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Abstract:

The comparison of mechanism of dimethyl carbonate (DMC) formation directly from carbon
dioxide and methanol over CeO, and ZrO; is investigated through in-situ fourier transform
infrared spectroscopy (FTIR). A new band around 1295 cm™ appears during the methanol and
CO, adsorption over CeO,. Connected with the in-situ FTIR results of methyl formate
adsorption, this band is assigned to carbomethoxide, which is taken as the intermediate in DMC
formation over ceria surface. Carbomethoxide comes from the reaction of methanol and
adsorbed carbon dioxide, followed by the reaction with methoxy to form DMC. This mechanism
differs with that obtained on zirconium oxide, from which DMC is formed by the reaction
between monodentate methyl carbonate with methanol.

Key words: dimethyl carbonate; carbomethoxide; monodentate methyl carbonate; in situ Fourier

Transform Infrared Spectroscopy; CeO,; ZrO,
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Introduction

As a new carbon source, carbon dioxide conversion has been increasingly attracting great
interests due to the worries about the global warming and sustainable development of society.
There are several strategies about CO, utilization ™. Among these ways, dimethyl carbonate
(DMC), which has been widely application in the industrial process such as fuel additive,
methylation agent and solvent, direct synthesis from CO, and methanol is a promising approach.
Converting CO; into environmentally friendly compounds can not only relieve the greenhouse
damages, but can also take CO, as a new carbon source alternative to coal, natural gas and
petroleum.

Both homogeneous and heterogeneous catalysts have been applied in this reaction system 541,
Zirconium oxide has been proved to be a useful heterogeneous catalyst, on which the mechanism
of DMC formation is well studied based on the acidic and basic properties '\, In recent years,

cerium oxide is applied to many fields "'

and also demonstrated to be an effective catalyst in
DMC formation due to the acidity and basicity on catalyst surface. 8131 However, the present
mechanism of DMC formation on ceria is almost referred to that on zirconium oxide in the

814 which is not favorable for further modifying

absence of the comprehensive investigation
catalyst surface and enhancing the catalytic activity. Recently, CeO, has been attracting interest
for its high oxygen storage capacity in CO, activation. And some researchers "% have
confirmed that CO; can be activated on ceria surface. It will be helpful in DMC formation if CO,
can be activated more easily. When CO, activation is involved in the mechanism, the elementary
steps should be different from that on zirconium. However, most researchers do not take this into

account when they present the mechanism on ceria catalyst "%,
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In this paper, CeO, and ZrO, are prepared by sol-gel method. In-situ Fourier Transform
Infrared Spectroscopy (FTIR) is applied to track each reaction steps to figure out the difference

in the mechanism between ceria catalyst and zirconium oxide.

Experimental Design

Catalyst preparation:

The CeO, and ZrO, were prepared by sol-gel method with Ce(NO;3);*6H,O and
Zr(NO3)4#4H,0 as precursors. 5.211g Ce(NO3)3*6H,0 or 1.288g Zr(NO3)4*4H,0 was dissolved
in 50 ml deionized water, respectively. Then the solution was transferred into a 250 ml beaker
and 5.04 or 1.26 g citric acid was added into the cerium or zirconium solution, respectively. The
mixed solution was stirred for 3h under 353K, then vaporized at the same temperature to remove
the water until a sol obtained. The sol was dried at 373 K overnight and then calcinated at 873 K
for 5 h.

Catalytic test

The direct formation of DMC from CO, and methanol was carried out in an autoclave. 0.1 g
catalyst and 15 ml CH3OH were put into the autoclave. The reactor was pressurized with 5 MPa
COa,. Then the reactor was heated to 413 K and stirred for 2 h. 1-propanol as an internal standard
substance was added to quantify the mixture. Products were analyzed with a gas chromatograph
(GC, Agilent 4890 D).

Catalyst characterization

X-ray diffraction was measured with a Rigaku D/max 2500 diffractometer equipped with a Cu
Ka radiation in a diffraction angle ranging from 10 to 90° with a scanning rate of 8°/min.

In-situ FTIR was carried out by a Nicolet spectrometer with an MCT detector. 4 scans were

averaged with a resolution of 4 cm™. Before the experiment, the samples were pressed into a disc

Page 4 of 28



Page 5 of 28

RSC Advances

and transferred to a homemade reaction cell which uses the ZnSe windows. Temperature of cell
was controlled with a programmable temperature controller.

The disc was pretreated under He stream at 673 K for 1h. Then the sample was cooled to
reaction temperature in He stream before exposed to reactant stream. The entire process was
conducted at 0.1 MPa. The flow rate of He and CO, were 15 ml/min and 10 ml/min, respectively.
He stream passed through drying agent to remove water and was deoxidized in deoxidizing tube.
DMC, methanol, formic acid and methyl formate were introduced into the reaction unit by He

stream through a bubbling sampler which was maintained at 298 K.
Results

Table.1 shows the catalytic activity of CeO, and ZrO, for synthesis of DMC from CO, and
methanol. DMC is the only product under the experiment condition. It can be clearly seen that
the CeO, exhibit a more favorable activity in DMC synthesis than ZrO,, which is consistent with
the results of other researchers "%/,

Fig. 1 exhibits the XRD patterns of CeO, and ZrO, catalysts. As shown in Fig. 1(a),
diffraction peaks at 26=28.6°, 33.1°, 47.6° and 56.4° are associated with cubic fluorite phase of
CeO,, corresponding to the planes of (111), (200), (220) and (311), respectively. For Fig. 1(b),
diffractions at 20=28.2° and 31.5° are assigned to monoclinic phase of ZrO,. Peak at 26 = 30.2°
is attributed to the tetragonal phase of ZrO,. This means that ZrO, is the mix of monoclinic and
tetragonal phases, which accords with the result of Parghi''®. There are no other diffraction
peaks in ZrO, or CeO,, indicating that ZrO, and CeO; are both in high purity.

Fig. 2 shows the IR spectra of methanol adsorption on ceria catalysts. Methanol interacts with
ceria catalysts surface through the oxygen atoms. Features for v(CO) of methoxy grow

simultaneously at 1097, 1054 and 1012 cm’, attributed to on-top methoxy, bridging methoxy

and three coordinate methoxy, respectively . The intensity of on-top methoxy rises much
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slower than that of others. The band around 1031 cm™ may be ascribed to bridging methoxy or
physisorbed methoxy. In v(CH3) region, there are two types of vibration: bands at 2806 and 2915
cm™! are associated with the modes of v(CH3) and v,s(CHj3) of chemisorbed methoxy; 2834 and
2934 cm are attributed to symmetric and asymmetric CHj stretching modes of physisorbed
methanol. Bands which are observed at 1575, 1453 and 1369 cm™ represent monodentate methyl
carbonate (MMC). Band around 1295 cm™ which has not been assigned so far also emerges. Fig.
3 shows the spectra of successive methanol adsorption on ZrO, surface, which is identical with

21 except the intensity. Bands at 1162 and 1032 cm™ are

the results of other researchers
associated with the bending vibration of methoxy groups and the bands at 2822 and 2924 cm’
with the increasing intensity are ascribed to the C-H stretching vibration of bidentate and
monodentate methoxy. The decreasing absorbance of bands (3768, 3686, and 3674 cm'l) are
associated with different types of OH groups on the ZrO, surface (221

Exposure of ceria catalysts containing preadsorbed methanol to CO, stream leads to a
remarkable change in the infrared spectra. As seen in Fig. 4, band representing on-top methoxy
decreases, but the features for MMC (1574, 1457 and 1374 cm'l) increase. The band at 1295
cm™ also experience increase, although it does not have a specific assignment. Band at 1468
and 1356 cm™ are associated with monodentate carbonate. Peak at 1549 and 1018 cm™ indicate
the appearance of bidentate carbonate " **. Infrared spectra taken during exposure of ZrO,
containing preadsorbed methanol to CO, are shown in Fig. 5. Bands for on-top and bridging
methoxy (1158 and 1032 cm'l) decrease and new peaks appear at 1596, 1497, 1471, 1391, 1362,
1200 and 1110 cm™ which are ascribed to MMC " The formation of MMC can also be
confirmed through the C-H stretching vibration. Bands (2924 and 2818 cm™) for methoxy

species decrease while new bands at 2960 and 2880 cm™ appear ", The peak around 1295 cm®

! does not appear during this process.
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Fig. 6 exhibits infrared spectra recorded the adsorption of CO, on CeO,. The bands for
vas(COy) in gas phase are clearly observed at 2358 and 2340 cm’'. Bands at 1560, 1289 and
1011 cm™ stem from v(COs3) of bidentate carbonate [23’24], while 1467, 1352 and 1088cm™ are
features for v(CO3) of monodentate carbonate (23.25] peaks at 1598 and 1413 cm™ are ascribed
to hydrogen carbonate [23,26) Spectra of ZrO, reacting with CO, at 413 K are shown in Fig. 7.
The clear bands at 1221, 1425, 1626 and 1683 cm’! are assigned to bicarbonate, and 1366 cm™!
may indicate the presence of bidentate carbonate .

Fig. 8 displays the spectra of methanol successive introduction to CeO, after CO,
adsorption. Peaks in v(CH3) and v(CO) region representing different kinds of methoxy all
appear. New weak bands at 1572, 1454 and 1369 cm™ are assigned to MMC. The unassigned
band at 1295 cm' rise, too. Features (1602 and 1410 cm™) for hydrogen carbonate decrease in
methanol stream. Intensity of bands (1463 and 1354 cm'l) for monodentate carbonate reduces,
too. Fig. 9 illustrates the transformation of spectra when methanol starts to adsorb on ZrO,
containing preadsorbed CO,. New bands appearing at 1165 and 1033 cm™ are for top- and
bridging-methoxy, respectively. Features for 1605, 1463 and 1354 cm™ are associated with
MMC ¥, There is no sign around 1295 cm’ during the CO, adsorption process.

Fig. 10 shows the infrared spectra of DMC adsorbed on ceria catalysts. In the v(CHj3)
region, bands at 2910 and 2804 cm’ increase in intensity with time, which are assigned to
vas(CH3) and vo(CH3) of methoxy, respectively. 2965 and 2869 cm’! are associated with the
vas(CH3) and vo(CH3) of DMC. Bands at 1780 and 1767 cm’! may relate with the physisorbed
DMC because these bands can be totally removed when the sample is exposed in pure He
stream. Features at 1109 and 1061 cm™ are associated with the v(CO) of on-top methoxy and
bridging methoxy. The unassigned peak around 1295 cm™ with a great increase appears, too.

Fig. 11 records the infrared spectra of DMC passing over ZrO,. Bands at 1603, 1357 and 1200
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cm’' indicate the appearance of MMC on zirconium **. The on-top methoxy is evident with the
rising band at 1166 cm™. Other types of methoxy also appear during DMC adsorption process.

Fig. 12 illustrates the transformation of infrared spectra when CeQ, is exposed to HCOOH
in He stream. The bands are ascribed to formate species [23], i.e., v(C-H), 2842 cm'l, Vas(0CO),
1590, 1557, 6(C-H), 1371 cm'l, vo(OCO), 1353, 1252 cm’’. Peak at 2925 cm™ results from the
combination band of v,,(OCO) and 6(C-H) (9] It has been indicated that the frequency
differences between v,(OCO) with vi(OCO) keep the following sequence: monodentate
formate > free formate ion > bidentate formate. According to this empirical approach, bands at
1590 and 1252 cm™ may result from the monodentate formate because the frequency separation
is 338 cm’', which is much larger than 250 cm™ of free formate ion. The remaining features
(1557, 1353 cm™) are associated with the bidentate formate since the frequency separation is
204 cm™ smaller than 250 cm™. During the adsorption process, there is no sign about the peak
around 1295 cm’'.

The spectra of methyl formate adsorption on ceria catalysts evolve in a complicated way.
Bands observed at 3040, 3008, 2967, 2947, 1766 and 1753 cm™ in Fig. 13 are assigned to
methyl formate physisorbed on cerium oxide *%". The peak at 2926 cm™ is associated with the
combination band of v,(OCO) and 6(C-H). Bands at 2844, 1599, 1559, 1377, 1353 and 1248
cm™ are due to the formate adsorbed on surface. A shoulder at 2915 and 2801 cm™ are similar
with those peaks which result from the exposure of ceria catalysts to methanol. In the region of
v(CO), bands at 1032 and 1020 cm™ are associated with the bridging and tri-coordinate
methoxy. It is worth mentioning that band around 1295 cm’ appears as expected.

Discussion

[10, 20, 31]

The spectra of methanol adsorption on ceria and zirconium are shown in Fig. 2 and

Fig. 3. It is indicated that CH3;OH adsorbs on these two catalysts through O atom. The H atom of
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hydroxyl in methanol can react with the OH on metal oxide surface or a coordinately unsaturated
O” on the surface to produce hydroxyl. The negative going features of v(OH) in Fig. 3 indicate
that the H atom combines with the OH to produce H,O on ZrO, surface. However, the H atom
associated with hydroxyl of methanol reacts with the coordinately unsaturated O* on the ceria
surface, resulting in the formation of OH group, as can be observed in Fig. 2. This result is also
confirmed by other researchers *!!. The big differences between methanol adsorption on pure
ceria and zirconium oxide are the appearance of MMC and the band around 1295 cm™. Peaks of
MMC and 1295 cm™ appear when only CH3OH adsorbs on ceria catalysts, which cannot be
detected on ZrO, surface. Based on this result, it is proposed that MMC formation on ceria
surface comes from the reaction between methanol and adsorbed CO,, which is seldom
mentioned by other researchers.

When CO; is introduced to the ceria catalysts containing preadsorbed methanol, intensity of
on-top methoxy which is also considered as the reactive methoxy by other researchers [3, 321
decreases due to the reaction with CO,. The spectra of CO, introduction on zirconium oxide
surface after methanol adsorption are similar to earlier reports ' and agree with the observation
that on-top methoxy is more reactive than other types o], Noticeably, bands representing for
MMC can be both observed on these two catalysts during this CO, adsorption process, while the
band around 1295 cm™! is only detected on CeO,. It can be deduced that this band (1295 cm'l) on
ceria surface does not originate from single CO, adsorption, as shown in Fig. 6. Comparatively,
it is noted that the band at 1295 cm™' rises again when the ceria catalyst is exposed to successive
introduction of methanol after CO, adsorption, further confirming that this band (1295 cm'l)
results from the reaction of methanol with adsorbed CO,.

As can be seen in Fig. 8, features for hydrogen carbonate and monodentate carbonate all

decrease during the methanol adsorption on CeO; containing preadsorbed CO,, indicating that
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those kinds of adsorbed CO, may be involved in the reaction with methoxy. These structures
lead to CO, activation. The specific reactive structure of CO, is not exhibited in this paper
because the activated structures depend on the type of oxygen vacancies, crystal face and the
coverage of CO,. It is unreliable to propose the specific structure merely from the results of
infrared spectra. The corresponding DFT calculation is in progress.

Further investigation is conducted to decide whether this band (1295 cm™) represents an
intermediate or not. It is a common phenomenon that features for DMC are hard to be observed
under the operating experiment condition due to its low concentration. However, according to
the theory of microreversibility, a compound decomposition should go through the same
elementary steps as it forms. Based on this concept, the DMC decomposition would reveal the
intermediate which is needed to produce DMC. The decomposition of DMC on ZrO, surface is
shown in Fig. 11. Features for MMC and methoxy appear in the adsorption process without the
band around 1295 cm’™'. So, MMC is the intermediate in DMC formation over zirconium surface.
When CeQ; is exposed to DMC, the band about 1295 cm’! and features for carbonates appear, as
observed in Fig. 10. During this process, peaks for MMC are invisible even for a long time
exposure, which is much different from the results on ZrO,. As mentioned above, a band near
1295 cm’' originates from the reaction between methoxy and CO, instead of the single
adsorption. Depending on the result of DMC adsorption and the theory of microreversibility, it is
concluded that peak at 1295 cm™ must be an important feature standing for the intermediate in
DMC formation from CO, and methanol on CeO, surface, meaning that there is a different
mechanism in DMC formation on ceria catalysts.

The band about 1295 cm™ has not been assigned so far, but some helpful hints contribute to

[29]

the definition of this band. Li et al. observed a band near 1300 cm™ and associated this band

with the v{(OCO). Combining the characteristic of this reaction with the band representing
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vs(OCO), we propose that this band may be the feature of carbomethoxide (CH3;0CO). In order
to testify this assumption, methyl formate adsorption is conducted on CeO; surface. It is noted
that the weak band around 1295 cm™ (1291 cm™) appears, as observed in Fig. 13. It is probable
that appearance of the band about 1295 cm™ comes from methoxy and formate because esters
easily decompose into alcohols and carboxylic acids. So, HCOOH adsorption on CeQO, is applied
to verify whether the band about 1295 cm™ stems from formic acid adsorption or not. As
exhibited in Fig. 12, bands for v,(OCO) appearing at 1353 and 1248 cm™ are far from 1295 cm™,
indicating that it is hard to set up a connection between the band about 1295 cm™ and formic acid
adsorption. Moreover, the HCOOH formation from methanol on the surface of ceria is
unfavorable under the experiment condition ¥, further demonstrating that this band does not
come from formic acid adsorption. During the methyl formate adsorption process, it is also noted
that there are no features for on-top methoxy, which is well accepted as the reactive methoxy in
carbomethoxide formation. Hence, the rising band around 1295 cm™ in methyl formate
adsorption process does not result from the reaction between methoxy and CO,. Then appearance
of the band around 1295 cm™ can be explained as follow. The C-H bond that the corresponding
C atom links with two oxygen atoms may break up to form H atom and —-OCOCH3. The H atom
can react with the OH on CeO,; surface. And the remaining part (-OCOCHj3) may attach to the
ceria atom on the surface, resulting in the emerging of peak around 1295 cm™. Although methyl
formate adsorption on ceria surface is not a direct evidence of assignment about the new band at
1295 cm™ in DMC formation, it can explain this result to some extent.

Thus, the mechanism of DMC formation directly from CO, and methanol over CeO, catalyst
is described as below, which is different from that previously suggested by other researchers *
" 1n this mechanism, CO, adsorb on CeO, surface to produce adsorbed CO, noted as CO,-

CeO,, as shown in Reaction (1). Reaction (2) is about the adsorption of methanol on ceria
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surface. The carbomethoxide forms through the interaction between the adsorbed CO, and
methanol as depicted in Reaction (3). Methoxy will react with the -C=0 in CO, to form
carbomethoxide. The remaining oxygen atom of CO, combines with the hydrogen from the
hydroxyl in methanol to produce hydroxyl on the surface of CeO,. Then the carbomethoxide
reacts with another methanol to produce DMC which can be seen in Reaction (4). The formation

of carbomethoxide is also strongly supported by the decomposition of DMC.

CO,+Ce0, —>CO,-Ce0, (1)
CH,OH-+CeO, —> CH,0H-CeO, @)
CH,OH-CeO, +CO,-CeO, —> CH,0CO-Ce + OH-Ce (3)

CH,0CO-Ce+OH-Ce + CH,OH——>(CH,0),CO+H,0+Ce0, (4)
Conclusions

The mechanism of DMC formation directly from methanol and CO, catalyzed by CeO, was
investigated, compared with that obtained over ZrO,. Based on the results of in-situ FTIR, DMC
formation from CO, and methanol over ceria catalyst is proposed to go through a new and
different mechanism from that on ZrO,. On ZrO, surface, DMC is formed by the reaction of
monodentate methyl carbonate with methanol. Differently, on ceria surface, methanol reacts with
the adsorbed CO, to produce a new intermediate, carbomethoxide. Feature of carbomethoxide is
observed around 1295 cm™, which is defined through the adsorption of methyl formate. Then
DMC is formed via the reaction between carbomethoxide and methoxy coming from the
dissociation of methanol. DMC decomposition is observed to experience the reversing way of
this route, further confirming that the formation of DMC directly from CO, and methanol

through carbomethoxide intermediate.
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Table.1. Catalytic activity of different catalysts in DMC formation

mmol DMC
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Fig. 1 XRD patterns of different catalysts (a) CeO, (b) ZrO,
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Fig. 4 FTIR spectra of CO; successive introduction on CeO, after methanol adsorption
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Fig. 6 FTIR spectra of CO, adsorption on CeO,
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Fig. 8 FTIR spectra of methanol successive introduction to CeO, after CO, adsorption
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Fig. 10 Infrared spectra of DMC adsorption on ceria catalysts
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Fig. 11 Infrared spectra of DMC adsorption on zirconium catalysts
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Fig. 12 IR spectra during exposure of CeO, to HCOOH
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Fig. 13 IR spectra during exposure of CeO, to HCOOCH3;




