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Abstract— Formate and carbonate complexes and bridging and linear methoxy groups were detected on the
surfaces of CeO, and 5.0% Cu/CeO, under the reaction conditions of methanol conversion using IR spec-
troscopy. The reaction products were H,, methyl formate, CO, CO,, and H,O. The bridging and linear meth-
oxy groups were the sources of formation of bi- and monodentate formate complexes, respectively. Methyl
formate was formed as a result of the interaction of the linear methoxy group and the formate complex. The
study demonstrated that the recombination of hydrogen atoms on copper clusters and the decomposition of
methyl formate were the main reactions of hydrogen formation. Formate and carbonate complexes were the
source of CO, formation in the gas phase, and the decomposition of methyl formate was the source of CO. It
was found that the addition of water vapor to the reaction flow considerably decreased the rate of CO forma-
tion at a constant yield of hydrogen. The effects of water vapor and oxygen on the course of surface reactions
and the formation of products are discussed. To explain the mechanism of methanol conversion, a scheme of

surface reactions is proposed.
DOI: 10.1134/S002315840905022X

INTRODUCTION

In recent years, the generation of H,-containing
gas mixtures from methanol has received increasing
attention because of the development of fuel cells
operating on hydrogen. Hydrogen-rich mixtures can
be obtained by the catalytic decomposition, steam
reforming, and autothermal reforming of methanol.
Evidently, information on the mechanism of surface
reactions is useful for the development of efficient cat-
alysts for these processes.

Copper-containing systems based on CeO, and
710, modified to improve their activity, selectivity, and
operational stability [1, 2] and catalysts containing
noble metals [3, 4] are considered the most active cat-
alysts in the production of hydrogen-containing mix-
tures from methanol.

Methoxy groups (—O—CHj;) are considered as pos-
sible intermediates in studies of methanol conversion
on oxide systems. In particular, it is believed that the
interaction of two methoxy groups results in the for-
mation of dimethyl ether [5], whereas the formation of
formaldehyde can occur via the interaction of the
methoxy group with oxygen [6, 7]. Formate complexes
[8] and complicated complexes containing two meth-
oxy groups and a surface hydroxyl groups [9] are also
considered as intermediate compounds in the reac-
tions of methanol conversion.

The surface compounds formed by the interaction
of methanol with oxide catalysts have been ade-
quately characterized; however, the role of these
complexes in the formation of products, such as car-
bon monoxide, carbon dioxide, and hydrogen,
remains unknown [5—17].

Previously, Matyshak et al. [18, 19] used a spec-
trokinetic method (simultaneous measurement of
the rate of conversion of surface compounds and the
rate of formation of reaction products using in situ
IR spectroscopy [20]) to study the role of surface
complexes in methanol conversion on y-Al,O; and
Cu/y-Al,O;. It was found that, in the absence of
methanol from the gas phase, the interaction
between two bridging methoxy groups resulted in the
formation of dimethyl ether in the gas phase. In the
presence of methanol in the gas phase, the interac-
tion of methanol from the gas phase with the surface
methoxy group was observed. This reaction made the
main contribution to the formation of dimethyl
ether.

The linear methoxy group is desorbed with the for-
mation of methanol in the gas phase to form surface
formate and aldehyde complexes. The surface formate
and aldehyde complexes are the sources of formation
of CO, and CO in the gas phase, respectively. The
main reaction of the formation of hydrogen is the
recombination of hydrogen atoms on copper clusters.

784



PROPERTIES OF SURFACE COMPOUNDS IN METHANOL CONVERSION

In this work, we performed an analogous study of
the role of surface complexes in methanol conversion
on copper-containing catalysts based on CeQO,.

EXPERIMENTAL

Cerium oxide with the specific surface area S, =
73 m?/g was prepared by the decomposition of
Ce(NOs;), - 6H,0 in air at 500°C for 2 h. The specific
surface area was determined using the BET method
based on the low-temperature adsorption of argon.
CuQ/Ce0O, samples were prepared by the impregna-
tion of CeO, with an aqueous nitrate solution (to sup-
port 5.0 wt % CuO) followed by drying at 100°C and
calcination at 500°C in air for 2 h.

A 4% mixture of methanol in helium was used as
reactants. Up to 3% oxygen was added to the mixture
of methanol with helium. Helium used in this study
contained up to 0.2% oxygen as an impurity.

Spectrokinetic measurements under the reaction
conditions of methanol conversion were performed in
accordance with a procedure analogous to that
described elsewhere [20].

The experimental setup included a Perkin Elmer
Spectrum RX 1 FT IR System or Bruker IFS-45 Fou-
rier transform IR spectrometer, a heated flow reactor
cell (V=1 cm?), a gas preparation unit, and a system
for the analysis of products and reactants.

A sample as a 20- to 30-mg pellet with a surface
area of 2 cm? was placed in a cell, which simulta-
neously served as a catalytic flow reactor. Before mea-
surements, the sample was treated in an inert gas (He)
flow at 450°C for 1 h and cooled to a required temper-
ature, and the flow of a reaction mixture (30 ml/min)
was turned on. Then, the concentrations of the result-
ing products and the spectra of surface compounds
were measured at various temperatures.

The procedure of unsteady-state spectrokinetic
studies consisted in the simultaneous measurements of
the concentrations of surface compounds by in situ IR
spectroscopy and the rate of formation of reaction
products by chromatography in the course of reaching
a steady state in the reaction of methanol conversion
or on the removal of methanol from a flow of the reac-
tion mixture.

The intensity of absorption bands was measured in
absorbance units (4) in difference spectra, which were
obtained by subtracting the spectrum of the sample in
an inert gas flow from the spectrum of the sample in a
flow of the reaction mixture at the same temperature.
Usually, the number of scans was 64, and the resolu-
tion was 4 cm™!,

The concentrations of reactants and reaction prod-
ucts were measured using a 3700 chromatograph
(Khromatograph plant, Moscow) with heated lines;
helium was a carrier gas. Dimethyl ether, methanol,
and methane were determined on a column with Pora-
pak Q using a flame-ionization detector. Analysis for
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CO, H,, and CO, was performed on columns with
molecular sieves SA and Porapak Q using a thermal-
conductivity detector.

RESULTS

Steady-State Measurements in the Conversion
of Methanol on CeO,

The IR spectra measured in the course of methanol
decomposition (4% MeOH in He) on CeO, exhibited
absorption bands due to linear (1098 cm™') and bridg-
ing (1050 cm™") methoxy groups [11, 13, 22], mono-
dentate (1577, 1370, and 1355 cm™!) and bidentate
(1555, 1370, and 1355 cm™!) formate complexes [23],
and a carbonate complex (1508, 1370, and 1065 cm™!)
in the region of C—O vibrations. In the region of
2800—3000 cm~!, a number of absorption bands due to
stretching C—H vibrations in methoxy groups and for-
mate complexes [11, 13, 21, 22] were observed. The
vibration frequencies of methoxy groups and formates
increased with reaction temperature.

In the region of the stretching vibrations of surface
OH groups, negative absorption with a maximum at
3640 cm~! was observed. Negative intensity values in
difference spectra indicated that hydroxyl groups were
consumed in the course of methanol interaction with
the surface.

Figure 1 shows the temperature dependence of the
concentrations of methanol and its conversion prod-
ucts, as well as of the absorption band intensities mea-
sured in the same experiment. It can be seen that the
formation of CO,, CO, H,, and CH, was observed
only at temperatures higher than 300°C (Fig. 1b).
Dimethyl ether was not detected in the reaction prod-
ucts.

From the data shown in Fig. 1a, it also follows that
a decrease in the intensity of absorption bands due to
methoxy groups (curves /, 2) was accompanied by in
increase in the intensity of absorption bands due to
formate complexes (curves 3—5) (the apparent
increase in the absorption band intensity of the bridg-
ing methoxy group in curve 2 can be explained by the
fact that the intensity of the absorption band of a car-
bonate complex manifests itself at the same frequency
and increases with temperature). In turn, an increase
in the intensity of absorption bands due to surface car-
bonate complexes (curves 6, 7) corresponds to a
decrease in the intensity of absorption bands due to
formate complexes.

Unsteady-State Measurements in the Conversion
of Methanol on CeO,

After reaching the steady-state concentrations of
surface compounds (in a flow of 4% methanol in
helium) and removing methanol from the reaction
mixture, the isothermal desorption of surface com-
pounds was performed (in a flow of helium). In this
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Fig. 1. The temperature dependence of (a) the absorption
band intensities of surface compounds [(/) linear
(1098 cm™") and (2) bridging (1050 cm™') methoxy
groups, (3—5) formate complexes (1577, 1555, and
1355 cm’l, respectively), and (6, 7) carbonate complexes
(1508 and 1370 cm_l, respectively)] and (b) the concen-
trations of products [(/]) CH3;0H, (2) H,, (3) CO,
(4) CO,, and (5) CHy] under the conditions of methanol
decomposition on CeO,.

case, the absorption band intensities of formate com-
plexes and bridging and linear methoxy groups in the
IR spectra were monitored. These experiments were
performed at 150—300°C.

The resulting kinetic curves allowed us to deter-
mine apparent constants and the order of reaction of
the consumption of surface complexes and to estimate
the activation energy. The equation that describes
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changes in the concentration of methoxy groups is of
first order. Table 1 summarizes the corresponding rate
constants of methoxy group transformations.

The curves of the buildup of formate on the surface
at low temperatures were also treated using first-order
equation coordinates. Table 1 gives the rate constants
of formate formation. The intensities of absorption
bands due to formate complexes increased with tem-
perature, whereas the time dependence of these inten-
sities acquired the shape of a curve with a maximum.
This character of dependences suggests that not only
the formation but also the consumption of formate
occurred at elevated temperatures.

The following activation energies of methoxy
group transformations were determined from the tem-

perature dependence of the constants: E;°98 =

33 kJ/mol and E.*° = 21 kJ/mol.

Note that the rate constant of consumption of the
linear methoxy group was almost the same as the rate
constant of formation of monodentate formate
(absorption band at 1577 cm™"), and the rate constant
of consumption of the bridging methoxy group was the
same as the rate constant of formation of bidentate
formate (1555 cm™').

Methanol Conversion on 5% CuQO/CeO,

Under the conditions of methanol conversion on
5% CuO/Ce0,, the intensity of absorption bands due
to methoxy groups observed in the IR spectra was
lower than that on CeQO,; the vibration frequencies
were also slightly different. The spectrum was found
much more complicated in the region of absorption
due to formate complexes.

The deconvolution of the spectra obtained under
the reaction conditions in the region of 1500—
1600 cm~' indicated that, in addition to absorption
bands due to two formate complex forms localized on
CeO, (absorption bands at 1577 and 1555 cm™! (see
above)), two other forms of this complex were also
observed (absorption bands at 1587 and 1560 cm™!).
Because the latter two forms were observed only in the
presence of copper oxide as a sample constituent, it is
believed that they were localized on its surface.

Figure 2b shows the dependence of the concentra-
tions of MeOH and reaction products (H,, methyl for-

Table 1. Rate constants of consumption of methoxy groups and formation of formates under the reaction conditions of metha-

nol conversion on CeO, at 190°C

Surface compound Frequency, cm™

1 Consumption rate constant k,

Formation rate constant &,

min~',n=1 min~!, n=1

Linear methoxy group 1098
Bridging methoxy group 1050
Bidentate formate 1555
Monodentate formate 1577

0.054 —

0.019 -
— 0.023
— 0.056
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mate, CO, CO,, and CH,) and the intensities of
absorption bands on the temperature of the experi-
ment. It can be seen that the composition of the reac-
tion products on the copper-containing catalyst
changed (methyl formate was detected). Moreover,
the formation of reaction products came into play at
lower temperatures, and they concentrations were
much higher than those on CeO, (Figs. 1b, 2b). It is of
interest that, on going from 250 to 300°C, the concen-
tration methanol at the reactor outlet increased (curve
I) with a simultaneous decrease in the concentrations
of H, and CO, (curves 2, 4). This fact can be explained
by the occurrence of the reverse reaction of methanol
synthesis from H, and CO, in this temperature range.

Figure 2a shows the temperature dependence of
the intensities of absorption bands due to surface com-
pounds measured in the same experiment. It can be
seen that a decrease in the intensity of absorption
bands due to methoxy groups (curves /, 2) was initially
accompanied by an increase and the subsequent
decrease in the intensity of absorption bands due to
formate complexes (curves 4, 6, 7). In turn, the
decrease in the intensity of absorption bands due to
formate complexes corresponds to an increase in the
intensity of absorption bands due to surface carbonate
compounds (curves 3, 5). As the temperature was
increased, the absorption bands due to methoxy
groups and formate complexes shifted toward low fre-
quencies.

From a comparison between spectroscopic and
catalytic data (Figs. 2a, 2b), it follows that the forma-
tion of reaction products and the transformation of
formate and carbonate complexes occurred over the
same temperature range. Note that the formation of
CO, and H, (curves 2, 4) began simultaneously. The
temperature of these processes corresponds to the
temperature at which the intensity of the absorption
bands due to formate complexes decreased (Fig. 2a,
curve 4). The formation of CO (Fig. 2b, curve 3) began
at a higher temperature, which corresponded to the
temperature of methyl formate formation (Fig. 2b,
curve 6).

Effects of oxygen and water on the conversion of
methanol on 5% CuQ/CeQ,. The addition of oxygen
at relatively low temperatures (200—270°C) caused a
decrease in the concentrations of H, and CO. Simul-
taneously, the concentration of CO, increased. An
opposite effect was observed at elevated temperatures
(above 270°C): the addition of oxygen caused an
increase in the concentration of hydrogen. Recall that,
in the absence of oxygen, a decrease in methanol con-
version with temperature was observed (Fig. 2)
because of the occurrence of the reverse reaction of
methanol synthesis. However, this effect disappeared
upon the addition of oxygen. In this case, the observed
increase in the concentration of hydrogen can be due
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Fig. 2. The temperature dependence of (a) the absorption
band intensities of surface compounds [(/) bridging
(1050 cm’l) and (2) linear (1098 cm*]) methox?/ groups,

(3, 5) carbonate complexes (1366 and 1508 cm™ ', respec-

tively), and (4, 6, 7) formate complexes (1370, 1560, and
1587 em ™!, respectively),] and (b) the concentrations of
products [(/) CH30H, (2) H,, (3) CO, (4) CO,, (5) CHy,
and (6) HCOOCH;] under the reaction conditions of
methanol decomposition on 5% Cu/CeO,.

to the fact that the reverse reaction of methanol syn-
thesis from CO, and H, was inhibited in the presence
of O,. It is of interest that the addition of oxygen also
inhibited the reaction of methyl formate formation.

The effect of O, on the concentration of surface
compounds manifested itself as a considerable
increase in the thermal stability of both formate and
carbonate complexes. This circumstance may be
responsible for the inhibition of the reaction of meth-
anol synthesis. In this case, the intensity of absorption
bands due to methoxy groups changed only slightly.

Figures 3a and 3b illustrate the effect of water vapor
on the course of the reaction of MeOH conversion. It
can be seen that the addition of water vapor to the
reaction mixture considerably decreased the concen-
trations of CO and methyl formate (Fig. 3a, curves 4,
6), decreased the surface concentration of methoxy
groups (Fig. 3b, curve /), and only slightly affected the
other parameters.
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Fig. 3. Dependence of (a) the concentrations of (/)
CH30H, (2) H,, (3) CO,, (49 CO, (5) Oy, and (6)
HCOOCHj and (b) the concentrations of surface com-
pounds [(/) bridging methoxy group (1050 cm_l), 2,3
carbonate complexes (1371 and 1508 cm™ °, respectively),
and (4) formate complex (1577 cm™ )] on the concentra-
tion of H,O under the reaction conditions of methanol
decomposition on 5% Cu/CeO, at 300°C.

Unsteady-State Measurements in the Conversion
of Methanol on 5% CuO/CeQ,

In the conversion of methanol under unsteady-
state conditions, the time dependence of absorption
band intensities in the course of isothermal desorp-
tion cannot be described in the coordinates of a first-
or second-order rate equation (Fig. 4). This is likely
due to the fact that linear and bridging methoxy
groups, as well as the formate complex, are con-
sumed in several reaction paths. We used initial rates
as a parameter that characterizes the conversion of
surface compounds in this case. Table 2 summarizes
the corresponding values.

An analysis of the data in Table 2 indicates that the
rate of consumption of methoxy groups increased with
temperature. An unexpectedly high reaction rate was
found for the consumption of the linear methoxy
group at 210°C. At 250°C, the addition of water vapor
and, to an even greater extent, the addition of oxygen
led to an increase in the rates of consumption of meth-
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Fig. 4. The time dependence of the absorption band intensi-
ties of (a) bridging (1050 cm’l) and (b) linear (1098 cm’l)
methoxy groups and (c) formate (1371 cm_l) at various
temperatures: (/) 120, (2) 150, (3) 210, and (4) 250°C
(desorption in a flow of helium; 5% Cu/CeO,).

oxy groups of both types. An analogous effect was also
observed in surface carbonate complexes. The pres-
ence of water vapor and an increase in the oxygen con-
tent had only a weak effect on the rate of consumption
of formates localized on both CeO, and CuO.

DISCUSSION
Model of the Active Surface

On the surface of a 5% Cu/CeO, sample, the same
methoxy groups as on CeO, were observed under the
reaction conditions of methanol conversion. However,
the intensity of the corresponding absorption bands in
the spectra was much lower. These facts suggest that
the formation of the observed complexes occurred on
the CeO, surface free of copper oxide particles. At the
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Table 2. Initial rates of conversion of surface compounds under the reaction conditions of methanol conversion on 5% Cu/CeO,

Surface compound Freccgg?cy Initial rate of consumption of surface compounds, arb. units
Temperature, °C 120 150 210 250 250%* 250%*
Linear methoxy group 1098 0.026 0.056 0.40 0.20 0.58 0.36
Bridging methoxy group 1050 0.011 0.018 0.059 0.28 0.50 0.40
Formate 1355(Ce) — — - 0.021 0.024 0.027

1370(Ce) - — — 0.018 0.024 0.03

1355(Cu) — — - 0.058 0.046 0.045

1370(Cu) — — — 0.062 0.050 0.047

1560(Cu) — — — 0.06 0.056 0.056

1587(Cu) - — — 0.15 0.12 0.13
Carbonate 1371 — - — 0.13

1508 — — — 0.14 0.59 0.42

1065 — — — 0.37

Initial rate of formation of surface compounds, arb. units

Formate 1355 0.024 0.051 - -

1370 0.036 0.052 - -

1555 0.038 0.039 - -

1577 0.034 0.071 — -

* Addition of O, to the reaction mixture.
** Addition of H,O to the reaction mixture.

same time, the shift in the frequencies (+2—5 cm™!) of
absorption bands with respect to the values observed
on CeO, and an increase in the rate constants of meth-
oxy group transformations (Tables 1, 2) can be
explained by the surface modification of CeO, upon
supporting copper [24]. Based on these data, we pro-
pose the following model of the catalyst:

H
I
o HCHyC d\

AR
/C\ 0 _0_0-0/Cu)

This model was also supported by TPR data for
Cu/CeO, [25, 26], according to which the TPR spec-
tra exhibited two peaks of hydrogen absorption in the
region of 100—200°C. The first (low-temperature)
peak corresponds to the reduction of Cu?* ions local-
ized in a near-surface layer of the CeO, lattice, and the
second corresponds to the reduction of CuO particles
on the surface of CeO,.
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Transformation of Surface Compounds

Methoxy groups. The formation of methoxy groups
by the interaction of methanol with the surface of
CeO, was accompanied by a decrease in the intensity
of absorption bands due to hydroxyl groups (3600 and
3640 cm™!). Therefore, they were formed in accor-
dance with a classical reaction scheme with the partic-
ipation of surface hydroxyl groups [10], linear and
bridging, with the participation of terminal and bridg-
ing hydroxyl groups, respectively. In this case, the for-
mation of methoxy groups can be accompanied by the
cleavage of both the O—H and the C—O bond in the
alcohol molecule. Lamotte et al. [27] used the adsorp-
tion of oxygen-labeled methanol to demonstrate that
the formation of methoxy groups on CeO, occurred
with O—H bond cleavage in the alcohol molecule.
Recall that the formation of these groups on y-Al,O5
(upon the interaction of methanol with acidic surface
hydroxyl groups) was accompanied by C—O bond
cleavage in the alcohol molecule. This difference in
the nature of methoxy groups may explain the fact that
dimethyl ether was formed on y-Al,O; and not formed
on CeO,.
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Formate complexes. The IR spectra obtained under
the reaction conditions on CeQO, exhibited absorption
bands due to vibrations in surface monodentate (1577,
1370, and 1355 cm™!) and bidentate (1555, 1370, and
1355 cm™!) formate complexes (e.g., see [10, 28—33]).

Table 1 lists the rate constants of consumption of
methoxy groups and formation of formate com-
plexes. It can be seen that the rate constant of con-
sumption of the linear methoxy group coincides with
the rate constant of formation of monodentate for-
mate (1577 cm™"). The above ratio is also character-
istic of the rate constants of consumption of the
bridging methoxy group and formation of bidentate
formate (1555 cm™!). This fact suggests that the
monodentate formate results from the oxidative con-
version of the linear methoxy group, whereas the
bidentate formate results from the oxidative conver-
sion of the bridging methoxy group. The data in
Fig. 1 also support the formation of formates from
methoxy groups: a decrease in the intensity of
absorption bands due to methoxy groups was accom-
panied by an increase in the intensity of absorption
bands due to formates.

Two additional formate complex species (1587 and
1560 cm™") localized on the surface of copper oxide
were also observed on 5% Cu/CeQ,. In this case, it is
difficult to correlate the rate constants of consumption
of methoxy groups to the rate constants of formation
of various formate species, although corresponding
estimations (Table 2) indicated that, at low tempera-
tures, the rate constants of consumption of methoxy
groups were close to the rate constants of formation of
formates. In addition, a decrease in the concentration
of methoxy groups with temperature was accompanied
by an increase in the concentration of formate com-
plexes (Fig. 2). These facts suggest that methoxy
groups are also a source of formate formation on the
copper-containing sample.

Several reaction paths can be hypothesized for the
consumption of formate complexes. The first of them
is related to the formation of surface carbonate com-
plexes. The occurrence of this reaction path was dem-
onstrated by the fact that the decrease in the intensity
of absorption bands due to formates in the spectra of
the sample with increasing temperature (Fig. 2) was
accompanied by an increase in the intensity of absorp-
tion bands due to carbonate complexes (1065, 1370,
and 1508 cm™'). The formation of carbonate com-
plexes came into play at temperatures that correspond
to the almost complete absence of methoxy groups
from the surface. It is obvious that carbonates under-
went decomposition with the release of CO, as the
temperature was increased.

The second reaction path in the consumption of
formates is associated with their decomposition to
form CO, and hydrogen in the gas phase. This is sup-
ported by the fact that the simultaneous appearance of
CO, and hydrogen in the gas phase coincided with a
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decrease in the surface formate concentration in terms
of temperature (Figs. 2a, 2b).

The formation of methyl formate implies the
occurrence of an additional reaction path for the con-
sumption of the formate complex. In accordance with
published data [31—33], methyl formate is formed by
the condensation reaction of a formate complex and
the methoxy group. In our case, methyl formate is
formed with the participation of the linear methoxy
group, as supported by a dramatic increase in the rate
constant of consumption of this methoxy group at
210°C (Table 2). At this temperature, methyl formate
began to form at a considerable rate (Fig. 2). Itis likely
that the reverse reaction of methyl formate decompo-
sition into the formate complex and the methoxy
group also occurred. This was demonstrated by a
decrease in the rate of consumption of the linear
methoxy group on going from 210 to 250°C (Table 2).
The increase in the concentrations of CO and H, with
increasing temperature of the experiment, which was
accompanied by a decrease in the concentration of
methyl formate (Fig. 2), evidenced the occurrence of
methyl formate decomposition with the formation of
CO and H, in the gas phase.

In the presence of oxygen in the reaction mixture,
the deep oxidation of methanol occurred. This cir-
cumstance was supported by the fact that only CO,
was formed in reaction products at relatively low tem-
peratures (Figs. 1, 2). Moreover, the reaction of CO
oxidation can occur in the presence of oxygen.

From the above data, it follows that the formation
of reaction products (Figs. 1, 2b) corresponds to the
temperature range of formate and carbonate conver-
sion. In other words, methoxy groups, formates, and
carbonates can be reaction intermediates in the con-
version of methanol on 5% Cu/CeO,. The following
reaction scheme is proposed to describe the process:

Number Step
11 CH;0H,) + ZOH — CH;0Z + H,0y,,

Il CH;0Z + ZO — HCOOZ + Z + H,

IV CH;0Z+HCOOZ — HCOOCH;Z + ZO
% CH;0Z + ZH —= CH;OH, + 2Z

VI HCOOCH;Z — HCOOCH;, +Z

VIl  HCOOCH,;Z —= 2CO +2H,+Z
VIII  HCOOZ + ZO —= ZCO;+ ZH
IX  HCOOZ —= COy + ZH

X ZCOy —= COy + ZO

XI  HyO +2Z—= ZOH + ZH

XII  ZH+ZO— ZOH +Z

O N O S

XIl  ZH+ZH —= Hyy +2Z

6CH,OH + 20,
= HCOOCH, + 8H, + 2CO + 2CO, + 2H,0,
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where N is the stoichiometric number of the step.
This reaction scheme explains the first order of

consumption of methoxy groups on CeO,. Indeed, the
expression for the rate of transformation of the meth-
oxy group has the following form:

d(CH;0Z)/dt = —Ocp3072(k300 + k4O + ksOzy). (1)
In the presence of CeO,, methyl formate is not formed
(k, = 0), desorption with the formation of methanol is
negligibly small [34] (ks = 0), and 6, = const because
impurity oxygen (to 0.2%) always occurred in the gas
flow. It is clear that the first order can be observed on
5% Cu/CeQO, only at low temperatures when methyl
formate is not formed.

Role of Copper in Methanol Conversion on 5% Cu/CeQO,

In the presence of copper as a catalyst constituent,
the activity considerably increased and the composi-
tion of products changed, whereas the composition of
surface complexes remained almost the same (Figs. 1,
2). These facts suggest that new reactions between the
same complexes can occur on the surface. The recom-
bination of hydrogen atoms (step XIII) on copper
clusters (hydrogen atoms result from mutual transfor-
mations of surface compounds) and the reaction
between the linear methoxy group and the formate
complex (localized on copper) to form methyl formate
are the most important of the above reactions. As a
result, the following two main reaction paths of hydro-
gen formation occur: the recombination of hydrogen
atoms on copper oxide particles and the decomposi-

tion of methyl formate (Wyy, = k-0, + k30%).

Similarly, there are the following two main reaction
paths of CO, formation: the decomposition of formate

and carbonate (Wco, = koO; + k10co,). This equation
can be checked. Indeed, the constants kq and k,, and

the surface coverages O; and 0., were measured at
250°C using IR spectroscopy. The rate of CO, forma-
tion is also known. In accordance with a procedure
described elsewhere [20], we estimated the rate of for-
mate and carbonate conversion into CO,. This value
was 5.3 x 10'® molecule/min on a sample. The rate of
CO, formation on the same sample was 6.1 x 10'® mol-
ecule/min, as measured by chromatography. The
measured value is somewhat higher than the calcu-
lated value because of the oxidation of a portion of CO
and methanol by impurity oxygen.

The decrease in the temperatures of the formation
and consumption of the surface formate complexes
suggests that the oxidizing power of the catalyst was
considerably higher in the presence of copper. The
activation of oxygen on supported copper was respon-
sible for this capacity. In studies of the reaction of
methanol oxidation on copper powder [35, 36], it was
found that suboxide oxygen bound to defect sites of
copper particles is active in the oxidation of methoxy
groups. The formation of this oxygen species occurs
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only under the action of the reaction atmosphere and
only on the surface of copper metal. It is likely that the
presence of copper metal is responsible for the occur-
rence of steps III, VIII, and XII in the process of
methanol conversion on 5% Cu/CeO,.

It is of interest that the addition of both water vapor
and oxygen resulted in the suppression of the forma-
tion of methyl formate. It is likely that surface oxida-
tion occurred in the presence of both water vapor and
oxygen. Upon oxidation (as the concentration of sur-
face oxygen increased), both the state of copper parti-
cles and the state of the CeO, surface modified with
copper ions changed (the occurrence of the oxidation
of surface copper in the state Cu® or Cu™! with water
was demonstrated [37—39]). On the oxidized surface,
the oxidative conversion of the methoxy group was
predominant over the condensation reaction of the
methoxy group and formate.

Surface oxidation (by impurity oxygen) also
occurred in the course of unsteady-state experiments
after the removal of methanol from the flow of the
reaction mixture. This is evidenced by the consider-
able decrease in the frequencies of absorption bands
due to methoxy groups and formates at the initial
points in time. It is clear that this change in the surface
state affected the reactivity of methoxy groups. This
reactivity was sufficiently high at the initial points in
time. As a result, the kinetic curve can be adequately
described in terms of a first-order equation after a
6-min experiment, when surface properties remain
almost unchanged. These facts suggest that the rate of
transformation of methoxy groups on a sample in the
reduced state is higher than that on the oxidized sam-
ple.

The above consideration indicates that the main
reaction of hydrogen formation is the recombination
of hydrogen atoms on copper clusters, as well as the
decomposition of methyl formate. Formate and car-
bonate complexes are the sources of CO, formation in
the gas phase. The decomposition of methyl formate is
the source of CO. The addition of water vapor to the
reaction flow is useful: the rate of CO formation
decreases considerably at an invariable yield of hydro-
gen.
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