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Abstract—In situ IR spectroscopic studies show that a formate, an aldehyde-like complex, and bridging and
linear methoxy groups exist on the alumina surface involved in methanol conversion. In the absence of metha-
nol in the gas phase, the interaction between two bridging methoxy groups yields dimethyl ether in the gas
phase. When methanol is present in the gas phase, it interacts with methoxy groups on the surface. This reaction
makes the main contribution to the formation of dimethyl ether. The linear methoxy group undergoes conver-
sion via several routes. The main route is desorption with methanol formation in the gas phase, and no more
than 10% of the linear methoxy groups are converted into formate and aldehyde, which are CO, sources in the
gas phase. In the absence of methanol in the gas phase, the conversion rate of the methoxy groups is independent
of the presence of water and oxygen. A scheme of the surface reactions is suggested to explain the conversion

of the methoxy groups.
DOI: 10.1134/S0023158409010157

INTRODUCTION

Methanol is among the key reactants in the synthe-
ses of various compounds. The main routes of methanol
conversion are the syntheses of dimethyl ether (DME)
[1-3], methyl formate [4], formaldehyde [5], and
hydrocarbons (motor fuels). In recent years, increasing
attention has been given to the preparation of H,-con-
taining gas mixtures from methanol. This interest is
mainly due to the development of fuel cells using
hydrogen.

Copper-containing systems [6, 7] and catalysts con-
taining noble metals [8, 9] are viewed as the most active
catalysts for the preparation of hydrogen-containing
mixtures from methanol. Along with the development
of new catalytic systems, there has been considerable
attention to the commercial catalyst SNM-1 for metha-
nol synthesis (CuO/Zn0O/Al,0;), which is also active in
the preparation of hydrogen-containing gas mixtures
from methanol. This catalytic system was chosen for
studying the mechanism of catalytic methanol conver-
sion. Since SNM-1 is a complicated three-component
system, we chose to examine a series of catalysts with
increasingly complex compositions: Y-Al,O; —
Cu/y-Al,O0; — CuO/ZnO/Al,O;. Here, we report
methanol conversion on y-Al,Oj.

The methoxy group —O—CHj is often regarded as a

possible intermediate in methanol conversion on oxide
systems [15-22]. In particular, the interaction of two
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methoxy groups is assumed to produce DME (see, e.g.,
[10]) and formaldehyde is assumed to result from the
interaction between the methoxy group and oxygen
[11, 12]. Formate complexes [13] and mixed complexes
containing two methoxy groups and a surface hydroxyl
group [14] are also considered to be intermediates in
the methanol conversion reactions.

The complexes resulting from the interaction of
methanol with the surface of oxide catalysts were char-
acterized rather well [10-22]; however, the role of these
complexes in the formation of reaction products
remains unclear.

The main purpose of this work is to study the prop-
erties of the surface compounds and the routes of their
conversion into products in methanol interaction with
the y-Al,O; surface.

EXPERIMENTAL

We used y-Al,O; produced by Ryazan Petroleum
Refinery [23]. The specific surface area of alumina was
190 m?/g; the average particle radius was 55 um; the
total pore volume was 0.954 cm?/g; and the Brgnsted
and Lewis acidities (measured by ammonia adsorption)
were 4.8 X 1077 and 1.5 x 107" mol/m?, respectively.

The reactants were 4% methanol or DME + helium
mixtures. Up to 3.3% oxygen was added to the metha-
nol-helium mixture. Helium contained up to 0.2% oxy-
gen as an impurity.



112

2845

MATYSHAK et al.

(@)

A
0.7F 1590
3
1375
0.5F
0.3F
0.1F

1

1 1 1 1 1
4000 3600 3200 2800 2400 2000
-1

vV, cm

| | | |
1800 1600 1400 1200

(b)

| |
1800 1700 1600 1500 1400 1300 1200 1100 1000

v, cm™!

Fig. 1. IR spectra recorded for the reaction between methanol and oxygen on y-Al,O3 at T'=250°C: (a) (1) 0% O,, (2) 8.0% O,,
and (3) 12.0% O, (the spectrum of the initial y-Al,O3 was subtracted from the spectra); (b) spectra of adsorbed (4) paraform and

(5) glycolaldehyde (T = 220°C).

Spectroscopic kinetic studies under methanol con-
version conditions were carried out using a standard
procedure [24]. The experimental setup included a
Spectrum RX I FT-IR System spectrometer (Perkin
Elmer) or a Bruker IFS-45 spectrometer (Bruker), a
heated spectroscopic cell employed as a flow reactor
(V=1 cm?®) [24], a gas preparation unit, and a product
and reactant analysis system. Absorption intensities in
transmission spectra were measured in absorbance
units (A). The number of scans was usually 64, and the
spectral resolution was 4 cm™'.

A sample (20-30 mg pellet with a surface area of
2 cm?) was placed in the cell, which simultaneously
served as a flow catalytic reactor. Before measure-
ments, the sample was conditioned in a flowing inert
gas (He) at 450°C for 1 h and was cooled to the preset

temperature. Next, the reaction mixture flow
(30 ml/min) was switched on.
Unsteady-state  spectroscopic  kinetic ~ studies

included simultaneous measurements of the surface
compound concentration by in situ IR spectroscopy and
of the product formation rate by chromatography dur-

ing the establishment of the steady-state kinetics of
methanol conversion or upon the removal of methanol
from the reaction mixture flow.

The concentrations of the reactants and reaction
products were measured using a Model 3700 chromato-
graph (Khromatograf Plant, Moscow) with heated pipe-
lines. The carrier gas was helium. DME, methanol, and
methane were analyzed using a column packed with
Porapak Q and a flame-ionization detector. Carbon
monoxide, H,, and CO, were analyzed using columns
packed with molecular sieve 5A and Porapak Q and a
thermal-conductivity detector.

RESULTS
Steady-State Measurements

The difference IR spectra measured under the meth-
anol conversion conditions (4% methanol + He) on the
v-Al,O; surface in the presence or absence of oxygen at
T = 250°C are shown in Fig. 1a. The spectra contain
absorption bands at 1682, 1658, 1633, 1590, 1390,
1375, 1320, 1190, 1150, and 1090 cm'. The 2800—
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3000 cm™ region exhibits intense absorption bands at
2945, 2845, and 2824 cm™' due to C-H stretching
vibrations. Negative peaks at 3685 and 3725 cm™! are
observed in the region of the stretching vibrations of
surface OH groups. This indicates that the hydroxyl
groups are consumed during the interaction of metha-
nol with the surface.

Paraform and glycolaldehyde adsorption onto the
sample was carried out to refine the assignment of the
absorption bands at 1700-1500 cm™'. The correspond-
ing spectra are presented in Fig. 1b.

The plots of the concentrations of methanol and the
products of its conversion versus experimental temper-
ature are shown in Fig. 2a (4% MeOH in He was used
as the reaction mixture). Water and DMA were identi-
fied among the reaction products. Above 300°C, the
formation of H,, CO, CO,, and CH, takes place and
their total concentration does not exceed ~0.6%.

The temperature dependences of the absorption
band intensities in the IR spectra recorded under the
same experimental conditions are presented in Fig. 2b.
According to the temperature dependence of adsorption
intensity, these bands can be divided into four groups
(Figs. 1a, 2b) so that the ratio of their intensities is tem-
perature-independent within one group. The first group
includes the absorption bands at 1590, 1390, 1375, and
2905 cm™'; the second group consists of the bands at
1633, 1658, 1682, 1320, and 2890 cm!; the third
group, of the bands at 1090, 2945, and 2845 cm™'; and
the fourth, of the bands at 1190, 1150, and 2825 cm™'.
These groups are assigned to the surface formate com-
plex, the surface aldehyde, the bridging methoxy
group, and the linear methoxy group, respectively. This
assignment will be substantiated below.

In further analysis, the relative concentrations of
these surface complexes were estimated from the
absorption intensities at 1590 cm™! (formate), 1320 cm™!
(aldehyde), 1090 cm™" (bridging methoxy group), and
1190 cm™ (linear methoxy group).

Note that formate has a high thermal stability and its
absorption bands persist in the spectra even after heat-
ing the sample to 400°C [12].

To confirm the assignment of IR bands to the alde-
hyde complex, we carried out the adsorption of formal-
dehyde and glycolaldehyde (Fig. 1b, spectra 4, 5) and
the deconvolution of the corresponding spectra at
1550-1700 cm™ using standard programs under the
assumption of the Lorentzian shape of the absorption
bands (Fig. 3).

Unsteady-State Measurements

The changes in IR absorption intensities and the
product composition in the gas phase were monitored
after the steady-state values of the surface compound
concentrations in the 4% methanol + helium flow were
established and methanol was excluded from the reac-
tion mixture. According to chromatographic data, the
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desorption products contain DME, methanol, and
minor amounts of CO, (less than 0.1 vol %). The
absorption spectra exhibit absorption bands of the for-
mate, aldehyde, and the bridging and linear methoxy
groups.

The time dependences of the intensities of the meth-
oxy group absorption bands (1090, 1190 cm™) at dif-
ferent temperatures are presented in Fig. 4. These
kinetic profiles make it possible to determine the appar-
ent rate constants, the reaction order of the consump-
tion of the surface complex, and the activation energy.

Typical results of kinetic data processing are pre-
sented in Fig. 5. The equation describing the evolution
of the concentration of bridging methoxy groups is sec-
ond-order, whereas the order of the equation that
describes the variation of the linear methoxy group
concentration is close to unity. The rate constants cal-
culated from the slopes of the corresponding straight
lines (derived from IR spectroscopic data) are listed in
Table 1.
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The corresponding activation energies were deter-
mined from the temperature dependences of the rate

constants: E;O9O = 25 kJ/mol and E?11190 =30 kJ/mol.

The kinetic curves of formate formation on the sur-
face at low temperatures fit the first-order equation
well. The rate constants at low temperatures and the ini-
tial rates of formate formation (determined at the
moment of methanol exclusion from the reaction mix-
ture) throughout the temperature interval examined are
given in Table 1. The activation energy determined
from the initial rates is 80 kJ/mol, and that determined
from the rate constants is 13 kJ/mol. These activation
energy data indicate that the formate is both formed and
consumed at >240°C.

The formation of the aldehyde complex (1320 cm™)
on the Al,O; surface during desorption into the helium
flow occurs only at >240°C. It is interesting that the
temperature at which the aldehyde begins to form is
close to the temperature at which the formate complex
begins to disappear (Fig. 6). The curves are S-like and
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Fig. 4. Time evolution of the intensities of the absorption

bands at (a) 1090 and (b) 1190 em L. Desorption in flowing
helium at 7'= (1) 180, (2) 210, (3) 240, and (4) 270°C.

indicate an induction period, which shortens as the tem-
perature is raised.

Influence of oxygen on the conversion of the sur-
face complexes. An increase in the oxygen concentra-
tion in helium from 0 to 3.3% does not exert any signif-
icant effect on the rate of methoxy group consumption
(Table 2).

When oxygen is introduced into the gas flow, the
formate formation rate increases, and the steady-state
intensity of the absorption band of the formate is
noticeably higher than was observed in the absence of
oxygen in the mixture. The formate formation rate con-
stants at different oxygen concentrations at 240°C are
presented in Table 2. At higher temperatures, the for-
mate complex forms as early as methanol adsorption
takes place. This is indicated by the presence of absorp-
tion bands from this complex in the spectra recorded
during adsorption.

The introduction of oxygen has a substantial effect
on the character of the time variation of the aldehyde

KINETICS AND CATALYSIS  Vol. 50  No.1 2009
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complex concentration (1320 cm™). At 240°C, the
intensity versus time plots are S-like at all oxygen con-
centrations and the induction period shortens with an
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increase in the oxygen concentration (Fig. 7). It is of
interest that the intensity maximum of the absorption
bands of the aldehyde complex coincides in time with
the almost complete absence of the absorption band at
1190 cm™! from the spectra (Fig. 7).

Influence of water on the conversion of the sur-
face complexes. The presence of water vapor exerts no
substantial effect on the character of the consumption
of the bridging and linear methoxy groups or formate
formation. The quantitative characteristics of methoxy
group consumption and formate formation in the pres-
ence of water vapor are given in Table 3. The presence
of water vapor in the helium mixture decreases the for-
mate concentration on the y-Al,O; surface.

The aldehyde is formed on the surface only in a flow
containing 0.6% H,0. The time profile of the intensity
of the absorption band at 1320 cm™! is S-like. The intro-
duction of water into helium extends the induction
period (20 min without water against 30 min in the
presence of 0.6% H,0). No aldehyde forms in the pres-
ence of 3% water vapor in helium.

Table 1. Temperature dependences of the rate constants of methoxy group consumption and formate formation (desorption

in flowing helium)

k, min~! Formate formation (1590 cm™)

T,°C : 5 deina® =

linear (11_90 cm™) bridging* (1090 cm™) k, min~! W, arb. units
n=1 n=2
180 0.0265 0.0302 0.0250 0.0003
210 0.0437 0.0417 0.0343 0.00194
240 0.0760 0.0609 0.0345 0.0042
260 0.0928 0.0579 - 0.0088
270 0.1008 0.0761 - 0.01

Note: 7 is the reaction order.
* The constants were determined from spectroscopic data in which the concentration was expressed in terms of dimensionless absorbance A.
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Table 2. Dependences of the rate constants of methoxy
group consumption and formate formation on the oxygen
concentration in helium (7" = 240°C)

k, min™!

Concentra- : o

. linear bridging* formate

tion of Oz, % | (1190 cm™') | (1090 em™) | (1590 cm™)

n=1 n=2 n=1

0 0.0760 0.0609 0.0345
1.0 0.0738 0.0714 0.0746
2.0 0.0687 0.0611 0.0620
33 0.0750 0.0625 0.0731

* The constants were determined from spectroscopic data in which
the concentration was expressed in terms of dimensionless absor-
bance A.

Table 3. Dependences of the rate constants of methoxy
group consumption and formate formation on the concentra-
tion of water vapor in helium (T = 240°C)

k, min™!
Concentration : o
linear bridging formate
of 20, % 1 (1190 em™) | (1090 em™") | (1590 cm ™)

n=1 n=2 n=1
0 0.0760 0.0609 0.0345
0.6 0.0614 0.0750 0.0338
3.0 0.0645 0.0693 0.0360

The intensity of the absorption bands of the
OH groups increases during desorption of the surface
compounds. Therefore, the OH groups form again via
reactions occurring on the Al,O5 surface. The kinetics of
methoxy group consumption and formate, aldehyde, and
OH group formation (absorption band at 3725 cm™) dur-
ing desorption are shown in Fig. 8. It can be seen that the
changes in the intensity of the OH groups correlate with
the changes in the bridging methoxy group concentra-
tion. However, it is most likely that the OH groups result
from several surface reactions.

DISCUSSION
Assignment of IR Absorption Bands

The absorption bands at 1590, 1390, and 1375 cm™!
are assigned to vibrations in the surface formate com-
plex (see, e.g., [15, 25-27]). Based on published data
[15-17], the absorption bands at 1190-1090 cm™' can
be assigned to the v(C-O) vibrations in the linear
(1190 cm™) and bridging (1090 cm™") methoxy groups.

According to earlier studies [28, 29], the absorption
bands at 1190 cm™' are assigned to the 8(CHj;) vibra-
tions in the bridging methoxy group. Our data show
that the intensities of the absorption bands at 1190 and
1090 cm™ in the steady- and unsteady-state experi-

ments change differently. This proves that these bands
are due to different surface methoxy groups. A detailed
analysis of spectroscopic data (Fig. 1) (in particular,
obtaining difference spectra so as to eliminate the
absorption band at 1090 cm™') shows the presence of a
low-intensity band at 1140-1150 cm™. The changes in
its intensity in different experiments correlate with the
changes in the intensity of the absorption band at
1190 cm™'. Therefore, the weak absorption band is due
to the (CHj;) vibrations in the linear methoxy group.

At least five vibrations are observed in the region of
C-H stretching vibrations. An analysis of the changes
in their intensity in the steady- and unsteady-state
experiments versus the changes in the intensity of the
absorption bands of other surface compounds made it
possible to distinguish the absorption bands due to the
bridging and linear methoxy groups and the formate
and aldehyde complexes (Table 4).

The set of absorption bands at 1320 and 1608, 1633,
1658, and 1682 cm™' (Figs. 1, 3) is assigned to vibra-
tions in adsorbed formaldehyde. This inference is con-
firmed by the fact that similar IR spectra are observed
for the high-temperature (220°C) adsorption of
paraform and the adsorption of glycolaldehyde and
methyl formate [12]. All these molecules can form the
same fragments during adsorption. Paraform consists
of formaldehyde molecules, glycolaldehyde can disso-
ciate into two formaldehyde molecules during adsorp-
tion, and methyl formate dissociates into a formalde-
hyde molecule and the oxymethylene complex. In addi-
tion, similar results were obtained by the deconvolution
of the composite absorption at 1550-1700 cm™
(Fig. 3a) and the absorption in the same region
observed after paraform adsorption (Fig. 3b). Note that
complexes with a similar structure (n>-H,CO) are
viewed as intermediates in methanol synthesis [33].

In other words, a set of aldehyde-like complexes
containing a carbonyl bond and a C-H bond in CHO
(1320 cm™) is observed on the surface in our case. The
fact that the C=0 frequency in these complexes is sub-
stantially lower than the same frequency in the formal-
dehyde and glycolaldehyde molecules (1740 cm™)
means that the corresponding vibrations are actively
involved in the formation of bonds with the surface. A
decrease in the C=0 frequency during formaldehyde
adsorption was also observed in [30, 31]. The observa-
tion of a set of complexes differing in carbonyl vibra-
tion frequency is due to the presence of sites of different
natures (such as phase heterogeneity and extralattice
cations [32]) on the y-Al,O; surface. As compared to
the carbonyl vibration frequency, the CHO vibration
frequencies in these complexes are much less different.
However, the absorption band at 1320 cm™ is not sin-
gle, as is indicated by its comparatively large half-
width and by the position of its maximum changing
within a narrow interval in different experiments.

The hydroxyl coverage of y-Al,O; has a compli-
cated structure [34]. According to our data, hydroxyl

KINETICS AND CATALYSIS  Vol. 50  No.1 2009
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groups of two types, with vibration frequencies of 3725
and 3685 cm™!, participate in methanol adsorption.
These frequencies correspond to the vibrations in the ter-
minal and geminal hydroxyl groups, respectively [34].

The assignment of absorption bands observed under
the reaction conditions to particular vibrations is shown
in Table 4.

The formation of the methoxy groups via the inter-
action of the sample with methanol is accompanied by
adecrease in the intensity of the absorption bands of the
hydroxyl groups at 3725 and 3685 cm™! (Fig. 1). There-
fore, the methoxy groups form according to the classi-
cal scheme (via C—O bond cleavage in the alcohol mol-
ecule), involving acidic hydroxyl groups of the surface
[15]: the formation of the linear methoxyl groups
involves terminal hydroxyl groups, and the formation
of bridging methoxyl groups involves geminal
hydroxyls.

Conversion of the Surface Complexes

Kinetic data (Figs. 4, 5) show that the linear and
bridging methoxy groups are consumed in radically
different ways. The linear methoxy group is consumed
according to a first-order equation; the bridging group,
according to a second-order equation.

Bridging methoxy group. As determined by tem-
perature-programmed desorption (TPD) [35, 36], the
products of methanol desorption from y-Al,O5 into the
gas phase are methanol and DME (7., = 225-525°C),
H,0 (T, = 225-625°C), CO and H, (T, > 380°C),
and CO, (T4, > 425°C). According to our data (Fig. 1),
above 150°C the surface contains no adsorbed metha-
nol (which is identifiable as intense absorption at
1030 cm™! [15, 28]). This means that all of the desorp-
tion products result from the conversion of the surface
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methoxy groups. Therefore, the second-order rate law
of the consumption of bridging methoxy groups
(Fig. 5b) suggests that precisely this complex is the
source of DME in the gas phase. The activation energy
of bridging methoxy group conversion is 25 kJ/mol
(Table 1). At the same time, the activation energy of

Table 4. Spectral manifestations of the surface complexes

Freque_l?cy, Assignment Surface complex
cm
1682
1658
1633 v(C=0) Formaldehyde coordinat-
1608 ed in the monodentate
and bidentate modes
1320 S(CH) in CHO
2890 V,(CH,)
1590 V,(COO7)
1390 v ,(COO") Formate
1375 S(CH)
2905 Vv(CH)
1190 v(-0-C)
1150 &(CH3) Linear methoxy group
2825 v(CHj)
1090 v(>0-C)
2845 v (CHy) Bridging methoxy group
2945 V,(CH3)
3725 v(-OH)
Hyd 1
3685 | v(>OH) ydroxy? group
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DME formation measured for the same sample in the
presence of methanol in the gas phase [12] is 40 kJ/mol.
To explain the difference in activation energy, we esti-
mated the rate of DME formation by the recombination
of two methoxy groups at 240°C as

w, =k0,,0,,

where ©,, is the methoxy group coverage of the surface
and £ is the rate constant of methoxy group consump-
tion, which is 0.06 min! (Table 1). By converting the
coverages into concentrations, we obtain w, = k*N,N,,,
where NV, is the number of methoxy groups in the sam-
ple and k* is the rate constant of methoxy group con-
sumption (its dimension corresponds to the second-
order rate law). The NV, values are determined using the
Lambert-Beer law: N,, = DS/e, where D is the absor-
bance of the absorption band, € is the extinction coeffi-
cient, and S is the geometric surface area of the sample.

The concentration of bridging methoxy groups on
the surface at 240°C was estimated using the known
extinction coefficients for vibrations [37]. It turned out
that the number of bridging methoxy groups on the
sample was 10" (2.5 x 10" complex/cm?). In other
words, for DME resulting from the interaction of two
methoxy groups, the formation rate is 6 x 10'7 mole-
cule/min. The experimentally measured rate for the
same sample at 240°C is 10'* molecule/min; therefore,
the interaction between two methoxy groups is not the
main route of DME formation. It is likely that the main
route is the interaction between a methoxy group and a
methanol molecule from the gas phase. This result is
important evidence that DMF forms both by the reac-
tion between two methoxy groups and by the interac-
tion between a methoxy group and a methanol mole-
cule from the gas phase, the latter reaction being the
main route (see relevant discussion in [35, 38-45]).

According to TPD data and kinetic measurements
[35, 46], the activation energy of DME formation on
v-Al, O3 is 90 + 10 kJ/mol. The difference between this
value and our data likely arises from the different
natures of the surfaces of the y-Al,O; samples.

A decrease in the methoxy group concentration is
accompanied by an increase in the concentration of sur-
face OH groups (Fig. 8). The time profiles of the con-
centration of surface OH groups cannot be fitted to a
first- or second-order equation. This is likely due to the
fact that the hydroxyl groups form by several surface
reactions with different kinetic parameters.

Influence of oxygen and water vapor on the con-
version of the bridging methoxy group. The desorp-
tion of methoxy groups in a flow containing oxygen or
water at different concentrations exerts no appreciable
effect on the character and rate of the consumption of
bridging methoxy groups (Tables 1-3). This is further
evidence that the surface bridging methoxy groups are
consumed in DME formation and that water and oxy-
gen are not involved in this reaction and do not affect
the consumption rate of bridging methoxy groups.

Linear methoxy group. The formate and aldehyde
complexes appear on the surface during the consump-
tion of the methoxy groups. The time dependence of the
intensity of the aldehyde complex absorption band at
experimental temperatures higher than 240°C is a curve
with a maximum. The absorption maximum of the alde-
hyde complex coincides in time with the almost com-
plete absence of the absorption band at 1190 cm™!
(Figs. 4, 6, 7). Since the aldehyde is both formed and
consumed on the surface, this situation is possible if the
aldehyde results from the conversion of the linear meth-
OXy group.

Both the formate complex formation kinetics and
the linear methoxy group consumption kinetics
(Fig. 5a) are fittable to a first-order equation. At 180°C,
when the aldehyde complex has not yet been formed,
the rate constant of linear methoxy group consumption
is equal to that of formate formation (Table 1). This
observation along with the fact that the absorption
intensity of the formate complex decreases when the
linear methoxy group is missing from the spectrum
(Fig. 4b) indicates that it is this kind of methoxy group
that is the source of the formate complex on the y-Al,04
surface. The formate complex formation kinetics in
methanol conversion on zinc oxide was also fitted to a
first-order equation [47]. The activation energy was cal-
culated from rate constant and initial HCOO™ formation
rates to be 85 kJ/mol. The activation energy determined
by us (Table 1) is 80 kJ/mol.

According to our data (Fig. 7), the presence of oxy-
gen exerts a substantial effect on the rate of aldehyde
formation. This means that oxygen rather than the
hydroxyl group participates in aldehyde formation. An
indirect confirmation of this route is the increase in the
hydroxyl group concentration on the surface (Fig. 8).
The oxygen that is involved in aldehyde formation is
activated on surface defects [12].

The aldehyde complex can turn into formate or a
dioxymethylene complex [30, 48]. However, the onset
temperature of formate formation is considerably lower
than that of aldehyde formation (Fig. 6). In addition, the
absorption bands of the dioxymethylene complex
(~1000-1200, ~1400 cm™' [30]) were not observed
under any experimental conditions. This means that the
conversion of the aldehyde complex into the formate or
dioxymethylene complex does not occur on y-Al,Os.

Some oxygen species is assumed to be involved in
the formation of the formate [22, 39, 47, 49]. According
to our data, the rate of formate accumulation indeed
increases in the presence of oxygen (Table 2). At the
same time, since no appreciable amount of hydrogen
forms on y-Al,0Os3, the route involving oxygen adsorbed
in molecular form seems to be the most likely (the reac-
tion involving oxygen atoms would yield hydrogen).

Formate and aldehyde complexes. The time pro-
files of the absorption band intensities for the aldehyde
and formate complexes have an extremum (Fig. 6). This
indicates that the resulting surface complexes undergo
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further conversion. Several routes of the decomposition
of the formate and aldehyde complexes are possible,
depending on the process conditions [29, 45, 50, 51]. In
our case, since oxygen affects the accumulation of
these complexes on the surface and the products formed
during the desorption of the surface compounds contain
a small amount of CO, (<0.1 vol %) along with DME
and methanol, the further conversion of the aldehyde
complex is oxidation and that of the formate complex is
a decomposition reaction yielding CO,.

The above considerations and the fact that the rates
of methoxy group conversion remain almost unchanged
in the presence of water vapor and oxygen suggest the
following scheme for the surface reactions responsible
for methanol conversion on y-Al,O5. The scheme also
takes into account the participation of methanol from
the gas phase in the formation of DME.

No. Step
(I) CH3OH(g) + ZOH I CHSOZ + Hzo(g)
(10 2CH;0Z — (CHy),0() + ZO + Z
(III) CH3OH(g) + CHSOZ —— (CH3)20(g) + ZOH

(ITa) H,0, +ZO +Z —= 2ZOH
2CH;0H — (CH;),0 + H,0
1v) Z* +0, —> 70,

V) 20,+7Z —= 270

(VD) 70, —Z+0,
(VDI CH;0H + ZOH — CH;0Z + H,0
(VIDI CH;0Z + ZO, —» HCOOZ + H,0 + Z
(IX) CH;0Z + ZO —» H,COZ + ZOH

X) HCOOZ — CO, + ZH

(XI) H,COZ + ZO, —= CO, + H,0 + 2Z
(XI0) CH;0Z + ZH — CH;0H + 2Z
(XIID) H,O +2Z —»> ZOH + ZH

(XIV) ZO+ZH —~ZOH +Z

2CH;0H + 30, — 4H,0 + 2CO,

This scheme accounts for the second-order rate law
of the consumption of bridging methoxy groups in the
absence of methanol in the gas phase (step (III)).

According to the scheme, the change in the concen-
tration of linear methoxy groups is given by the follow-
ing equation:

d(CH;0Z)/dt
= — Ocu,oz(ksQz0, + k9Qz0 + k12Q07u),

where Q; is the fraction of the surface occupied by the
ith substance.

ey

Since oxygen and water exert no effect on linear
methoxy group conversion during desorption
(Tables 1-3), the dominant step of linear methoxy
group consumption is methoxy group desorption yield-
ing methanol (step (XII)). Quantitative estimates con-
firming this conclusion will be presented below.
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According to these estimates, no more than 10% of the
linear methoxy groups are transformed via routes
(VII) and (IX).

The existence of protons captured by a cationic
vacancy on the 7-Al,O; surface was reported by
Dowden back in 1950 [52] and was confirmed by a later
study [53]. The participation of a proton in methanol
desorption (CH;0Z + HZ — CH;0H,,)) was noted
by Matsushima and White [39]. Therefore, the first-
order rate law of linear methoxy group consumption
can be explained by the fact that the number of cationic
vacancies is not large and they are occupied by protons
during methoxy group conversion, so Qyy is nearly
constant.

An increase in the oxygen concentration in the
helium flow increases the accumulation rate and the
maximum concentration of both formate and aldehyde
on the surface. However, the curves of accumulation of
these complexes on the surface differ radically. The
aldehyde accumulation curve indicates an induction
period. In view of the fact that both complexes form
from the same type of methoxy group, this difference
means that the formation of these complexes involves
oxygen of different natures. In the scheme, this fact is
reflected as the presence of adsorbed oxygen atoms and
molecules on the surface. For the aldehyde complex,
the change in the concentration is expressed as

d(H,COZ)/d¢

2
= k9QCH302QZO - kllQHZCOZQZOZ' @
With the corresponding values of the rate constants,
the atomic oxygen coverage of the surface increases
during desorption, whereas the molecular oxygen cov-
erage decreases. This change in the coverages explains
the existence of an induction period in the aldehyde
complex accumulation curve. This assumption is con-
firmed by the data on desorption of surface compounds
in the helium flow at 240°C (Fig. 9). Over the first
20 min, CO, formation in the gas phase takes place and
no absorption bands of the aldehyde complex are
observed in the IR spectrum. The time profile of the
CO, concentration passes through a maximum. The
disappearance of CO, from the gas phase coincides in
time with the appearance of the absorption bands of the
aldehyde complex (Fig. 9, curve 2). This is likely due to
the fact that the initial molecular oxygen coverage of
the surface is high and the resulting aldehyde complex
turns rapidly into CO, (step (XI)). This is the reason
why the spectrum exhibits no absorption bands of the
aldehyde complex. The molecular oxygen coverage of
the surface decreases with time, whereas the atomic
oxygen coverage increases, resulting in a decrease in
the CO, concentration in the gas phase and in the
appearance of the absorption bands of the aldehyde
complex.
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Fig. 9. Time dependences of the relative concentrations of
the (/) formate complex and (2) aldehyde complex and the
CO, in the gas phase for desorption in flowing helium at 7' =

240°C.

In a real situation, the possible sites of oxygen acti-
vation are surface defects of alumina. Many authors
report that the surface of oxide systems has oxygen
with unusual properties. In particular, it was reported
[54, 55] that the surface of zeolite-containing catalysts
(Tseokar-2) has strongly bound oxygen that stays on
the surface upon high-temperature treatment in an inert
atmosphere and can be removed only by the adsorp-
tion-assisted desorption involving H,, H,O, or CO,. It
should be taken into account that peroxide structures
stable at high temperatures can exist on the surface. It
is possibly these forms of oxygen that are responsible
for the oxidation of the methoxy groups to formalde-
hyde. Note that the observed oxidation sites are very
sensitive to the pretreatment of the sample. After Al,O5
conditioning in a gas flow containing a hydrocarbon
(e.g., methanol), no absorption bands of the aldehyde
are observed in the in situ spectrum. Their activity can-
not be restored even by heating the sample in excess
oxygen.

An increase in the rate of formate and aldehyde
accumulation on the surface would be expected to be
accompanied by an increase in the consumption rate of
linear methoxy groups. In fact, this is not the case.
Since the linear methoxy group undergoes conversion
via several routes (see the scheme), the observed rate
ratio can be explained by the fact that only a small pro-
portion of the linear methoxy groups turns into formate
and aldehyde. The concentrations of linear methoxy
groups, formate, and aldehyde on the surface were esti-
mated using known extinction coefficients of vibrations
[37]. It turned out that the quantity of linear methoxy
groups in the sample is 5 X 10'"® complex/g (1.25 X
10'* complex/cm?), the amount of aldehyde is 2 X
10" complex/g (0.5 x 10 complex/cm?), and the
amount of formate is 3 x 10" complex/g (0.75 X
10" complex/cm?). These estimates suggest that no
more than 10% of the linear methoxy groups are con-

verted into formate and aldehyde. In other words, the
terms pertaining to oxygen in Eq. (1) make a minor
contribution to the consumption rate of linear methoxy
groups.

When desorption is carried out in the presence of
water, the rate constants of linear methoxy group con-
sumption and formate formation do not change
(Tables 1-3), and they are close to the values obtained
for desorption in flowing helium. However, the maxi-
mum concentration of the formate complex decreases
with an increase in the water concentration. This means
that water does not affect the formation rate of the com-
plex but blocks complex localization sites. Likewise, an
increase in the water concentration in the helium flow
decreases the maximum concentration of the aldehyde
on the surface. Since an increase in the oxygen concen-
tration shortens the induction period (Fig. 7), we can
assume that water blocks specific oxygen adsorption
sites or forces out oxygen from the surface [54, 55]. In
the absence of oxygen adsorbed on these sites, the alde-
hyde stops forming.

Note that, in the absence of methanol in the gas
phase, the interaction between two bridging methoxy
groups affords DME. When present in the gas phase,
methanol interacts with the bridging methoxy group on
the surface, and this reaction makes the main contribu-
tion to the formation of DME.

The linear methoxy group is converted via several
routes, namely, desorption yielding methanol in the gas
phase and the formation of the surface formate and the
aldehyde-like surface complex, which are sources of
CO, in the gas phase.
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