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Abstract: The synthesis of dimethyl carbonate (DMC) from methanol and Carbon dioxide (CO;)
has been investigated over 5% Rh/Al,Oj3 catalyst. Diffuse Reflectance Infrared Fourier Transfer
Spectroscopy (DRIFTS) was used to probe the reaction adsorbates which showed that activation of
methanol and CO, involves generation of intermediate methoxy species and formate ingredients,
participating in elementary steps of DMC formation. Formation of DMC involves parallel routes
comprising interaction of the OH group of Al,O3 through an acid/base mechanism and formate
pathway with participation of metal sites. DMC in acid /base pathway is formed via methoxy species
to form methoxy carbonate (CH3O)CO, (active adsorbate), which then reacts with the methyl species
to form DMC. The pathway involving metal Rh sites generates an additional elementary step for
the involvement of CO, in the reaction through active formate species. The synergy of parallel
pathways determines the performance of the 5% Rh/Al,Oj3 catalyst. Further improvement of catalyst
performance should be based on such a feature of the reaction mechanism.

Keywords: DMC; CO;; DRIFTS; methanol; catalyst; DME

1. Introduction

Utilization of CO; to form useful chemicals is one component of the urgent need to
control CO, emissions [1]. Activation and utilization of CO still is problematic due to the
consumption of a high amount of energy for endothermic reactions of CO, conversion to
feedstock. Activation of CO, into useful chemicals under mild, low-temperature conditions
could be one of the efficient routes for CO; utilization. Production of dimethyl carbonate
(DMC) one of such route for CO, utilization in chemical synthesis:

2CH;0H + CO, — (CH30),CO + H,O )

DMC is considered an environmentally friendly and oxygenated fuel additive (i.e.,
octane enhancer). Conversion of methanol with CO, can be an alternative route for the
development of an efficient technology for DMC production, which requires designing an
effective catalyst composition, allowing conversion of CO, at mild conditions.

There are multiple industrial routes to produce DMC, and the reaction of oxidative car-
bonylation of methanol with CO in the presence of oxygen is one of these most-investigated
routes [2-6]. The supported (X or Y zeolite, SiO;) Cu catalysts are the most efficient catalysts
used for this reaction. However, the catalysts applied for oxidative carbonylation undergo
deactivation due to the change in particle size and sintering of metal active sites [4-0].
Besides that, oxidative carbonylation of methanol to DMC requires CO resources, which
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leads to additional costs for the production of DMC. The direct synthesis of DMC from
methanol and CO; is an attractive route which involves CO, directly in the reaction and
eliminates the CO production step [2,7-11]. The problem of the direct synthesis of DMC
from methanol and CO; is the low yield, which is due to the low rate of CO, conversion at
mild conditions.

Designing a highly active catalyst for co-conversion of methanol and CO; at mild
conditions requires understanding the principles of substrate activation to form active
adsorbates (i.e., adsorbed species) and role of reaction intermediates in the reaction mech-
anism of DMC generation. Several proposals were suggested on mechanism of CO,
activation and its insertion to reaction intermediates, leading to DMC formation [8,12-14].

However, the corresponding literature data on reaction mechanisms are contradictory,
and involve different mechanisms on the involvement of CO, to DMC and cleavage of C-O
bonds for removal of one oxygen atom from CO, molecules. In this paper we applied the
Diffuse Reflectance Infrared Fourier Transfer Spectroscopy (DRIFTS) technique to probe
the active form of adsorbates and reaction intermediates, as well as to understand the
reaction mechanism in the presence of a noble-metal-based 5% Rh/Al,Oj3 catalyst. This
mechanistic study will help to acquire additional information for the improvement of
catalyst performance working at mild conditions.

2. Results and Discussion

Figure 1 shows the IR spectra of pure gaseous methanol, CO,, DMC, and dimethyl
ether (DME). The IR spectra show different IR features for each component, which will
be used to discern the overlapping of adsorbates with gaseous species during the DMC
synthesis from methanol and CO,. Figure 2 shows the IR spectra of adsorbates and
gaseous species during temperature-programmed reaction (TPR) of methanol/CO,. Flow-
ing methanol /CO;, at 303 K produces C-H bands at 2975 and 2845 cm ™!, and a CO, band
at 2350 cm~!, which were collectively similar to the pattern observed by authors of [12-21].
Increasing the temperature to 363 K resulted in appearance of bands at 2047 and 1926 cm™1;
bands centered at 2144, 1652, and 1589 cm~! appeared at 403 K. The band at 1589 cm ™!
can be assigned to OCO (formate), which also was observed during methanol decomposi-
tion [16] and methoxy group interaction with CO, in the presence of Nickel acetate catalyst
at supercritical conditions [18]. Appearance of bands at 2047 and 2144 cm ™! are due to
the formation of adsorbed linear CO on reduced Rh sites and gaseous CO, respectively.
The band at 1652 cm ™! was assigned to the methoxy carbonate species (CH;0OCOO-M)
similarly to the band 1623 cm~! which was observed by authors of [20] in the presence
of alumina. Authors of [21] reported that in the presence of ZrO; catalyst, formation
of methoxy carbonate species via reaction of adsorbed methoxy species and CO, takes
place more easily than that by the reaction of adsorbed CO, with methanol. This is due
to competitive adsorption of methanol and CO; on the same sites where methanol may
displace adsorbed CO5.

On the reduced Rh sites, activation of CO, and its insertion to the reaction may involve
some peculiarities, such as an additional pathway or mechanism which is not characteristic
for ZrO, oxide catalyst. The observed formate species suggests an existence of another
pathway in addition to the common methoxy carbonate route. The formate species can
be generated by the reaction of active hydrogen species, which are formed on reduced
Rh metal sites, with the adsorbed CO,. This route probably takes place with a rate not
less than that of the direct conversion of CO, with the methoxy group into intermediate
methoxy carbonate (CH30COO-M). The decomposition of formate (HCO,) through non-
selective route leads to the formation of gaseous CO, which was observed in Figure 2. The
reverse water gas shift reaction of CO with H,O could be the route for restoration of CO,
concentration. Therefore, the CO, conversion and the observed CO, CO(g), and COz(g)
species, in the presence of reduced Rh metal sites, may involve an alternative parallel
formate route. Formation of CO during reduction of CO, or decomposition of methanol
through the formate route in the presence of different metal and oxide based catalyst is
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well described [22-25]. Bands of adsorbed methanol at 1506 and 1377 cm ! decreased with
the increase of temperature to 403 K. The negative bands of OH at 3741 cm ! and H,O at
3556 cm~! indicate that adsorption of methanol displaced HyO,q from the catalyst surface.
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Figure 1. IR spectra of gaseous methanol, CO,, DMC and DME.
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Figure 2. IR spectra during the methanol/CO, TPR over Rh/Al, O3,

Figure 3 shows the MS intensity of the effluent from DRIFTS reactor cell during TPR
experiments of methanol-CO, mixture as a function of temperature. Switching the flow
from He to methanol/CO; flow resulted in an increase in the MS intensity of methanol
and CO; to steady-state level. Increasing the temperature at 10 K/min rate caused a
decrease in the methanol MS intensity and an increase (formation) in that of DMC and
CO,. The formation of DMC reaches a maximum at 541 K. Above 541 K, the CO, MS
intensity continues to increase while those of methanol and DMC sharply decrease and
level off at 673 K. The decrease in the DMC formation and the increase of that of CO, above
541 K may be due to the decomposition of methanol to CO, through the reverse reaction.
Reverse decomposition of methanol in the presence ZnO catalyst to COx at similar reaction
conditions has been previously described [23]. It was shown that methanol decomposition
proceeds through intermediate methoxy intermediate. The decay in the MS intensity of
DMC could be due to (i) shift of DMC reaction formation back in reverse direction due to
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the reaction of methanol decomposition or (ii) deactivation of the catalyst by water. The
reverse reaction of methanol decomposition is an endothermic reaction and an increase of
temperature shifts the reaction to the formation of carbon oxides and hydrogen without
involvement of feed CO; in the reaction. Although both factors are important, the former is
more notable, due to the shift of equilibrium at high temperature within elementary steps
in reverse direction. Reverse decomposition of DMC, which formed during methanol/CO,
TPR experiments, could also produce linear CO, COyg), and COxg). This suggestion was
provided by exposition of Rh/Al,O3 catalyst to DMC flow at 373 K, which produces
gaseous CO, at 2350 cm~! and linear CO at 2029 cm ™! as shown in Figure 4.

Methanol/CO, Isothermic
He flow flow TPR @ 673 K

>i + % >

—{1+— Methanol

—0o— (CO,

—®&— DMC

MS Intensity

Temperature (K)

Figure 3. MS intensity during the methanol/CO, TPR over Rh/Al, O3,

The dynamics of IR spectra of reaction ingredients during the flow of methanol/CO,
over Rh/Al,Oj3 catalyst at 373 K are shown in Figure 5. The initial IR spectrum at 0.5 min
produces bands at 1589 and 1461 cm™~!. After 5 min of exposure to methanol/CO,, the
intensity of the C-H stretching bands at 2964 and 2845 cm ! increased, together with the
intensities of linear and bridge CO at 2029 and 1873 cm !, respectively. At the same time,
weak bands appeared at 1772 cm ™!, which can be assigned to gaseous DMC. The observed
dynamics of IR spectrum are probably due to the change of state of Rh, particularly
reduction of Rh.

In order to further elucidate the regularities of decomposition of methanol, DMC and
CO; as well as the mechanism of the COy fragments formation, a separate experiments
were carried out with flowing only methanol, CO,, or DMC at different temperatures.
Figure 6 shows the IR spectra during the exposure of the catalyst to methanol at different
temperatures. Linear CO and CO(g) appear at 443 K, and the appearance of CO, (g started
at 603 K. Figure 7 shows the IR spectra during the exposure of the catalyst to CO,. No
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IR evidence for decomposition of CO; as well as formation of linear CO and CO(, at
these conditions. Therefore, in absence of hydrogen there is no dissociation of CO, and at
investigated temperatures there is no activation of CO, with the reduced Rh sites. Absence
of linear CO and COyg) during the catalyst exposure to CO, flow are in agreement with
the results of authors of [24] on CO, adsorption on various catalysts. Absence of CO,
activation without adsorbed hydrogen was also previously reported during conversion
of CO, with methane [25]. The IR spectra during the exposure of the catalyst to DMC
(Figure 8) shows that linear CO at 2029 cm~! and CO ) centered at 2350 cm ™! were
formed at 303 K and continue to grow with temperature up to 673 K. The pattern of
gaseous CO, which centered at 2136 cm™! starts forming at 523 K. Formation of CO
probably proceeds through DMC decomposition to CH30O fragments, which is commonly
known intermediate during the conversion of CO/H; mixture to methanol and in reverse
reaction of methanol decomposition [23,26,27]. It was also shown that the intermediate
step in methanol decomposition is formation of formaldehyde, which is the precursor of
CO formation [23].
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Figure 4. IR spectra during exposure of 5% Rh/Al,O3 to DMC flow at 373 K.
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Figure 7. IR spectra during the exposure of the Rh/Al,Oj3 catalyst to CO, flow at different temperatures.
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Figure 8. IR spectra during the exposure of the Rh/Al,Oj3 catalyst to DMC flow at different temperatures.

It is obvious to suggest that, during decomposition of methanol, CO, observed in
the spectrum formed through CO oxidation to CO,, but mechanism of CO oxidation
to CO, is not clear because the amount of oxygen consumed for oxidation of CO in
stoichiometric equation is not balanced. Authors of work [16] suggested that lattice oxygen
of ZnO catalyst in some way participates in the formation of CO;. It was shown that
decomposition of methanol in the presence of a Cu/ZrO, /SiO; catalyst proceeds through
formation of adsorbed hydrogen and formate species where metallic Cu provides sites
on which adsorbed hydrogen formed. It is necessary to note that the noble metal catalyst
used in the present work has no oxygen sites and the mechanism of catalytic methanol
decomposition at stationary state cannot involve oxygen from the catalyst lattice. In
the presence of Rh/Al,O3 catalyst, Rh site generates adsorbed hydrogen species that
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participates in the decomposition of methanol. Based on this principle, we may suggest
the following mechanism of catalytic methanol decomposition:

CH30Hz) — CH3O0H a5 2)
CH30H a45) — CH30(ads) + Hads) 3)
CH30ds) = CH2O(ags) + Hiads) 4)
CHOads) = COtauts) + Hagas) )
CH30H 545) — CH3(ags) + OH(ags) (6)
COfads) = CO(gas) 7)

COads) + OHags) = HCOx(aqs) (8)
HCOy(ags) — COxads) + Hiads) )
COzade) = COxgas (10)

CH3(ags) + HCO, — CH30(ag4s) + HCO(aq5) (11)
HCOgqgs) = COqds) + Hiads) (12)

(ads): Indicates adsorbed species.

The adsorbed hydrogen atoms, through recombination, produce molecular hydrogen
that desorbs from the surface to the gas phase. The mechanism of methanol decomposition
may not be limited to the elementary steps (2 to 12) if the fresh catalyst involves some
oxygen species. In this case, the mechanism of methanol decomposition may involve
participation of lattice oxygen species, similar to the mechanism on Cu and Zr based
catalysts [16]. However, at stationary condition when the oxygen is cleaned from the
Rh sites, the reaction mechanism involves predominantly the elementary steps (2 to 12).
Presence of CO, in the CH30H + CO, mixture facilitate the formation of formate fragments
HCOO;, which becomes an additional important step as precursor for DMC formation.

The most important step in the stepwise mechanism (2-12) is the decomposition of
methanol to CHj3 fragments and OH group (step 6). It is probable that this step has the
lowest rate among other steps. It is necessary to note that the similar decomposition of
methanol was suggested by authors of work [16] who suggested that “methanol should be
activated to adsorbedCHj3* and adsorbed OH- on the neighboring acid sites.” The authors
also mentioned that this step may be the rate-determining step in DMC formation.

The reaction steps (2-12) describe the decomposition of methanol in the absence of
CO; in the gas. However, the mechanism of methanol conversion by CO; in the presence
of Lewis basic sites of Rh and acidic site of Al-O frame may have its special features while,
in this case, formation of DMC could involve parallel pathways. It is clear that the role of
each route in DMC formation will be determined with the rate of methanol decomposition
in direction of cleavage of O-H and C-O bonds.

Mechanism of DMC Formation

Figure 9 shows the IR spectra generated during methanol-CO, reaction over 5%
Rh/Al,Oj3 catalyst at 393 K. The IR spectrum of gaseous DMC was included to elucidate
the DMC formation. Introduction of methanol-CO, (2:1) resulted in appearance of gaseous
methanol centered at 2888, 2061, 1036 cm ™! and CO, centered at 2345 cm 1. After 3 min,
new band at 1742 cm ™! was observed due to gaseous DMC and 1596 and 1484, 1458 cm !
due to methoxy carbonate species. The intensity of the 1742 cm ™! increased with time and
reached maximum after 21 min. The decrease in the IR intensity of the 1742 cm~! band was
accompanied by emergence of gaseous CO band centered at 2138 cm~! and an increase in
the IR intensity of methoxy carbonate species at 1458 cm™!.
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Figure 9. IR spectra during the methanol-CO; reaction over 5% Rh/Al,O3 at 393 K.

The reaction mechanism of DMC production from methanol and CO; has been de-
scribed by many authors [12-14,17-19,28-30]. The mechanism of DMC production from
methanol and CO; usually involves participation of large amount of OH groups and for-
mation of bidentate carbonate species. In most cases the mechanism of DMC synthesis has
been described for ZrO,, CeO, and CeO,—ZrO; based catalysts. It was reported that in the
presence of ZrO; catalyst the neighboring acid-base sites both are responsible for activity
of the catalyst for production of dimethyl carbonate [28]. The following mechanism was
suggested to describe DMC production [21]:

CH;3OH + (Basic site) — CH30 ™ (ad5) + H' (ads) (13)

CO; + (Basic site) — CO; (a4s) (14)
CH3O_(ads) + CO, (ads) T (Basic site) — CH30C02_(adS) (15)
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CH3OH + (acidic site) — CH3+(ads) + OH_(ads) (16)
CH3OC027(adS) + CI‘I;J.Jr (ads) — (CH30),CO (17)
H" (ags) + OH™ (ad5) — H2O (18)

It was suggested that the initial adsorption of CH30H on a catalyst surface occurs via
the interaction of the O atom of CH30OH with a coordinately unsaturated Lewis acid center
on the surface with the formation of methoxy species. Abstraction of hydrogen by surface
Lewis base sites has been suggested by [29] as well. For closing of the water formation
cycle, the surface hydrogen protons undergo the acid-base interaction with the surface
hydroxyl group (step 18). However, steps (13-18) involve only the methanol decomposition
without the step for formation of adsorbed methanol species.

In accordance with the reaction steps (13-18), formation of DMC takes place via
reaction of adsorbed CO, with methoxy species to form methoxy carbonate (reaction 15),
which then reacts with methyl species (reaction 17). Results from X-ray absorption fine
structure (XAFS) spectra suggested that CO, during reaction with methanol in the presence
of Cu—CeO; catalyst undergoes reduction with the realization of redox reaction cycle with
standard spectrum component of Ce** and Ce3* was 90 and 10%, respectively [30]. The
content of reduced Ce?* sites (10%) associated with the surface O vacancy decreased to
5% under CO; at 290 K for reduced Cu—CeO, catalyst. However, the reaction mechanism,
proposed by authors, does not involve regeneration of reduced sites by CO,, which will
lead to CO generation. The CeO, component of the catalyst plays the role of an electron-
donating Lewis site. The authors did not, however, show any CO spectrum or suggestions
on a mechanism for insertion of CO to methanol molecules to form DMC.

Our earlier studies [15] showed that absence of CO participation in intermediate
stages of DMC formation when the CO, in a CH3OH-CO; mixture was replaced by CO.
Therefore, formation of DMC through insertion of adsorbed CO into two methoxy species
does not occur. The insertion of CO, into a M—OCHj3 bond without dissociation to CO
(reaction 15) is confirmed by the low conversion of CO, during its decomposition [15] and
was also reported in [19] for Cu-Ni based catalytic systems. IR results showed that there
was a large amount of basic sites that participated in activation of methanol to methoxy
species and their subsequent reaction with the activated carbon dioxide.

Authors of work [29] also suggested that adsorption of CO, might be the key step
in DMC synthesis. It was shown that abstraction of hydrogen from methanol takes place
at the neighboring sites of adsorbed CO,. Two methoxy groups and an adsorbed CO,
combined together to form DMC and water, which followed by catalyst re-oxidation to
restore surface oxygen vacancy.

Unnikrishnan and Darbha [30] suggested a different mechanism for DMC synthesis
in the presence of CeO, catalyst. Based on their mechanism, methanol on the surface first
generates OH group, which in the subsequent step through the reaction with methanol
generates methoxy groups. By the authors’ opinion, conversion of methanol and DMC
correlates with the concentration of both acidic and basic sites. Reaction of methoxy group
with adsorbed CO,, similar to step (15), leads to the formation of CH3OCO; fragments,
which then reacts with methanol to form DMC.

The mechanism of DMC formation in the presence of a ZrO, catalyst proposed
by [28,31-33] is different from that was suggested by [29,30] for CeO,, Cu-CeO, and
Ni-Cu type catalysts. Using IR spectroscopy, it was shown that the change of oxidation
state of Zr in zirconium oxide lead to a significant change in the mechanism of DMC and
rate of elementary steps [31,32]. In the presence of ZrO, phase CHj3 insertion to methyl
carbonate was twice as fast as that of CO, insertion to methyl carbonate. Author suggested
that both routes take place with the participation of Brensted basicity of hydroxyl groups
and Zr**O?~ Lewis acid /base pairs existed on the surface of zirconia.

It is necessary to note that the acid-base features of Rh/Al,O3 catalyst are different
from the catalysts, discussed above in [29-33]. During the reaction at stationary conditions
the noble metal Rh has different surface properties and therefore activation of methanol
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substrate may not involve OH group as an initial active site for abstraction of hydrogen
from methanol.

We propose abstraction of hydrogen from methanol by reduced Rh atoms with forma-
tion of adsorbed hydrogen species, (step 19), below where the reduced Rh sites plays the
role of Lewis bases. These active sites presented in the form of **:

CH30H + 2 ** — CH3O(ads)+Hiads) (19)
Hiags) + CO2 = HCOjags) (20)

HCOpads) » HOCO(ads) (1)

CH3OH + ** ¢ CH30H a4 (22)

CH30H ) + HCOyags) ¢+ CH30CO q5) + HoO (23)
CH30a4s) + CH30CO 145) — CH;0COCH;0 (DMC) (24)

The suggested mechanism (steps 19-24) is the parallel pathway for DMC production
that takes place with participation of a non-oxide based Rh catalyst. The suggested parallel
way of DMC formation does not exclude the reaction mechanism (steps 13-18), which
may takes place by the participation of Al,Os acidic support of an Rh/Al,O3 catalyst.
Step 19 describes the heterolytic dissociation of methanol with the formation of H,q4s) and
CH30(,45) fragments. It is reasonable to suggest that H,qs) fragments may be generated
with participation of Al-O group of acidic support while the CH30(,45) ingredient describes
Me-OCHj; intermediates formed with involvement of Lewis basic sites.

The reaction mechanism of DMC formation considers conjugation of two parallel
pathways of its formation. The cross-linking of these parallel pathways may proceed
through formation of intermediate DME. In this case the stepwise mechanism (19-24)
should include formation of DME as an intermediate ingredient. The DME formation, in
contrast to DMC, favors a high temperature and low CO, pressure [33]. The DME gas
phase product was not observed in IR spectra but bands at 2961 and 2845 cm ™! in Figure 2
can be assigned to molecularly adsorbed DME [34]. The formation of DME was reported at
>400 K in our earlier studies [15], which were carried out by feeding a mixture of methanol
and CO, through a plug flow reactor. These studies showed that DMC synthesis proceeded
effectively at low temperatures (353433 K), while at higher temperatures DME became the
predominant product. It is probable that, at low temperatures, DME was produced as an
intermediate product, participating in consecutive steps of DMC generation while at high
temperatures DME desorbed from the surface and showed up in the gas phase.

Adsorption of methanol on two acid sites may generate intermediate DME, which
reacts very fast with the HCOy(,q):

ZCHgoH +2 (**) acid — CH3OCH3(adS) + HZO(ads) (25)

CH30CH3(adS) + HCOZ(ads) — CH3OCO(adS) + CH3OH(adS) (26)

The elementary step (26) may present conjugation of reaction pathways, carried with
participation of Lewis base and Al-O group of acidic support. Combination of elementary
steps (25) and (26) gives the elementary step (23). The surface methoxy fragments, gener-
ated within two pathways, are the main intermediates for synthesis of DMC. Combination
of strong Lewis basic sites and acid centers of Al-O frame of support are necessary to
increase the rate of methoxy fragment generation within conjugated elementary steps. The
direction of the reaction via elementary steps (19-26) with participation of Rh sites is the
predominant route in comparison with the decomposition of methanol to CH3(,4) and
OH_,45) fragments on acid site.
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3. Experimental

The 5 wt% Rh catalyst was prepared by incipient wetness impregnation of RhCl3.2H,0O
(Alfa Chemicals) on Al,O3 (Degussa: 100 m?/g). The catalyst was dried overnight in air at
room temperature, calcined by flowing air at 523 K for 30 min and subsequently reduced
by flowing Hj at 673 K for 1 h.

The reactor system used in this work is described elsewhere [15]. Scheme 1 shows the
experimental system, which consists of a gas flow section with a 4-port switching valve,
a DRIFTS cell with catalyst, a tubular reactor with catalyst and mass spectrometer (MS)
(Pfeiffer Vacuum GmbH, Berliner Str. 43, 35614 Afilar, Germany). The adsorption intensity
and vibrational frequency (wavenumber, cm~!) of adsorbed and gaseous species on the
catalyst surface were measured by IR spectrometer. The effluent concentrations of gaseous
reactants/products were measured by MS. The flow rates of the gasses were controlled by
mass flow controllers (Omega 750). The heating rate during the Temperature-Programmed
Reaction (TPR) studies was 10 K/min and the methanol: CO ratio was (2:1).

Bypass
SREEEY 2

Methanol

bubbler —*MS

Tubular L5 GC

reactor

IR reactor
with catalyst

MFC : Mass Flow Controller
) - Particles Filter

Scheme 1. The experimental system for TPR studies.

The IR spectra were collected by a Thermo Nicolet Nexus 670 FTIR spectrometer
(Thermo Electron North America, USA) equipped with a MCT detector that was cooled
with liquid nitrogen. A high pressure/high temperature chamber fitted with ZnSe windows
was utilized as an IR reactor cell for in situ reaction studies. The IR reactor cell was heated
by temperature controller. The lines from the methanol bubbler to the IR cell, GC and MS
were warped with heating tape and insulated with general purpose insulating wrap. For
steady-state spectra, 64 scans are co-added at a resolution of 4 cm~!. Co-adding a large
number of scans increases the signal to noise ratio (5/N), but requires a longer sampling
time, resulting in the loss of the transient information.

4. Conclusions

In this work, the peculiarities of direct synthesis DMC from methanol and CO; has
been studied over a 5% Rh/Al,Oj3 catalyst using a combination of a vapor phase flow
reactor system and the Diffuse Reflectance Infrared Fourier Transfer Spectroscopy (DRIFTS)
technique coupled with Temperature-Programmed Reaction (TPR) to probe adsorbates and
reaction intermediates. It has been established that methanol undergoes decomposition
with the generation of methoxy species, which then reacts with CO, through formate
species. The intermediate methoxy species and the chemosorbed and formate forms of
CO; play an important role in the DMC synthesis, and the participation of two parallel
pathways take place in DMC formation. Formation of DME involves parallel routes
comprising interactions of the OH group of Al,O3 through the acid/base mechanism and
formate pathway with participation of metal sites. The pathway involving metal sites
generates an additional elementary step for involvement of CO; to the reaction through
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active formate species. The synergy of parallel pathways determines the performance of
the 5% Rh/Al,O;3 catalyst. Therefore, selection of the catalyst and improvement of its
performance should be based on such a feature of the reaction mechanism. Promotion of Rh
with additional metal may increase the rate of formate route while acid-base performance
of catalyst can be enhanced by the addition of oxides, such ZrO, or CeO,, suggested by
authors of [31,32]. The effectiveness of Rh/Al,O3 catalyst, for DMC synthesis, is attributed
to the presence of two pathways comprising Lewis basic sites of metallic Rh and OH
groups, generated on Al,O3. The Lewis basic sites are needed for abstraction of hydrogen
from methanol, which initiates the formate pathway of DMC generation. The acid-base
route of support participates to supply methyl groups from methanol to the methyl route
of the reaction mechanism.
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