalyst.

2. Experimental
2.1 Materials

Cerium (lll) nitrate hexahydrate (Ce(N@6H.0O) 99.0%, and zirconium (IV)
oxychloride octahydrate (ZrO£8H,O) 99.0% were purchased from Sigma Aldrich
Chemicals, GmbH. Ammonia solution (25 wt% ia@j was purchased from Merck GmbH.
Dimethyl carbonate (DMC) 99.9% and methanol (99.0#@re purchased from Sigma
Aldrich Chemicals, GmbH. All chemicals used wereanélytical grade (AR) without further
purification. Deionized water was obtained from IMQ waterfiltration station (Millipore).
2.2. Catalyst Preparation

CeO, CeZrps0, and ZrQ catalyst were synthesized from Ce(®$¥BH,O and
ZrOCl,.8H,O salts using hydrothermal method. Ceg¢®H,O (0, 6, 12 mmol) and
ZrOCL.8H,O (12, 6, 0 mmol) were dissolved separately in B0 athanol and further mixed

together in desired molar ratio under continuousrirsj at room temperature. Liquid



ammonia solution was added drop-wise in the mixedahsolution over a period until the
pH reached ~9.5. Further, the formed solution wgedafor 4 h. Yellow mixed solution
obtained after the reaction were introduced in d0teflon-lined autoclave and kept in 120
°C for 24 h, then cooled to room temperature néturxellow colour slurry obtained was
washed several times with double distilled watethwacetone until pH became neutral.
Resulting precipitate was dried at 110 °C for 2#hair. Finally, the fresh samples were
calcined at 500 °C for 4 h in air atmosphere toawmbthe Ce@ CesZrps0, and ZrQ
catalysts. The synthesized catalysts were denateGed), Ce Zrps0O, and ZrQ catalyst
having pure Ceg mixed CeQ-ZrO, and pure ZrQ) respectively.

2.3 Catalyst characterization

Synthesized catalysts were characterized by X-iffyadtion pattern (XRD), M
sorption, temperature programmed desorption (TPDL©., and NHs, scanning electron
microscope-energy disperse X-ray (SEM-EDX).

The crystallographic structure of samples was emathiusing Siemens D5000
diffractometer with Cu-i§ radiation £=0.15406 nm) over @range of 5° - 8dwith a step
size of 0.02° at 40 kV. Crystalline phases werdyaea using PANalytical X'pertHigh Score
software with the database in the JCPDS (Joint Cittieenof Powder Diffraction Standards).
Scherrer equation used for the calculating theameecrystalline sizes.

KA

L =
(ﬂsample_ ﬁstandar&) cosd (1)

where, L is the average patrticle size, K is thee®@nr's constant (0.94), is the X-ray
radiation of wavelength of which is equal to 0.15%0m,$ is the full width of the reflection
at half maximum (FWHM) and is the Bragg angle. High grade silicon powder wsead as
an internal standard for the instrument broadenorgection[31].

Morphology of the sample and its elemental compwsst were analyzed using

QUANTA, Model 200 FEG, Netherlands equipped withX2bn gold coated samples. The



TEM characterization was study using TECNA1 Z0S-TWIN, FEI Netherlands with LaB
as cathode (resolution: point 0.24 nm and line i#) at 200 kV. The samples were
dispersed with ethanol and sonicated for 60 min @@&h drop deposited on the copper
micro-grid and dried at room temperature for 2 h.

Textural properties of the samples were measured 28 °C using Micromeritics
ASAP 2020 apparatus by,Mdsorption/desorption. Sample was degassed foat8200 °C
under vacuum to remove any absorbed impurities reefeerforming the experiments.
Brunauer-Emmett-Teller (BET) method used for deteed the surface area of the sample in
the range of relative pressure 0.05 to 0.35 [32] Barrett-Joyner-Halenda (BJH) method
used for calculating the pore area and pore vol{@3¢ using the desorption section of
nitrogen isotherms.

Basicity of the samples were determined using,-CBD experiment using
Micromeritics Chemisorb 2720 instrument coupledhw& thermal conductivity detector
(TCD). The sample (100 mg) pretreated at 200 °Geuheélium flow (20 cmimin™) for 6 h
and then exposed to G@tream with a flow rate 20 ml mifrfor 30 min at room temperature
and physisorbed CQvas removed by helium purging for 1 h at room terapge. Then, the
temperature was increased with heating rate ofCLthiti* under helium flow (20 cfmin™)
from 50 - 700 °C and the desorbed LOfas monitored by TCD, which was calibrated by
injections of pure C® pulses. Similarly, same process was applied for;-lNPD to
determine the acidity and acidic strength of thada.

Morphology and grain size distribution of the caséd was also studied using atomic
force microscopy (AFM) by NT-MDT M/s Molecular Taolnd Devices for Nanotechnology
and NOVA software used for image analysis. Sampeewrepared in ethanol, the small

amount of sample was dispersed in ethanol sol@am@hsolution was sonicated for 180 min.



Afterwards, small amount of solution was placed arglass plate and dried at room
temperature for 12 h. Then this glass plate wad t@eAFM analysis.
2.4. Catalytic activity

Catalytic activity of the synthesized catalysts whecked for the synthesis of DMC
from direct conversion of COwith methanol in a stainless-steel autoclave ora@&eactor
was initially filled with required amounts of meti@ and the catalysts. The reactor was
heated at reaction temperature (100-180 °C) andspriing with CQ with the reaction
pressure (150 bar). After (6-48 h), the reactor keg#t in an ice bath so as to cool down the
product mixture to (<—20 °C) and thereafter catalyas separated from the mixture by
centrifugation. All the reactions were studiedhe presence of activated molecular sieve 3A
as a dehydrating agent and at constant stirrerdspe800 mif'. Catalyst was washed with
methanol and dried at 150 °C for 12 h and furtiwtivated at 500C for 4 h after each cycle.
Similalrly, molecular sieves was activated at 2€0f6r 4 h after each cycle.

The product was analyzed by gas chromatograph (@Z)5890 equipped with a
capillary column HP-5 (5%-phenyl)-methyl polysile}awith a length of 30 m, an inner
diameter of 0.25 mm and a film thickness of 1.8rones with a flame ionization detector
(FID). Injector and detector temperature were 22@ 250 °C, respectively. Helium gas was
used as a carrier gas with flow rate 30 ml/mintidhicolumn temperature was 40 °C with
holding time 5 min. After that, temperature was pach to 100 °C where it was held for 5
min thereafter temperature was ramped to 220 Geatate of 10 °C/min where it was held

for 5 min.

3. Results and Discussion

3.1 Catalyst Characterization



XRD profiles of CeQ, Ce sZros0, and ZrQ catalysts are presented in Fig. 1. XRD
pattern of Ce@catalysts shows the reflections of cubic phase §IFle No. 01-074-1145)
with space group Fm3m (225), Zr€atalysts shows the reflections of tetragonal p3BBS
File No. 01-080-2155) with space group P42/nmc J181d CesZros0; reflections show
tetragonal phase (JPDS File No. 00-038-1436) withce group P42/nmc (137). Only pure
phases were found in CeGand ZrQ. CesZros0, catalysts showed the presence of
CeysZro50, (JPDS File No. 00-038-1436). XRD reflections geifted in the mixed solid
solution due to difference in the ionic radii of€€0.097 nm) and Zf (0.084 nm). Average
crystallite sizes of Cef) ZrO, and CegsZros0, were determined from the most intensive
reflections at 2=28.5°, 30.2aQnd 29.2°, respectively. Average crystalline siaethe CeQ,
CeysZros0, and ZrQ catalysts were 9.48, 7.09 and 9.45 nm, respeygtivditionally, a
TEM image of the GgZro 50, catalysts shows spherical particles in the rangé-d2 nm.
SAED indexing pattern confirms the presence ofdiystalline phases identified using XRD
in Ce sZros0,. Several investigators have previously reportedlar XRD results for Ceg)
ZrO, and CegsZros0.. Chen et al. [26] reported cubic phase of ¢afd tetragonal phase of
ZrO, whereas Zhang et al. [27] reported that thes2® sO, samples calcined at 773 K were
quite similar (cubic phase with crystal sizes<@f6 nm), while the samples calcined at 1273
contained both cubic and tetragonal phases, irotispeof the complexing agents used.
Fuentes and Baker [31] reported either a cubic (Rn8r a tetragonal (P42/nmc) phase
depending on Ce content in Ze O, (x = 0.1, 0.25, 0.5, 0.75, and 0.9) prepared using
citrate complexation technique. Similarly, Si et[@84] and Roh et al. [35] reported average
crystalline size of 5-6 with cubic and tetragonaked phase of GgZrosO.. Atribak et al.,
[36, 37] have been reported average crystallinessii nm of mixed phase of G&Zro 2>
catalyst. In the present study, the Ce/Zr molaosah the CgsZro 50, mixed oxides catalyst

were determined by ICP-OES analysis and EDX amalyructural chemical compositions



of the catalysts are shown in Table S1 (supportimigrmation). Formation of chemical
compositions of synthesized catalysts was relgtivelbse to the initial mixed metal
composition.

SEM was performed on CeOCeZrpsO, and ZrQ synthesized catalysts and
obtained micrographs are shown in Fig. 4. All tla¢atysts show spherical morphology.
Average particle size of the all the catalystsragstigated from FE-SEM is found to be in
the range of 5-10 nm. ZgQs of smaller size as compared toy&& o s0, catalyst (Fig. 4).
Cey5Zr0.502 mapping shown in Fig. S1 shows homogeneous disppeas metals in all the
catalysts. The surface morphology was further ingated by AFM. AFM (1D and 3D)
images along with grain size distribution of they €250, catalyst is shown in Fig. S2.
Average grain size was found to be ~4.5 nm. Surfaughness values obtained from AFM
analysis was 0.945 nm.

The pore surface area of catalysts was calculatedrding to the BET methods and
pore size and pore volume was calculated by BJHhodetN, adsorption-desorption isotherm
and pore size distribution are shown in Fig. 2. tlied data of the catalysts are given in
Table 1. BET surface area of Ce@e sZros0, and ZrQ were found to be 88, 117 and 70
m® g, respectively, BJH desorption pore volume andayepore diameter was in the range
of 0.12 - 0.237 crhg*and 5 - 8.41 nm, respectively. G&ro sO, catalyst was found to posses
the highest surface area, specific pore volume aretage pore diameter among all the
synthesized catalysts. Different authors have tepovaried BET surface area (5-134/g)
of CeysZro 50, catalysts [27-28, 31, 34-38]. All catalysts showgak VI isotherms according
to IUPAC classification Cefcatalyst shows Hhysteresis loop, G&ZrosO, shows H
hysteresis loop and ZpCratalyst shows Hhysteresis loop in the relative pressure {P/P

range of 0.4-0.95 characteristic for mesoporouenas [39-42].



Basic properties of CeQ CeZrps0O, and ZrQ of synthesized catalysts were
characterized by COTPD experiments. Results are shows in Fig 3. Bpsoperties of
catalysts depend upon the temperature profile imkyenoderate and strong range: < 200 °C,
200-450 °C, > 450 °C, respectively. Since all theO§; Ce) sZr050, and ZrQ synthesized
catalysts show main peaks in the range of 78-11Th&y contain predominantly week basic
sites as shown in Fig 3. Basic sites density (pet mass of catalysts) of synthesized
catalysts was in the order: Zr@.2512 mmol/gk CeQ (0.4154 mmol/gk Ce) sZro 50,
(0.6487 mmol/g) and basic site density per uniadodlows the same order (Table 1). Thus
mixed metal oxides are found to posses the batgcdgnsity as compared to single oxide
catalysts [43]. Zheng et al. [27] and Lee et a8][Bported maximum CfHOdesorption of
0.276 and 0.017 mmol/g, respectively, fop &8 4O, catalysts.

Acidic properties of the Ce CeZrps0, and ZrQ synthesized catalysts were
investigated using NHTPD. Results are shown in Fig. 4b. NHesorption peaks are in
temperature region of 50-550 °C. All the catalyfsisnd to contain only week acidic sites.
Total desorbed amount of NWvas found to be in the following order: £58rps0, > CeQ >
ZrO,. The acidic sites density (per unit mass) of sgsitted catalysts was in the order: ZrO
(0.511 mmol/gk CeQ (0.793 mmol/gk Ce Zrps0, (1.893 mmol/g). Respective value of
acid site density (per unit area) were Zr(#.3 mmol/m) < CeQ (9.012 mmol/m) <
Cey.5Zr0 50, (16.18 mmol/m). Therefore, CesZros0, was found to have highest acidic site
and ZrQ found to have lowest acidic sites in the catallyse et al. [28] reported much lower
NH3; desorption of 0.0857 mmol/g for €&ro.40, catalyst. It may be seen that the
Cey5Zr0.50, catalyst has highest surface area, acidic and lséei density (per unit mass/per
unit area) as compared to other Ge&d ZrQ catalysts. Prepared £ros0, catalysts

posses both basic and acidic sites revealing tltaini act as base-acid bi-functional catalyst.
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Few researchers have previously reported that boitlic and basic sites are required for
direct conversion of C&with methanol to produced DMC [26-28].
3.2 Catalytic activity of catalysts for DMC formation using CQ

Direct conversion of CoOwith methanol to form DMC was investigated at eliéint
reaction conditions over Ce(¥rO, and CgsZr 50, catalysts. It should be mentioned that in
the absence of a catalyst, a negligible methanoVesion and DMC formation after 24 h
was observed. Results are presented in Fig. 5&eTtatalysts showed different activity in
the order ZQ < CeQ < CeZrps0.. Among all the catalysts ©&Zrys0, catalyst (2.670
mmol DMC/g.cat.) exhibited the best catalytic aityivcompared to Zr@ (0.456 mmol
DMC/g. cat.).

In presence of a suitable catalyst {€&,:0, in the presence case), methanol is
activated to form CkD andH" due to acidic and basic site of catalysts [44].h&Y species
(CH30) reacts with CQin the presence of basic site and to form methoaybonyl ions.
Methanol at the acidic site forméH; and OH™ ions. Methoxyl carbonyl ion reacts
with CHZ to form DMC and @~ reacts with Hito form of water. As such, higher acidic and
basic catalysts facilitate the DMC synthesis frdra €Q [45]. The reaction mechanism for
DMC synthesis from direct conversion of €®ith methanol in presence of catalyst can be

represented by following equation [45]:

CH;OH —» CH;0 + HY Basic site of catalysts reaction

CH;0OH ———> CH;" + OH- Acidic site of catalysts reaction

CH;OO + CO)——>» CH3;0CO, Basic site reaction
CH;0CO,” + CH;'— 3 DMC

H + OH ______ o HO

11



The relationship between acidic-basic propertiesantivity of catalysts are shown in
Fig. 5b. It can be seen in the above equation, ttietacidic and basic properties directly
influence the catalytic activity of DMC synthes&O, and CeQ@ have smaller number of
acidic and basic sited as compared t@ £Zr sO,. It is clearly seen that the DMC yield
directly depends upon the acidic-basic propertfeatalysts.

The CesZros0, catalyst was further used to study the effects hid teaction
conditions such as amount of catalyst, reactioretand reaction temperature for DMC
synthesis from C@and methanol.

The effect of reaction time was studied in the eamd 6-48 h using GeZros0O.
catalyst with all other reaction conditions beirmgstant. Results are shown in Fig. 6a. It can
be seen that an increase in the reaction time Bdm 24 h increased the DMC yield from
1.49 to 2.67 mmol/g. After 24 h, DMC yield was ctamd. It could be observed in Fig 6a that
the DMC vyield and methanol conversion at 24 h isnopm. It may be due to the saturation
of molecular sieve for adsorption of water.

The influence of catalysts dose was studied irdhge of 0.62-2.19 g and the results
are shown in Fig. 6b. It can be observed in the 6lg there are distinct trends in methanol
conversion and DMC yield with increase in the gaamount from 0.6-1.25 g. DMC yield
increases from 1.71 to 2.68 mmol/g.cat with inceeiasthe catalyst amount from 0.6-1.25 g.
Hereafter, DMC yield decreases with increases & dhtalyst amount from 1.86-2.19 g.
Maximum DMC vyield was found with 1.25 g of catalyst

The effect of reaction temperature was studiechentemperature (Fig. 6¢) range of
120-180 °C. It can be seen that an increase intiogatemperature from 100 to 120 °C
increased the DMC vyield from 1.249 to 2.682 mmoRfer that DMC vyield decreases to
0.129 mmol/g at 180 °C. Clearly, it can be seen tia optimum in DMC yield was at 120

‘C. Further increase in reaction temperature deeseéise DMC vyield due to the poor

12



solubility of CGyin methanol at higher temperature and also DMC det®mposed at higher
temperature [46,47].

The reusability of CgZros0, catalyst was studied at optimum reaction condition
such as catalyst amount=1.25 g, T=120 °C and mwatine=24 h. For this, the g&ry 50,
catalyst was used in five consecutive batch reast{&ig. 7). The observed DMC vyield and
methanol conversion slightly decreased with anease in reuse cycles. DMC yield and
methanol conversion in third run was found to b&789 mmol/g and 0.78454 mmol/g,
respectively. This slight loss of activity of ££ro 50, catalyst may be due to the blockage of
the pores and active sites deposition of reactrodycts.

Table 3 compares various catalysts used for syistoe®MC by direct conversion of
CQO, at various reaction conditions in terms of 8©nversion (%) and DMC yield (mmol). It
may be seen that the &£ro 50, catalyst used in the present study show betteomparable
yield and CQ conversion with those reported in the literature.
3.3 Chemical equilibrium modeling

For the direct synthesis of DMC, equilibrium corsien can be related to the

equilibrium constant as shown below:

8pmc 84,0
2
MeOH %co,

Keo(T) =

1y
B EXequOH(1-0.5yMeOH,oxeq,MeoH) x[ PomcPu,o J [(¢&eOH)2¢8qJ[P_OJ
eq

] ? 1 (Bueor)’d Y P
yMeOH,o (1_X eq) (@) CQ-EX eCJ MeOH co, DMC¢HZO

2)
where, O, = Yo, ‘O/ Y meono- The Peng—Robinson-Stryjek—Vera equation of gRRSV-
EoS) [48] along with the van der Waals one-flui@®\/DW) mixing rule [49], were used to

calculate the rules fugacity coefficient of specrethe mixture. PRSV-Eo0S is given as:

p= RT au(T)
V-b  VV+b)+b(V-Db)

)

13



where, T and R are the critical temperature and pressure, reispégtw is the accentric
factor and K is a specific pure compound parameter. The vatdiek, P, w and K as
obtained from the literature [49,p@re compiled in Table S2. Values of parameters for
1PVDW model are given in Table S3. More detail#&SV-EoS and 1PVDW are given in
supporting information.

PRSV-E0oS and 1PVDW model equations along with thmarameters and the
experimental data obtained in the present study welved simultaneously to calculate the
values of kq at different temperatures and a constant preg®#&50 bar) for CgZro.s0;

catalyst. The valuesdfare given in Table 2.
Assuming that the heat of reactidfH; is constant within the temperature range of

100-180 °C, the equilibrium constant4can be related to the T by the classical van’tfHof

equation:

nk = _AH; +(AHr —AGrJ @)

et RT RT®

The values ofAH? and AG; for Ce sZro 50, using the data points at T=120-160 °C
were found to be -45.66 kJ/mol and 25.04 kJ/mapeetively. Kongpanna et al. [51] shows
the values ofAH; and AG; at 25 °C were found to be —15.259 kJ/mol and 2®J68mol,

respectively.

4. Conclusion

In the present study, DMC was produced by direavecsion of CQwith methanol
using three different catalysts namely Ge@rO, and CesZrosO, catalysts in presence of
activated molecular sieve 3A as dehydrating agéetd, ZrO, and CesZros0, catalysts
were synthesized by hydrothermal method and cheniaet using various techniques. GeO

catalysts showed reflections of cubic phase witaraye crystalline sizes 7.09 nm, 2rO
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catalysts showed reflections of tetragonal phash awerage crystalline sizes 9.45 nm and
CeysZr050, showed tetragonal phase with average crystallimess/.09 nm. BET surface
area of Ce@ ZrO, and CgsZro 0, were found to be 88, 70, and 117 g, respectively.
Cey5Zr0.50, catalyst showed the highest surface area, spgmfie volume and average pore
diameter among all the synthesized catalysts. Bselsites density and acidic site density of
synthesized catalysts was in the order: ZfOCeQ < Ce sZro50;; and that the basic and
acidic site density per unit area followed the samorder. DMC production was found to be
highly dependent on the acid and base sites ofc#talysts. Under optimized reaction
condition of reaction temperature=120 °C, reactiome=24 h, catalysts dose=1.25 g with

pressure=150 bar, optimum yield of DMC was obtaias®.56 mmol/g-cat for GeZry s0..
The values of the heat of reactioH) and Gibbs free energy changsX) for Ce sZro 50,

were found to be -45.66 kJ/mol and 25.04 kJ/masbheetively.
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Table 1. Crystallite size, textural COTPD and NH-TPD analysis of Cef) Ce sZrp 50, and

ZrO, catalysts.
Catalysts Properties CeO CeysZr050, Zr0Q,
Crystallite size (nn?) 9.48 7.09 9.45
Lattice constant d (nrf) 0.3124 0.3051 0.2950
BET surface area (i) 88 117 70
Specific pore volume (chg™h)° 0.12 0.237 0.202
Average Pore diameter (nfm) 5 8.41 7.89
CO, adsorption (mmol.g)* 0.4154 (117) 0.6487 (88) 0.2512 (78)
Basic site density (umol. /)¢ 4.721 5.550 3.588
NH3adsorption (mmol.g) 0.793 (110) 1.893 (96) 0.511 (93)
Acidic site density (uLmol.if)® 9.012 16.18 7.3

%Crystallite size and lattice constant are calcdldtg Scherrer equation.

PBJH desorption cumulative pore volume of porehismriange 17 to 3000 A.

“BJH desorption average pore diameter.

4CO,-TPD of for basicity and basic site and temperafe@ at maxima is given in brackets.

®NH3-TPD of for acidity and acidic site and temperat(i@) at maxima is given in brackets.
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Table 2. Values of kg for DMC synthesis by direct GOconversion using GeZrosO

catalyst at different temperatures and a constastspre, P=150 bar.

T (K) Yo,MeOH Yo, co2 Xeq,MeOH, Yeq,MeoH Yeq, co2 Yeq,DMC Yeq,H20 Keq(I/mol)

experimental

353 0.686055 0.3139450.00330459 0.684985 0.313976.000519638 0.000519638 3.930x1C
373 0.697797 0.3022030.0072792 0.695485 0.302300.001104294 0.001104294 2.221x10
393 0.708692 0.2913080.00945482 0.705748 0.291488.001384505 0.001384505 4.313x10
413 0.718828 0.2811720.00687782 0.716735 0.281328.000970785 0.000970785 2.608x10
433 0.728283 0.2717170.0050323 0.726785 0.271848.000685724 0.000685724 1.620 x10

453 0.737123 0.2628770.00288836 0.736282 0.262958.000380307 0.000380307 6.370x1C°
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Table 3. Comparison of various catalysts used foryathesis of DMC by direct

conversion of CQ at various reaction conditions.

Catalyst @ Reaction CO, %Conv DMC Reference
Preparation Method Condition moles ersion Yield
(mmol) of CO,  (mmol)
Sonicated Sn-SBA- P=20 MPa, 604 0.268 0.81 [30]
15@ Template T=423 K, t=15h,
m=0.1
Sn-SBA-15@ P=20 MPa, 604 0.09¢ 0.3 [30]
Template T=423 K, t=15h,
m=0.1
CeysZro60,@ Sol-gel  P=6 MPa, T 123 0.32% 0.7 [28]
=443 K, t=3h,
m=0.7 g
Gd-CeZros0.@ P=6 MPa, T=443 123 1.13¢ 0.7 [28]
Sol-gel K, t=3h, m=0.7 g
Cu-CeQ@ P=62.8MPa, 134 0.598 0.4 [29]
Impregnation T=393, t=4h,
m=0.1¢g
CeO@ Sol-gel P=5 MPa, T=413 14557 0.72% 0.534 [26]
K, t=2h, m=0.1 g
Zr0,@ Sol-gel P=5 MPa, T=413 14557 0.028 0.021 [26]
K, t=2h, m=0.1¢g
CeOG@ P=15 MPa, 294 1.39 2.04 This work
Hydrothermal T=393K, t=24 h,
m=1.25g
ZrO,@ Hydrothermal P=15 MPa, 294 0.51 0.45 This work
T=393K, t=24 h,
m=1.25g
CeysZr0s0.@ P=15 MPa, 294 1.82 2.67 This work
Hydrothermal T=393K, t=24 h,
m=1.25¢g

@calculated from conditions given in the respeclitezature.P: Pressure; T: temperature; t: time; m:

mass of catalyst.
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Fig. 1. (&) XRD pattern of Ce®) Ce sZros0, and ZrQ catalysts and; (b) TEM image of

Cey 521 50, catalyst with SEAD patterns.
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Fig. 2. (a) Nitrogen adsorption-desorption isotherms; Wgriation of pore volume and pore

area with pore diameter of Ce@e) 5Zrp 50, and ZrQ catalysts.
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Fig. 3.(a). CQ-TPD; (b). NB-TPD of CeQ, Ce sZrps0.and ZrQ catalysts.
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Fig. 4 SEM image of Ceg) ZrO, and CegsZro 50, catalysts.
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Fig. 5. (a) Methanol Conversion and DMC yield over GeOe) 521y 50, and ZrQ catalysts;
(b) Correlation between acidic-basic and catalgiitivity of CeQ, Ce sZros0, and ZrQ
catalysts; Reaction conditions: (Methanol=25.03 Mystaiyst dosed.25 g, P=150 bar, T=120

°C, t=24 h).
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Fig. 6. Effect of various parameters for direct converstrnCO, with methanol for DMC
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Figures Captions

Fig. 1. (a) XRD pattern of CeQCe Zrps0, and ZrQ catalysts and; (b) TEM image of

Cey 5Zr 50, catalyst with SEAD patterns.

Fig. 2. (a) Nitrogen adsorption-desorption isoth&r(v). Variation of pore volume and pore

area with pore diameter of Ce@e) 5Zrp 50, and ZrQ catalysts.

Fig. 3. (a). CQ-TPD; (b). NH-TPD of CeQ, Ce sZrps0,and ZrQ catalysts.

Fig. 4 SEM image of CeZrO, and CgsZro 50, catalysts.

Fig. 5. (a) Methanol Conversion and DMC yield o@®0,, Ce) sZrp 50, and ZrQ catalysts;
(b) Correlation between acidic-basic and catalgiitivity of CeQ, Ce sZros0, and ZrQ
catalysts; Reaction conditions: (Methanol=25.03 Mystaiyst dosed.25 g, P=150 bar, T=120

°C, =24 h).

Fig. 6. Effect of various parameters for direct wension of CQ with methanol for DMC
synthesis. (a) effect of reaction time at Metha@6l83 ml, Matayst dosel.25 g, P=150 bar,
T=120 °C; (b) effect of catalyst dose at Methandl©3 ml, P=150 bar, T=120 °G724 h;

and (c) effect of temperature at Methanol=25.03mghalyst dosel .25 g, P=150 bar.

Fig. 7. Reuseability of GgZrys0, catalyst DMC synthesis from direct conversion @.,C

with methanol: (Methanol=25.03 ml,cByst dose .25 g, P=150 bar, T=120 °G524 h).
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RESEARCH HIGHLIGHTS

> Cerium-Zirconium catalysts prepared by hydrotherma method. > Catalysts characterized by
XRD, COz- & NH3-TPD, N, adsorption and SEM techniques. > Direct conversion of CO; to
produced dimethyl carbonate. > Optimization of catalyst dose, reaction time and reaction
temperature. > Thermodynamics study. >



