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Abstract—The mechanism and kinetics of reactions occurring in the course of natural gas processing into
motor fuels and other chemical products are considered with emphasis on copper-based catalysts. The follow-
ing reactions are considered: methanol and methyl formate syntheses, dimethyl ether synthesisfrom syngasand
by methanol dehydration, water-gas shift reaction, steam reforming of methanol and its decomposition to pro-
duce syngas, and others. It is shown that a key role in the mechanisms of the above reactions belong to trans-
formations of stable, strongly (“irreversibly”) chemisorbed species, and this fact determines the specific fea
tures of the schemes of their mechanisms and kinetic models. The use of the specific features of reaction mech-
anisms makesit possibleto increase the process efficiency (methanol and dimethyl ether syntheses) and provide

ahigh selectivity (methyl formate synthesis).

Copper-containing systems are catalyticaly active
in various reactions of C; molecules. These include
such important processes as methanol and methy! for-
mate synthesis, dimethyl ether synthesis, and CO oxi-
dation. In this work, we mainly consider reactions
involved in the known scheme of natural gas conversion
into motor fuel and other valuable chemical products
(Scheme 1).

A methane molecule, which is the main component
of natural gas, is rather inert. Therefore, to convert
methane into valuable chemicals, it is usually oxidized
by oxygen (autothermal reforming), H,O (steam
reforming) or CO, (dry reforming), or their combina-
tions. The product of these processes is syngas, which
is amixture of carbon oxides and hydrogen. Syngasis
further used in chemical syntheses.

The main reactions considered in this paper are
listed below:

Methanol synthesisisamolecular chainreactionin
which an excessive oxygen atom is inserted into water
and CO, moleculesin turn:

CO, + 3H, = CH,0H + H,0, @
CO + H,0 = CO, + Hy; (ID)

Water-gas shift reaction (WGSR) plays an impor-
tant role in numerous processes of C, chemistry, from
numerous methane reforming processes to various syn-
gas cornversions:

Dimethyl ether (DME) synthesis by methanol
dehydration,

2CH,OH = CH;0CH, + H,0, (1)

as well as in the complex process of direct DME syn-
thesis from syngas by coupling reactions (1)—(I11) in a
single reactor;

Methyl for mate (M F) synthesisby methanol dehy-
dration,

2CH;0H = CH;0CHO + 2H,; av)

and, finally, the nowadays “ fashionable” conversions of
methanol into hydrogen-rich gaseous mixtures:

Steam Reforming of Methanol
CH;OH + H,0 = CO, + 3H,
and methanol decomposition
CH;O0H = CO + 2H,. (V)

The two reactions mentioned last are rather easy and
provide a means to use methanol for the storage and
transport of hydrogen and syngas.

The above scheme shows the place of the cited pro-
cesses and the role they play or can play in natural gas
conversion.

Although these reactions are different, they have a
common property: the reaction system contains species
that are strongly (“irreversibly™) adsorbed on the active
sites of the catalyst. These are H,0, CH,OH, CO,, and
CO for thefirst two reactions and reaction (V); metha-
nol and DME in reaction (I11); and methanol and
methyl formate in reaction (IV). The term “irrevers-
ibly” is used here in the sense that the characteristic
times of desorption of a given species are much longer
than the characteristic time of a catalytic reaction, and
the active site of a catalyst is freed from the adsorbed
species via any reaction of this species rather than via
desorption. In connection with this, let us dwell on
some specific features of reactions of this sort.
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Reactions with the Participation
of Srongly Adsorbed Species

First of al, the question arises as to how adsorbed
products are replaced by the reactants from the gas
phase in the absence of adsorption.

As early as a quarter of a century ago, Sadovnikov
[1] first suggested an answer to this question when
interpreting data on the dehydrogenation of cyclohex-
ane to benzene [2]. In that experiment, a flow reactor
was fed with cyclohexane pulses and benzene pulses
were observed at the outlet. Unexpectedly, a regularly
scheduled pulse with '“C-labeled cyclohexane led to a
pulse of nonlabeled benzene. Sadovnikov proposed that
active sites are occupied by strongly adsorbed benzene,
and the supply of cyclohexane leadsto the formation of
an intermediate complex containing both species and to
the substitution of benzene. More recently, in an exper-
imental study of alcohol dehydration, Sadovnikov
showed that anisotopically labeled water T,0 molecule
or an alcohol molecule from the gas phase substitutes for
the strongly adsorbed nonlabeled water molecule [3].

Minachev et al. [4] observed a series of irreversible
substitution reactions in a system containing ethylene,
propylene, acetylene, and the La,O; catalyst for low-
temperature hydrogenation of unsaturated compounds.
Strongly adsorbed ethylene was completely displaced
by propylene and/or by acetylene from the gas phase,
propylene was displaced by acetylene, but not by ethyl-
ene, and acetylene was not displaced by any of the
above reactants. It is clear that acetylene substitution
for propylene and the absence of ethylene substitution
for propylene cannot be explained within the frame-
work of classical mechanisms of substitution via
adsorption—desorption processes. Such a “selectivity”
isonly typical of chemical reactions.

Kolbanovskii and Gagarin [5] gave a quantum-
chemical explanation for the possibility of such reac-
tions using the ethanol-Al,O; system as an example.

Finally, several publications of our laboratory sur-
veyed in [6] showed the key role of substitution reac-
tions in carbon oxide transformations over Cu-based
catalysts.

In principle, the substitution of gas-phase molecules
for the surface species could be explained within the
framework of classical approaches, taking into account
the dynamic nature of adsorption—desorption equilib-
rium. However, for instance, the irreversible nature of
substitution in the experiments reported by Minachev
and colleagues makes such an explanation impossible.
It is clear that we are talking about an independent
chemical reaction, which was called adsorption substi-
tution in [7]. In the cases studied, this reaction occurs
via the formation of an intermediate complex contain-
ing both species (a two-species complex) on the active
site of the surface, which can schematicaly be
described as follows:

ZA+B —ZAB — 7B + A, (VD
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whereZ istheactivesiteand A and B aretheinteracting
species (molecules). This reaction isin contrast to the
reactions proved by Azatyan [8]: atomic substitution of
atomsin polyatomic molecules on solid surfaces occur-
ring with the participation of atoms from the gas phase
probably without the formation of an intermediate
complex.

The participation of adsorption substitution in a cat-
alytic process has |ong-standing consequences. First of
all they are stipulated by the appearance of a two-spe-
cies complex, ZAB, on the active site. Therefore, the
description of equilibrium between the adsorbed layer
and the gas phase changes. Specifically, if the adsorp-
tion sites are at equilibrium and if Langmuir’'s other
assumptions are correct, the equation for the adsorption
isotherm contains nonlinear terms in the denominator,
and this further leads to a more complex kinetic
description of reactions[7].

On the other hand, the inclusion of the adsorption
substitution reaction in a catalytic process leadsto con-
straints on the nature of allowable steps and schemes of
the reaction, which makes the mechanistic study easier.
A typical mechanistic scheme is shown below in sim-
plified form, where P, and P, are the reaction products
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and P, strongly binds with the active site, whereas P,
evolves into the gas phase.

Adsorption substitution
ZP, + A= ZP\ A+ ZA + P,
u Transformations
of intermediates

7P, +P,

Scheme 2. Typical scheme of areaction mechanism
with the formation of a strongly adsorbed species

The macrostep called here transformation of inter-
mediates actually involvesthe main part of the reaction
mechanism. However, it does not contain adsorption
and desorption steps. The steps of surface migration
have aminor contribution to this reaction because their
rates in the presence of strongly adsorbed species are
low.

Let us now consider specific reactions.

METHANOL SYNTHESIS

Methanol synthesisis one of the most studied heter-
ogeneous catalytic reactions. A detailed description of
mechanistic and kinetic studies of methanol synthesis
can be found in [9]; therefore, here we will only dwell
briefly on the most important points.

In modern industry, methanol is produced from syn-
gas. This process corresponds to the following stoichi-
ometry of the overall equation:

CO + 2H, = CH;0H, (VII)

whichiscomposed of Egs. (1) and (I1). Because copper-
based catalysts show very high activity in the water-gas
shift reaction, provided mutual transformation of car-
bon oxides, this reaction is close to equilibrium under
conditions of methanol synthesis. This was the reason
for the difficulty in deciding which of the carbon oxides
is the immediate precursor of methanol. For solving
this problem, kinetic experiments were needed with
very short contact times (10~ s) and/or with the use of
carbon-labeled compounds. In both variants, the exper-
iment gave an unequivocal answer: the immediate pre-
cursor of methanol is only CO, on copper-based cata-
lysts.

Sudy with the Use of Isotopically Labeled Molecules

Below we provide the results of two experiments
using '“C-labeled oxides CO and CO, carried out using
a commercial SNM catalyst in a closed circulation
setup where methanol and water formed in the reaction
were continuously frozen out from the circulating gas-
eous flow. In the first experiment, a mixture containing
the “CO additive (~1%) where CO, dominated was
reaction temperature was 180°C; the total pressure was
5 MPa; the initial *CO label was 406 arbitrary units;
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and the specific radioactivity of other components was 0).
The analysis of the gaseous mixture at the end of the
experiment showed the specific radioactivity of the
components: 189 arbitrary unitsfor CO and 9 arbitrary
units for CO,, whereas the label for methanol corre-
sponding to theintegral average valuefor thewholerun
was 5 arbitrary units.

In the second experiment, CO dominated in the
reaction mixture (CO, 30; CO,, 4; H,, 59; N,, 7 vol %;
240°C; ~5 MPa), and the initial label of *CO, was
5900 arbitrary units (and zero for the rest of the compo-
nents). For quantitative characterization, a medium
sample of the gas was withdrawn during the run. This
sample corresponded to the average methanol sample
analyzed. The results of analysis of average samples
were as follows. CO, 430; CO,, 1480; methanol,
1500 arbitrary units.

Thus, in both experiments, including the second
one, which provided the most favorable conditions for
methanol formation from CO, only CO, wasthe precur-
sor of methanol.

Liu et al. [10] and Vedage et al. [11] used labeled
oxygen 30 in their mechanistic studies of methanol
synthesis. In thefirst of these studies, experimentswere
carried out in anonstationary system and theinitial gas-
eous mixture contained the C'%0, label. Before intro-
ducing the mixture containing labeled CO,, the catalyst
was stabilized in stationary methanol synthesis from
the gaseous mixture containing no labeled compounds,
and then the rates of labeled and nonlabeled com-
pounds were measured for 15 min. The formation of
CH;'°OH and CH;'*0OH were observed in the experi-
ments. The initial rates of formation of these com-
pounds were used by the authors to characterize the
contributions of CO, and CO as potential methanol pre-
cursors, and they came to the conclusion that both
oxides participate in methanol formation.

However, our analysis of data presented in [10]
showed that this conclusion was premature. In that
work, data for the dynamics of formation of CH;'OH
and CH;'80H and for the distribution of the label in
other components during the whole run (15 min) were
given for one of the experiments. This made it possible
to calculate the dynamics of changes of 80 fractionsin
CO, and methanol. Figure 1 shows the dynamics of
label 8O accumulation in methanol (curve 2) and its
decrease in CO, (curve 1), which is the only source of
130 in the system. These plots were constructed by us
[9] using data from [10]. It is seen from this figure that
there is a “buffer” in the system, which decelerates
label transfer from CO, to methanol: the fraction of '*O
in methanol increases and approaches the fraction of
this label in CO,, although the latter decreases with
time. As this takes place, the fraction of '*O in other
components of the gas phase (CO and H,O) remains
much lower than in CO, and methanol. It follows from
these datathat the buffer accumul ating the oxygen label
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from CO, and then transferring it to methanol is bound
to the catalyst.

Catalyst treatment with water or the addition of
water to the reaction mixture retards the formation of
CH;'*OH and does not affect the rate of CH;!°OH syn-
thesis [10]. Proceeding from this data, the buffer, or at
least the source of oxygen in the buffer, is water.

Itisclear that theinitial rates of CH;'®OH formation
in this system do not reflect the real role of CO, in
methanol synthesis. Thisisalso clear fromthefigure, in
which the fraction of '*O in CO, and methanol differ
drastically at the beginning of the experiment and
become close after 15 min of the run, while the frac-
tions of 0 in other components (mostly CO) remained
the same.

It is seen from data shown in the figure that the esti-
mate of CO, contribution as a precursor of methanol
made on the basis of theinitial rates of CH;!30H forma-
tion is incorrect and that CO, is the main precursor of
methanoal, to say the least.

The study reported in [11], which will be discussed
below in more detail, was carried out in a stationary
flow-type setup, which eliminated the above distorting
effects, but the contact time was so long that the frac-
tion of oxygen 30, introduced in the form of H,'30, in
the components of the reaction mixture at the reactor
outlet, was practically the same in water (3.3%), meth-
anol (3.4%), and CO, (3.6%) and differed only in CO
(0.6%), according to our calculations [6, p. 44]. Corre-
spondingly, these data cannot point to the source of
oxygen in methanol, athough only two of the three
molecules remain as candidates: CO can be excluded
from the list of potentia methanol precursors. In this
case, this is not very important since data based on
experiments with '“C unequivocally lead to this conclu-
sion.

It is more important to determine the source of
hydrogen in the CH, group of methanol, and there are
two candidates: hydrogen and water. Vedage et al. [11]
also studied the transitions of deuterium in the D,O-
CO-H, system (the initial mixture). It was found that
approximately one deuterium atom is involved in the
CH, group of methanol. Based on this evidence, Ved-
age et al. concluded that methanol is produced by the
reaction between CO and H,O [11].

This conclusion contradicted the above data
obtained in the experiments with '*C, and we checked
it experimentally under analogous conditions [12]. At
long contact times under comparable conditions [11]
(the contact time in [11] was 0.36 ), the results were
reproduced. Then, the contact time in our experiments
was shortened by two orders of magnitude (reduced to
0.003 s), so that the reactor became close to the differ-
ential reactor from the standpoint of label transfer. Fig-
ure 2 illustrates the results obtained. As can be seen
from this figure, the isotopic fraction of deuterium in
the CH, group of methanol at a short contact time
strictly correspondsto the isotopic fraction in hydrogen
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Fig. 1. Dynamicsof evolution of theisotopic fraction of '30in
(1) CO, and (2) methanol calculated in [9] using experimental

datafrom [10] (the fraction 1800(180 =180/(180 + 1°0y).

for both theinitia mixture where CO, dominates (curve2)
and the initial mixture where CO dominates (curve ).
For both mixtures, the concentration of deuterium in
the CH; group of methanol (1-4%) is much lower than
its concentration in water (the average fraction of deu-
terium in water in the reaction zone was 70-85%).

These results undoubtedly point to the fact that only
hydrogen, but not water, participatesin the formation of
the CH; group in the methanol molecule and that the
conclusion drawn in [11] that methanol isformed from
CO and H,0 isincorrect and based on poorly planned
experiments. Obvioudly, the appearance of deuterium
in the CH, group of methanol at long contact times are
stipulated by secondary reactions. These reactions are
most likely due to exchange between intermediate
structures formed viathe reversible reactions of metha-
nol dehydrogenation or dehydration and surface
hydroxyl groups.

Transformations of Surface Compounds

A radically new method for the study of transforma-
tions of surface compounds was as follows. to obtain
the initial surface compound, the reduced catalyst was
treated by a certain reactant supplied in a flow of
helium, the weakly bound reactant was removed by
purging with helium, and then the flow was switched to
amixture of helium with another reactant, the reaction
with which was the subject of study. After a certain
time, the flow composition was measured at the reactor
outlet. By combining the data measured in a series of
such experiments, the kinetic curves of reaction prod-
uct formation were obtained.
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Fig. 2. Dynamics of accumulation of theisotopic fraction of
deuterium in hydrogen (open circles) and in the CH; group
of methanol (solid circles) in a closed (with respect to gas)
circulation setup in methanol synthesis (240°C, 10° h!,
5 MPa) from the mixtures with different compositions con-
taining D,O: (/) CO, 0.85; CO,, 0.034; H,, 3.6; D,O,
0.024 MPa and (2) CO, 0.037; CO,, 0.99; H,, 4.1; D,0,
0.029 MPa.

Two difficulties can prevent obtaining reliableinfor-
mation in such experiments. Thefirst of theseis associ-
ated with the fact that switching the flow does not pro-
vide astepwise changein the flow composition in areal
system. Figure 3 shows the dynamics of the changein
the gas flow composition at the reactor outlet in atypi-
cal kinetic setup. As can be seen, the jump in fact lasts
~20 s, largely due to longitudinal mixing. Correspond-
ingly, for the first 20 s of arun, the reaction occurs at a
variable concentration of the reactant in the gas phase.

The second difficulty is due to the fact that kinetic
curves are constructed on the basis of several runs. This
stipulated severe requirements for the reproducibility
of results. As data presented above and below (Fig. 4)
borrowed from [9] show, such reproducibility was
achieved (points obtained in different experiments fell
on a single kinetic curve). Moreover, these data were
obtained in a series of consecutive experiments in
which the catalyst surface was oxidized with water and
reduced with CO in turn. So both the rates of surface
species transformation and the states of the surface
after each treatment were reproduced.

Figure 5 shows the dynamics of oxidation by water
vapor (2.4 kPaand 250°C) of the commercia Cu—Zn-Al
oxide catalyst SNM-1 reduced by carbon monoxide.
The moment when the middle of the front passes is
taken to be zero (see Fig. 3). The points are based on the
averaged data from several runs. It is seen that at short
times the rates of formation of all reaction products
increase in agreement with an increase in the concen-
tration of water in the gas phase. Carbon monoxide
molecules are formed noticeably earlier than other
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Fig. 3. Dithering of the front in atypical kinetic setup with
a stepwise change in the composition of the gaseous flow
(Cj and C,, are the current and supplied concentration of the
ith component).

products, and it is clear that the reaction of adsorption
substitution of water for CO is faster than other trans-
formations of surface species. The curves of CO, and
H, evolution have maximums. In the case of CO,, the
maximum approximately corresponds to the achieve-
ment of the constant concentration of water in aflow of
helium. In the case of H,, the maximum is shifted
toward longer times.

The peak of CO, may involve “reaction-formed”
CO, obtained viathe overall reaction

ZCO + 2H,0 = ZH,0 + CO, + H,, (VIII)
where one water molecule is consumed for the conver-
sion of adsorbed CO, the second is consumed for the
substitution of CO, formed on the active site, and
“residual” CO, “remained” on the site after reduction.
The evolution of hydrogen in alarge amount and with
asmall shift in time shows that, in addition to CO con-
version, a reaction with hydrogen evolution occurs. In
the given system, such areaction can only be the oxida-
tion of surface Cu (or Cu*) by water with hydrogen evo-
lution. Comparison of curves of CO, and H, evolution
shows that the rate of thisreaction islower than therate
of adsorbed CO conversion. The delay of the H, peak
means that this reaction occurs after the removal of CO
and CO, from the oxidation site, which is “protected”
from oxidation before the removal of these species.
Correspondingly, the stoichiometric equation of this
reaction can be conditionally written in the following
form:

ZH,0 =70 + H,. (IX)

KINETICS AND CATALYSIS Vol. 44 No.3 2003
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Fig. 4. Dynamics of product formation (1) CO, and (2) H,
in the interaction of gas-phase CO (P = 19 kPa) with the
surface of commercial Cu—Zn-Al oxide catayst SNM-1
reduced by carbon monoxide and then oxidized by water at
250°C.

Sites oxidized by water can be reduced in the reac-
tion with CO viathe overall stoichiometric equation

70 -H,0 +2CO =Z + 2CO, + H,. X)

Figure 5 shows the dynamics of evolution of the
products of this interaction (data were not averaged)
stipulated by the reactions

70 -H,0+CO=Z0+CO, + H, (XI)

and
Z0 + CO =Z + CO,. (XII)

Correspondingly, the dynamics of proper reduction
(reaction (XI1)) can be determined as the difference
between the rate of CO, evolution (in both reactions)
and the rate of H, evolution in reaction (XI) only. The
reaction kinetics of reduction thus determined is shown
inFig. 6a

Figure 6b shows a characteristic curve of this reac-
tion (the dependence of the reaction rate on the amount
of converted surface oxygen constructed using aver-
aged points). It is seen that the dropping branch of the
curveis alinear dependence after establishing the sta-
tionary concentration of CO in aflow; that is, the reac-
tion rate is proportional to the amount of unreduced
sites remaining on the surface. Therefore, these sites
have the same chemical properties, at least in the case
of oxidative—reductive transformations.

Finally, additional information can be obtained from
the“tails’ of curvesin Fig. 4. Starting from ~30 s, both
CO, and H, evolvein the stoichiometric amount 1 : 1.

Analysis of the dynamics of their evolution showed

that it corresponds to the diffusion law (./t). This
means that when the site reduction is completed and
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Fig. 5. Dynamics of product formation (1) H,, (2) CO,, and
(3) CO in the reaction between water vapor (PHzo =24KkPq)

with the surface of commercia Cu—Zn-Al oxide catalyst
SNM-1 reduced by carbon monoxide at 250°C.

rapidly reacting water species bound to the active sites
are exhausted, further reaction (of CO conversion by
adsorbed water) occurs due to water species migrating
from other sites via the diffusion law. However, this
means that water is unreactive on other sites. That is,
sites whose transformations were discussed above
together with the transformations of species adsorbed
on them are the only active sites on the surface.

Their concentration can easily be determined by, for
instance, an intercept in Fig. 6b. If we know the concen-
tration of active sites, the specific surface areas of cata-
lysts, and data on the rates of methanol synthesis, we
can estimate the activity of asingle site, which is often
referred to as the turnover number. These calculations
have been carried out for four samples, two of which
were commercial catalysts of methanol synthesis and
the other two were samples whose activity decreased
substantialy after a long time-on-stream. Table 1
shows the results obtained. As can be seen from this
table, thevalues of the activity arevirtually the samefor
different samples: 0.47 £ 0.05 s~!, although the rate of
methanol synthesison the samples differsby fivetimes.

Figure 7 shows the kinetic and characteristic curves
of the reaction of adsorption substitution of gas-phase
water for CO strongly adsorbed on the active sites for
freshly reduced and deactivated commercial catalysts
for methanol synthesis. An analogous trend is
observed: the right branches of the characteristic curves
are linear and their dope is the same for all samples.
That is, the number of sites on the surface decreases,
but their properties (the reactivity of surface com-
pounds) remains the same.
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Fig. 6. () Kinetic and (b) characteristics curves of reduc-
tion of active sites on the SNM catalyst preliminarily oxi-
dized by water (conditions are the same as for Fig. 4; ng is
the amount of reacted oxygen).

Thus, the kinetic study of transformations of surface
species made it possible to trace the transformations of
strongly adsorbed species, to determine the concentra-
tion of active sites on the catalyst, and to obtain infor-
mation on the specific features of its deactivation.

Mechanistic Schemes and the Kinetics
of Methanol Synthesis

Based on the above data, we construct a simplified
scheme of the reaction mechanism of methanol synthe-
sis (Scheme 3). It completely corresponds to the stan-
dard Scheme 2. The steps of transformations of inter-
mediate compounds on active sites are in the right ver-
tical column. Taking into account that the order in H, of
the stationary reaction of methanol synthesisisequal to
unity, the first step of hydrogenation is highlighted in
the scheme as a rate-limiting step. The horizontal row
reflects the adsorption substitution of gas-phase CO,
for astrongly bound H,O molecule.

CO, + ZH,0 == ZCO, - H,0 === ZCO, + H,0

+Hy Rate-limiting
3 Sep
ZCO,H,

u +2H,
Macrostep
ZH,0 + CH;0H

Scheme 3. Simplified mechanistic scheme
of methanol synthesis.

The existence of an intermediate denoted in the
scheme as ZCO, - H,O can indirectly be judged based
on TPD spectra (Figs. 8, 9). Figure 8 shows the TPD
spectrum of the commercial Cu—Zn-Al oxide catalyst
SNM-1 preliminarily reduced by CO and then consec-
utively treated with water vapor and CO,. As can be
seen, after treatment with water, the TPD spectrum con-
tainstwo poorly resolved peaks of CO, (T, ~ 180 and
300°C), which increase noticeably after trestment with
CO,. The low temperature peak of CO, corresponds to
ashoulder on the curve reflecting the evolution of H,O,
and this can be thought of as a pointer to the formation
of the corresponding intermediate. Strongly adsorbed
CO, responsible for both peaks in the thermal desorp-
tion spectrum transforms to methanol in a hydrogen
atmosphere. Analogous peaks of CO, were observed in
the TPD spectrum of the sample upon exposure to
methanol adsorbed after analogous preliminary treat-
ment (Fig. 9).

The assignment of intermediates shown in the
scheme to specific structures is less justified. Even in
recent studies devoted to the nature of surface com-

Table 1. The specific activity per one active site (turnover number) of Cu—Zn-Al oxide catalysts in methanol synthesis

Sample* | 1 11 v
Rate of methanol synthesis (productivity), umol g+ s* 26.0 11.6 6.3 4.6
Concentration of active sites, pmol/g 49.6 25.0 14.6 9.6
Specific activity (per one site), s 0.52 0.46 0.43 0.48

* Samples | and Il are commercia catalysts with different activities; samples 111 and IV are the same samples deactivated in the course

of operation in methanol synthesis.
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pounds on the catalysts for methanol synthesis, various
structures were observed: methoxy, surface carbonate
and hydrocarbonate, as well as formaldehyde and for-
mate complexes, whose role in methanol synthesis
remains debatable. Conclusions on the role of the cor-
responding structure in the reaction mechanism drawn
by various authors usually disagree or, more often, con-
tradict each other. Let us provide several examples.

Fujita et al. [13] used Fourier-transform diffuse-
reflectance infrared (DRIFT) spectrascopy and TPD
under conditions of methanol synthesis from CO, and
H, on Cu/ZnO catalyststo observe the formation of two
forms of formate HCOO—Cu and one form of formate
HCOO-Zn. In hydrogenation, all formates transformed
into methoxy groups.

Nomura et al. [14] studied the hydrogenation of
CO, using the catalytic system Cu-TiO, with various
additives (ZnO, ZrO,, etc.) by in situ FTIR spectros-
copy. The additives affected the concentrations of sur-
face formates and the activity of the catalytic systemin
asimilar manner.

Based on the DRIFT study of the Cu—Zn-Al and
Cu—Zn-Al-Mn systems, Li et al. [15] also concluded
that formate can be an intermediate in methanol synthess.

The route carbonate—formate-methoxide-methanol
was proposed by Chen et al. [16] for the Cu—ZnO and
Cu—ZnO-Al,0; catalysts with low concentrations of
copper.

The method of vibrational spectroscopy [17] was
used to study methanol synthesis at 3-25 bar on
Cu/ZrO, and on an analogous catalyst promoted with
silver. Surface intermediates were identified in dtu.
Weigel et al. [17] concluded that surface formaldehyde
and methylate are the main intermediates on the path-
way to methanol, and formateis not the direct precursor
of methanol. The presence of silver leadsto an increase
in the activity mostly due to an increase in the concen-
tration of surface formaldehyde. The development of
these studies by Ortelli et al. [18] using in situ FTIR
and 3C-labeled compounds led them to conclude that
methanol isformed exclusively from the formaldehyde
intermediate on the Cu-ZnO, catalyst, but not from the
surface formate. The principle disagreement between
the resultsreported in these two papers and other papers
mentioned above are obvious.

As aresult of the study of a series of catalytic sys-
tems based on Cu—ZrO, (with CrO, and MnO, addi-
tives) using awide spectrum of physicochemical meth-
ods (in situ DRIFT, XPS, XRD, TPR, DTA, DTG, and
others), Kilo et al. [19] concluded that, in the hydroge-
nation of CO,, methanol is mostly formed from biden-
tate surface carbonate via adsorbed CO, t-bonded
formaldehyde, and surface methylate.

The participation of such intermediates as CO and
formaldehyde in methanol synthesis probably needs to
be further justified since they are unstable under condi-
tions of methanol synthesis. Specifically, as shown
above, water readily replaces CO on the active sites,
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lyst SNM-1 reduced by carbon oxide after exposure to H,O
(0.67 kPa, 100°C, 10 min): (1) H,0, (2) CO,, (3) after addi-
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Fig. 9. TPD spectraof the commercial Cu—ZnO-Al,05 cat-
ayst SNM-1 reduced by carbon oxide after exposure to
H,0 (0.67 kPa, 100°C, 10 min) and then to CH;0H
(0.67 kPa, 30°C, 10 min): (1) H,, (2) CO,, and (3) H,O.

and thisreaction isalmost irreversible under conditions
of methanol synthesis.

The mechanism of methanol synthesis on an
ultradispersed Cu-ZnO-Al,0; catalyst in the hydroge-
nation of CO, and CO/CO, was studied by in situ FTIR
spectroscopy by Q. Sun et al. [20]. The authors con-
cluded that methanol isformed directly by the hydroge-
nation of CO, in the mixtures CO, + H, and CO + CO, +
H, and that the key intermediate is a bidentate formate.

The same method supplemented with kinetic studies
was used by F. Lepeltier et al. to investigate the hydro-
genation of CO, on the catalysts ZnAl,0, and Cu—
ZnAl,O, at 250°C and a pressure of 0.3 MPa[21]. The
authors identified various surface species (carbonates,
various formates, methoxy groups, etc.) and deter-
mined that the limiting step on the Cu-ZnAl,O, cata-
lyst is carbonate hydrogenation to formate on coppe,
whereason theZnAl,O, support the active intermediate
isone of theformates on zinc. The authors assumed that
CO isformed on the Cu—ZnAl,O, catalyst viathe same
surface intermediates as methanol, whereas on
ZnAl,0, carbon monoxideisformed from aformate of
the second type. It was shown that thisformate is inac-
tive in the presence of copper on the catalyst, whereas
methoxide are inactive on the support in the presence
and absence of copper. The nature and role of the sur-
face compounds determined strongly depend on the
composition of the mixture and on the presence of cop-
per inthe catalyst. A combination of in situ IR spectros-
copy and kinetic methods adds reliability to the results
obtained.

Similar conclusionswere drawn by Amenomiyaand
Tagawa and reported at the 8th Congress on Catalysis
[22], one of the first reports on the process of methanol
synthesis studied by in situ IR spectroscopy. The
sequence of transformations of surface compounds on
copper proposed in that work is hydrocarbonate—for-
mate-methoxide.
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Overall, we can state that researchers disagree even
about formate complexes, which are rather easy to
identify. The spectrum of opinions ranges from their
acceptance “as key intermediates’ to the complete
denia of their role in methanol synthesis. We cannot
exclude that this diversity of opinions is due to the
effect of conditions of measurements and sample biog-
raphy. Specifically, the concentrations of water and
other surface compounds on both active sitesand on the
surfaces of various phasesinvolved in the catalyst com-
position are hard to control and can vary over a broad
range. The possibility of interphase spillover of surface
complexes and an unusual medium for the catalyst
components may stipulate their nonstandard behavior
under process conditions. Even a relatively simple
component of the y-Al,0; catalyst in the complex sys-
tem (methanol-DME—methyl formate) may have the
properties of an oxidation catalyst and transform meth-
anol into formaldehyde in the presence of oxygen
traces[23].

The sequences of transformations of intermediate
species reported in [16, 21, 22] are the closest to
Scheme 3, which can be considered proven and which
largely agrees with these sequences. These are consec-
utive transformations of the surface species: carbonate
(or hydrocarbonate), formate, and methoxy species. If
we accept this sequence as a basis, then the assignment
of the intermediate in Scheme 3 will be as follows:
ZCO, is carbonate, ZCO,H, is formate in combination
with hydroxyl, and ZCO, - H,O is the hydrocarbonate
in combination with hydroxyl.

Although Scheme 3 is simplified, it is sufficient for
constructing a theoretical kinetic model of methanol
synthesis based on its mechanism. The simplified vari-
ant of therate law is asfollows:

k3K 1Pco,PH,
w = (D
K1Pco, + K_2Ph,0 + KiK_2Pco,PH,0

where the numbers in subscripts correspond to the
order of stepsin Scheme 3, and k and K arethe rate and
equilibrium constants, respectively. It followsfrom this
equation that methanol synthesis should be strongly
retarded by water, and the reaction order with respect to
hydrogen should be close to unity (this was supported
experimentally in [6, 9]).

The simplest analysis of Eq. (1) revealsits interest-
ing features [7] (see also [24, 25]). After smple rear-
rangements it can be described in the following form:

_ k3K1Pco, P,
(1+Kypeo ) (1 +Kopy0) =1

At high concentrations and/or in the case of the strong
retardation by the product, we can neglect “—1" in the
denominator. Thus, the kinetics of the reaction imitate
the kinetics for the “two-site model,” a reaction occur-
ring with the participation of two different sites.

w

2

KINETICS AND CATALYSIS Vol. 44 No.3 2003



MECHANISM AND KINETICS OF REACTIONS OF C; MOLECULES

It can also be easily seen that, under the same but
more severe conditions, the equation can be simplified:

w = Kkpy,/(1+bpy,o), (3)

where k and b are the parameters and the unity in the
denominator can be neglected.

The denominator of thisform is usually assumed to
mean strong retardation by the reaction product in the
framework of classical understanding. This retardation
usually leads to the amost complete occupation of
active sites by a product that retards the reaction. How-
ever, in this case the nominator should contain a term

that involves pco, . Its absence makes the kinetics

impossible from the standpoint of the classical theory.
Nevertheless, such kinetics has been observed many
times in experimental studies (see [25]). In the frame-
work of the descriptionillustrated above, thiskineticsis
one of the most probable explanations of the system
behavior.

Equation (1) can be considered as a theoretically
justified rate law, because it is based on a mechanistic
scheme obtained independently. Comparison of therate
law with experimental data showed that it correctly
reflects the process kinetics and provides a description
of the available and published experimental data[6, 9].
However, in the kinetic study of methanol synthesisin
a flow-type reactor under experimental conditions
(high CO : CO, ratios in the initial mixture), kinetic
anomalies were detected that cannot be predicted based
on Scheme 3.

Figure 10 showsthe kinetic curves of methanol syn-
thesis on the Cu—Zn-Al oxide catalyst 51-2 (ICl) in a
flow reactor from the CO, + H, mixture (curve 1) and
from syngas enriched in CO (curve 2). Curve / corre-
spondsto the “normal” kinetics of the reaction retarded
by the products. Curve 2 isanomalous: the average rate
of the reaction in a flow reactor increases with an
increase in the contact time after a “normal” initial
period (i.e., the productivity of the unit volume of the
catalyst increaseswith an increasein theloading). Such
anincreasein therate (autocatalysis) could be observed
if methanol synthesiswere accelerated by the products.
However, experimental verification showed that none
of the products (methanol or water) catalyzes the pro-
Cess.

Another possible explanation is the activation of
surface sites by the products. site oxidation by water.
However, water additivesto theinitial mixturelead to a
retardation of methanol synthesis. Figure 10 shows aso
kinetic curve 3 obtained in a less arguable experiment
in which 0.3 vol % O, was added to syngas enriched in
CO. Itisseenthat no activation effect was observed. On
the contrary, the rate of synthesis decreased (due to
retardation by water formed), and the anomalous form
of the kinetic curve is reproduced.

Further analysis showed that the beginning of rate
increase, the minimum on curves 2 and 3 (Fig. 10),
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Fig. 10. Kinetics of methanol synthesis on the Cu—Zn-Al
oxide catalyst 51-2 in a flow reactor: (1) from the mixture
CO, + Hy; (2) from syngas enriched in CO; (3) from mix-
ture 2 with the 0.3% oxygen additive.

approximately corresponds to the equilibrium in
WGSR (at shorter contact times, the reverse WGSR
dominates). With an increase in the contact time after
the minimum, this reaction beginsto occur in the direc-
tion of the conversion of CO by water and shifts the
ratio of the stationary concentrations of ZH,0 and
7CO, (see Scheme 3) toward ZCO,. In this situation,
methanol synthesis and WGSR should be coupled and
their mutual effect on each other is a natural result of
this coupling.

In the section devoted to the transformations of sur-
face species, we showed that water strongly adsorbed
on the active site readily converts in the reaction with
gas-phase CO. Indirect data suggest that this reaction
also occurs via the formation of an intermediate two-
species complex. The further construction of the
scheme of itstransformationsis complicated dueto the
fact that the carbon label in CO does not transfer to
methanol and, therefore, to ZCO,, which is a methanol
precursor.

Only two variants probably satisfy such a require-
ment: (1) in the formation of CO, and H,, both species
evolve into the gas phase and free a site on which CO,
or H,O preferentially adsorbs and (2) the CO, formed
inthereaction remains on the site but rapidly exchanges
with the gas-phase CO,. If we adopt variant 1, we meet
difficulties in constructing the scheme of the reverse
WGSR or violate the principle of microscopic revers-
ibility. Therefore, variant 2 is more plausible. It has
experimental analogsin theform of accel erated desorp-
tion of adsorbed CO or NO in the presence of the same
gas-phase mol ecul es, as has been observed many times.

Such observations mean, in the framework of the
approach developed here, that the reaction of adsorp-
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Fig. 11. Kinetics of methanol synthesis(/, 2) and WGSR (3, 4)
on the catalyst 51-2 (250°C, 5 MPa, curves correspond to
the calculation, points corresponds to the experiment):
(1,4) CO,, 21.8; CO, 3.6; H,, 74 val %; (2, 3) CO,, 3.2; CO,
18.2;, H,, 78 vol %.

tion substitution for similar species occursrapidly (if it
ocCcurs).

Taking into account the above consideration, we
may construct a complete scheme of the transforma:
tions (up to therate-limiting step) in methanol synthesis
coupled with WGSR (Scheme 4). As can be seen, this
schemeissimilar to Scheme 3 and differsonly in that it
has an additional upper row. Note that WGSR on cop-
per-based catalysts can occur via several routes. How-
ever, in connection with the specific features of the sit-
uation (the active sitesare almost completely filled with
CO, and H,0) under conditions of methanol synthesis,
the only redizable route is the one shown in the
scheme.

CO,

ZCO -Hy0 = ZCO, ZCO, - CO,
2
+C0u +C02u
+CO,
ZHzo ZC02 . 1'12044;> ZC02 + H20
l+l—l2
+2H,
u Macrostep
ZH,0 + CH;0H
Scheme 4. Compl ete scheme of methanol
synthesis coupled with WGSR.

The theoretical kinetic model based on Scheme 4
describes both normal and anomal ous kinetics of meth-
anol synthesis[26]. Figure 11 showsthe results of com-
puter simulation of the process for both cases that take
place in the transformations of initial mixtures with
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various compositions. As can be seen, the kinetic model
correctly describes the specific features of reactions
and very different kinetic curves in the framework of
the same model with the same parameters.

Thus, for methanol synthesis, which has been rela-
tively well studied, we can determine the scheme of the
reaction mechanism, develop a theoretica Kkinetic
model of the process, and carry out computer simula-
tion of the process.

Copper-based catalysts are usually associated with
methanol synthesis and the oxidative transformations
of CO and other molecules. However, they show ahigh
activity in numerous reactions of C; molecules, includ-
ing those listed at the beginning of this article. The
mechanisms of these reactions have been less studied
than methanol synthesis, but the above information
helps us to understand them since they al belong to
methanol conversions complicated with other reac-
tions. This area of research may be described in simpli-
fied form by Scheme 5. L et us begin with steam reform-
ing of methanol, because information on methanol syn-
thesis proved to be most applicable to this reaction as
well.

CO, + 3H, 2% Methanol DME + H,0

CO +2H, MF + 2H,
Scheme 5. Scheme of reactions studied.

STEAM REFORMING OF METHANOL

Steam reforming of methanol has recently attracted
considerable recent attention as a pathway to pure
hydrogen. Taking into account the smplicity of metha-
nol storage and transport, this interest is undoubtedly
justified. It is important that in steam reforming one
methanol molecul e gives three hydrogen molecules:

CH3OH + H20 = COZ + 3H2

Because methanol synthesis occurs as hydrogena
tion of carbon dioxide (see above), the steam reforming
of methanol is essentialy the reverse of synthesis. At
the same time, it is unclear whether the kinetic and
mechanistic schemes are applicable to the reverse reac-
tion, which occurs with avery different composition of
the mixture that contacts the catalyst. In connection
with this, the kinetics of this processwas studied by Lin
et al. in our laboratory. Because the results of thiswork
will be published in [27], we only briefly consider the
conclusions drawn in that work.

The sequence of transformations of intermediatesis
shown in Scheme 6. The upper horizontal row of this
scheme corresponds to the occurrence of the mac-
rostep, which in principle can involve the reaction of
adsorption substitution of gas-phase methanol for
strongly bound water. We will discussit in more detail
when considering the mechanisms of DME synthesis.
In other respects, Scheme 6 is an “upside down” ver-
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sion of Scheme 4 for the methanol synthesis mecha-
nism.

—2H,

ZH,0 + CH;OH ZCO,H,

|
ZH,0 2C0, H,0 g 2CO,

u+ co u+co2
ZH,0-CO === ZCO, ¥, 7c0, - CO,

Scheme 6. The sequence of intermediate transformations
in steam reforming of methanol on copper-based catalysts.

A theoretical kinetic model based on Scheme 6 was
checked against experimental data obtained by us and
taken from the literature. In all cases, it was found that
the calculation and experiment reasonably agree with
each other. Thiswasthe case even if we described both
methanol synthesis and its steam reforming using the
same parameters of the equation. Perhaps, this can be
considered to be the most strict verification of the
model.

Toillustrate this, Fig. 12 showsthe kinetic curves of
steam reforming of methanol on the Cu—Zn-Al oxide
catalyst 51-2 at 245°C and a pressure of 6 and 21 atm.
The initial gaseous mixture consisted of methanol and
water in the ratio H,O : CH;OH 1.3 : 1. Calculations
were performed independently for each experimental
point. The results of calculations and experimental data
arecomparedin Fig. 12. It isseen that the kinetic model
correctly describes the dependence of conversion on
the contact time and pressure in the system. We can
conclude that the mechanistic scheme proposed for
methanol synthesis is also applicable to the reverse
reaction, steam reforming of methanol.

DIMETHYL ETHER SYNTHESIS

The role of dimethyl ether was reconsidered
recently after 1995, when a number of well-known
companies, such asAmoco, Haldor Topsoe, and others,
showed the possibility of using it as environmentally
friendly diesel fuel at the International Congress/Exhi-
bitionin Detroit [28]. Moreover, according to estimates
by Kikkawa and Aoki [29], the use of DME as fuel for
gas-turbine units is more economical than the use of
liquefied gas.

Currently DME iscommercially produced by meth-
anol dehydration on y-Al,O; or another dehydration cat-
alyst (reaction (111)).

Some projects have proposed the process of direct
DME synthesis from syngas using a combination of a
copper-based catalyst and a dehydration catalyst (e.g.,
y-Al,03). This processinvolves reactions (1) and (I1) in
addition to (I11) and was developed at pilot and/or
experimental—industrial unit scale. Most projects pro-
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Fig. 12. Kineticsin the steam reforming of methanol on the
Cu—Zn-Al oxide catalyst 51-2 in a flow reactor at 245°C;
the initial mixture composition is H,O : CH;OH =1.3: 1
(open circles refer to the calculation and solid circles refer
to the experiment) at a pressure in the system equal to (1) 6
and (2) 21 atm.

posed the use of gas-phase synthesis, athough NKK
(Japan) proposed a liquid-phase process [30]. All
projects involve methanol synthesis and its further
dehydration (reactions (1)—111)). Because temperature
intervals for these three reactions are rather close, they
can al be carried out in the same reactor.

Note that such united one-step processisrather pro-
ductive (see below). The synthesis of methanol is ther-
modynamically unfavorable, which necessitated the
use of flow schemeswith circul ated gaseous mixture. In
the one-step process, methanol and water produced by
reactions (1) and (lI1) transform further: methanol is
consumed by reaction (l11), and water is consumed by
WGSR (I1). Thermodynamic limitations can be over-
come in this way. As a result, it is possible to achieve
one-pass conversions of CO as high as 90%, and DME
produced directly from syngas is cheaper than the
equivalent amount of methanol.

As shown above, there are theoretica kinetic mod-
elsfor reactions (1) and (I1) based on the reaction mech-
anism. For the compl ete description of direct DME syn-
thesis from syngas, it is also desirable to have a mech-
anistic scheme of dehydration (and a kinetic model
based on it).

Although the dehydration of alcohols (especidly,
ethanol) became aclassical task for beginnersin chem-
istry, reliable dataon the mechanism of thisreaction are
rather scarce. It is clear that at least one of the reaction
products (water) strongly adsorbs on active sites. Tak-
ing into account the data reported in [3, 5], we expect
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Table 2. Methanol transformation on y-Al,O5 at 250°C in the pulse regime [31]

i Amounts of products at the reactor outlet, pmol
Methanol concentration
in apulse, pmol
DME methanol H,0
52 - - 98
62 - 1 12
50 13 3 26
55 17 3 13
53 10 4 13
162 179 17 38

that, in the system methanol—-water—alumina, areaction
of adsorption substitution may occur in both directions
and provide water replacement by methanol on the
active site.

A very informative experiment that clarifies anum-
ber of properties of the reaction system hasbeen carried
out by lvanov and Makhlin [31]. Methanol in the form
of pulsesin helium was supplied to a flow-type reactor
with the catalyst y-Al,O;. The resulting data are sum-
marized in Table 2. As can be seen, methanol is com-
pletely consumed in the first pulse; DME is not formed
and two water molecules are formed for each methanol
molecule consumed. It is clear that for reaction of
adsorption substitution of methanol for strongly bound
water occurs. The stoichiometry of water formation
unexpectedly confirms the composition of the complex
on the active site (H,05), the existence of which was based
on thekinetic data of the nonstationary reaction of strongly
adsorbed water with gas-phase CO (see [6, p. 127]).

In further pulses, the amount of water drastically
decreases, and the gas flow at the outl et startsto contain
a small amount of residual methanol, which increases
from one pulse to another. In the second pulse, metha-
nol is present in an extremely small amount, whereas
DME iscompletely absent. In the second to fifth pul ses,
the amount of water formed is stabilized and approxi-
mately corresponds to the amount of DME formed; the
concentration of methanol at the outlet of the reactor is
till insignificant. Finally, in the sixth pul se, the amount
of supplied methanol istripled, and the amount of water
formed is increased proportionally. The concentration
of methanol at the reactor outlet increased by afactor of
greater than 4. In fact, we can state that methanol was
present in the gas phase along the whole length of the
catalyst bed for this pulse only. The change in theyield
of DME is the most dramatic: its concentration
increased by more than an order of magnitude.

First of all, it isclear from the above datathat, in the
case of methanol supply, strongly adsorbed water is

substituted (this was already commented on above) and
virtually al the methanol remains on the catalyst sur-
face. DMEisformed, but itsyield isinsignificant. After
five pulses, only ~80 of ~260 umol of methanol trans-
forms into DME, and ~170 pmol remains on the sur-
face (~10 pmol comes out from thereactor). With afur-
ther increase in the concentration of methanol inthe gas
phase, a “light-off” takes place: al of the methanol on
the catalyst together with that supplied to the reactor in
the pulse transforms into DM E and comes out from the
reactor. Theyield of DME is even higher than the over-
all amount of methanol, which is probably due to
experimental error.

Such adrastic reaction to an increase in the amount
of methanol in apulse can be dueto only one of two sit-
uations: (1) DME is formed in the reaction of strongly
adsorbed methanol (or a methoxy group) with a gas-
phase methanol molecule and (2) DME is formed but
remains on the active site and is then replaced by meth-
anol from the gas phase (the formation of phase-like
structures in the adsorption layer appears to be incredi-
bleinthis case).

In both cases, the appearance of DME at the outlet
of the reactor requires the presence of methanol in the
gas phase, which is observed in the sixth pulse. How-
ever, there is an argument against situation (2): the
methanol that replaced DME on the active site should
remain there, whereas the amount of DME formed
together with methanol remaining on the active sites
would be much higher than the amount of methanol
supplied, and this cannot be explained by experimental
error.

Thus, we come to the conclusion that the formation
of DME occurs by the interaction of strongly adsorbed
methanol with amethanol molecul e from the gas phase.
Note also that the amount of water formed in the sixth
pulse is almost tripled, along with the amount of meth-
anol. This does not correspond to the formation of
water due to the formation of DME. Therefore, water
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formed in the reaction remains on the active site (and is
then removed by adsorption substitution with methanol
assistance, in which case a new cycle of transforma-
tions begins).

The detailed mechanism of thisreactionisshownin
Scheme 7 [31], fromwhich it is seen that it corresponds
to the above schemes of reaction mechanisms with
strongly adsorbed speciesin all the principal positions.

OH H

_A|_(l_)_ +CH;OH — —A]

Cri
o f
—Al—O— +CH;OH —»

|
OH HO |

CHs=0 H ¢
—Al—O— —> —Al—0— + CH;0OCH;
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Therefore, the structure of the kinetic model of this
reaction is analogous to those considered above. Calcu-
lations show that the theoretical model agrees with
experimental data. Figure 13 illustrates the kinetics of
methanol dehydration to form DME in aflow reactor at
260°C and atmospheric pressure for variousinitial con-
centrations of methanol inanitrogen flow. It isseenthat
the calculated and experimental data are very close.

CHs CHa

|
/ Q A

CHz- OH

H OH H

Scheme 7. Scheme of methanol dehydration to DME on y-Al,O5 [31].

Thedirect synthesis of DME from syngasis of great
interest. The stoichiometry of this process depends on
reaction conditions and the composition of the syngas,
first and foremost, on the concentration of hydrogen
and the nature of the molecule that serves as the carry-
out agent for excess oxygen atoms from the system.
The extreme situations correspond to two stoichiomet-
ric equations of the overall reactions:

2CO + 4H, = (CH,),0 + H,0,
3CO + 3H, = (CH,),0 + CO,.

With theoretical kinetic models of all the three reac-
tions comprising the process of direct DME synthesis
from syngas (reactions (1)—(111)), one may attempt to
construct a kinetic description of the overall process.
Thisattempt will not necessarily be successful, because
the mutual effect of the reactions on each other and on
the state of the catalyst surface can considerably affect
thekinetic regularities of the overall process. Neverthe-
less, comparison of the results of calculations with
experimental data showed that the kinetic model thus
obtained describes the observed patterns of direct DME
synthesis from syngas.

Figure 14 shows the kinetic curve of direct DME
synthesis from syngas at a pressure of 5 MPa. Itis seen
that experimental pointsfall on the curves calculated on
the basis of the theoretical kinetic model. Moreover, the
model correctly describes the specific effect of temper-
ature on the processrate due to the superposition of reg-
ularities of various reactions occurring in the system. It
is likely that the application of the described approach
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to this complex system of reactions may be considered
successful.

SYNTHESIS OF METHYL FORMATE AND
METHANOL DECOMPOSITION

Methyl formate (MF) is an important intermediate
product of organic synthesis. Additional interest in
methyl formate synthesis and decomposition appeared

when it was discovered that MF is an intermediate
product in the decomposition of methanol to CO and
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Fig. 13. Kinetics in methanol dehydration to DME on
y-Al,O5 at 1 am and 260°C (open circles refer to the calcula
tion and solid circles refer to the experiment) with a methanol
concentration in aflow (vol %) of (1) 30, (2) 50, and (3) 100.
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Fig. 14. Kinetics of CO conversionin direct DME synthesis
from syngasat 5 MPaand atemperature of (1) 240, (2) 260,
and (3) 280°C. The curves show calculations according to
the theoretical kinetic model, and points refer to the experi-
ment.
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Fig. 15. Kinetics of synthesis and decomposition of methyl
formate (MF) in methanol dehydrogenation in aclosed sys-
tem on a Cu—Zn-Al oxide catalyst at 300°C [32]: (1) MF
and (2) CO.

hydrogen. MF is readily formed in methanol dehydro-
genation on copper-based catalysts.

The specific features of the reactions were studied
by Shlegel’ et al. [32] using an original method. In a
closed circulation setup, a pulse of methanol was sup-
plied and changes in the composition of the circulating
gaseous mixture were traced. For methanol dehydroge-
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nation, a Cu—Zn-Al oxide catalyst was used. Figure 15
shows the kinetics of product (MF and CO) accumula-
tion at 300°C. As can be seen, the figure is a classical
illustration of the kinetics of a consecutive reaction,
which is suitable for ahandbook. Thereis no doubt that
the reaction occurs via the scheme

2CH;OH 22 CH,O0CHO —~ 2CO + 2H,.

As can be seen from data reported in [32], at low
temperatures where the resolution is higher, al the
reactions are suppressed and the interaction of metha-
nol with residual adsorbed water (to form CO, and H,)
only occurs at the initial stages of interaction.

It is noteworthy that, according to Fig. 15, the for-
mation of CO only occurs due to the decompoasition of
MF but not methanol. Thus, this direction of transfor-
mation can be used for obtaining methyl formate and
for methanol transformation into syngas (via the inter-
mediate formation of MF).

Although methyl formate synthesis by methanol
dehydrogenation can be carried out at a temperature
lower than 200°C and is attractive due to its simplicity,
its practical application meets certain difficulties due to
the unfavorable thermodynamics of the process. How-
ever, the equilibrium yield of MF increases with tem-
perature (Fig. 16) and reaches values that are accept-
able for practical purposes, for instance, at 240°C,
although its decomposition into CO and H, becomes
noticeable even at much lower temperatures. With an
increase in temperature, the decomposition of MF dom-
inates (see Fig. 16), and it is impossible to approach
equilibrium while preserving a high selectivity.

The study carried out in our laboratory [33-35] was
an attempt to overcome these difficulties using infor-
mation on the kinetics and mechanism of the reaction.
Knowledge of the regularities of MF hydrogenation to
methanol, which is the reverse reaction of MF synthe-
sis, and the regularities of MF decomposition played a
key rolein this study. Let us briefly dwell on the argu-
ments and conclusions of these studies.

Figure 17 shows the dependence of MF conversion
with the formation of CO and H, on the contact time on
acopper-containing catalyst in aflow reactor at 167°C.
As can be seen, even at a relatively low temperature,
MF intensively decomposes. Points corresponding to
the initial concentrations of MF, 0.317 and 1.00 vol %,
which differ more than three times, fall on the same
kinetic curve up to 90% conversion.

This means that the decomposition of MF accurs as
afirst-order reaction (the conversion is independent of
theinitial concentration). However, with an increase in
the concentration of MF to 5.45 vol %, the values of
conversion decrease by afactor of 2-3 compared to the
expected values, and methanol appears in the reaction
products (due to decarbonylation and/or hydrogenation
by the hydrogen formed) [33, 35]. Therefore, MF
decomposition is retarded by either MF or by the by-
product methanol.
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The choice of the retardation agent can be made
based on the data on MF decomposition in a hydrogen
atmosphere. Table 3 shows data[35] on the kinetics of
this reaction at the same temperature (167°C). At low
concentration, MF transforms via two pathways:
hydrogenation to methanol and decomposition into CO
and H,. An increase in the concentration of MF to
5.4 vol % leads to a catastrophic decrease in the rate of
CO formation, even when MF hydrogenation to metha-
nol almost reaches equilibrium. 1t becomes clear that
methanol, which can strongly adsorb on the active sites,
is the main retardation agent.

The fact that MF decomposition can completely be
suppressed at noticeable methanol concentrations
unequivocally suggeststhat methanol decomposition to
CO + H, on copper-based catalysts only occurs viathe
intermediate formation of MF.

The conversion of MF in thereaction of its hydroge-
nation to methanol changesrather insignificantly with a
change in the concentration of MF; that is, the rate of
reaction of MF decomposition is approximately pro-
portional to its initial concentration in the gas phase.
Therefore, the dependence of MF concentration on the
active sites on itsinitial concentration in the gas phase
is close to proportional, which can be observed only at
low coverages of active sites with methyl formate. The
main component of the adsorbed “layer” in this caseis
the strongly adsorbed methanol.

Because the decomposition of MF and its hydroge-
nation occur with the participation of adsorbed MF and
no other reactants are required for decomposition, we
may conclude that a free site that is adjacent to the
adsorbed speciesis necessary for the decomposition of
MF to CO and H,. Filling these sites when methanol
appears in the system causes the effects observed. The
reaction order of MF hydrogenation with respect to MF
is aso close to unity. Obvioudly, this reaction may
occur only after the gas-phase MF substitution for
methanol (a methanol molecule isformed as aresult of
each act of hydrogenation). Because it is not retarded
when methanol occupies adjacent sites, we may assume
that hydrogen reacts directly from the gas phase. Such
a reaction should occur via steps, at least because the
probability of triple collisions is low. According to the
principle of microscopic reversibility, the reverse reac-
tion, methanol dehydrogenation to MF, should aso
OCCur in steps.
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Fig. 16. Temperature dependence of the equilibrium con-
stants in the reactions of (1) synthesis and (2) decomposi-
tion of MF.
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Fig. 17. Kinetics of MF decomposition on the copper-based
catalyst at 167°C and initial concentration of MF: (1) 1.00
and (2) 0.317 vol %.

In view of the above reasoning, we may write down
avery rough scheme of the sequence of transformations
in the dehydrogenation of methanol to methyl formate
(Scheme 8).

Z,MF + 2CH;0H —~ 2(Z - CH;OH) + MF —~ 1 +H,

|

Z,MF + H,
l+Z

2Z2CO+2H, +Z

Scheme 8. Simplified scheme of the mechanism of methanol dehydrogenation
to methyl formate with further decomposition into CO + H..
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Table 3. Kinetics of MF decomposition in a hydrogen atmosphere at 167°C [35]

Concentration .
Contact time. s | @ thereactor outlet, vol % MF conversion, % Selectivity
' to methanol, %
methanol MF total to CO to methanol
Initial mixture: 1.16 vol % MFin H,
0.6 0.99 0.08 94 51 43 46
13 0.88 < 100 62 38 38
Initial mixture: 2.55 vol % MFin H,
0.3 2.10 0.92 64 23 41 64
0.6 292 0.38 85 28 57 67
17 2.68 0.05 98 46 52 53
Initial mixture: 5.40 vol % MFin H,
0.3 5.00 2.80 48 2 46 9%
0.5 6.77 1.65 69 7 62 90
13 10.50 0.28 97 0 97 100
Table 4. Highly selective synthesis of MF by methanol dehydrogenation
T,°C Vo, lgtht P, MPa Py, MPa X, % XmE, %0 X! Xoo S %
190 21.7 0.85 0.14 215 20.7 73 96
240 20.3 0.85 0.13 44.1 42.0 99 95

Note: v isthe space velocity, Py, istheinitial partial pressure of methanol, x is conversion, Xy and X, are the current and equilibrium

conversion of MF into methanol, and Sis the selectivity to MF.

The first step (conditionally) reflects the adsorption
substitution of methanol for MF. It is not excluded that
intermediate | may immediately be formed due to this
step. The structure of thisintermediate was classified as
semiacetal in [33].

The above reasoning leads us to simple methods for
process selectivity control. At high concentrations of
methanol in the system, a high selectivity to MF is
expected. At low concentrations of methanol and high
temperatures, methanal is expected to transform selec-
tively to syngas via the intermediate formation of MF
and its decomposition.

Table 4 shows data on the highly selective synthesis
of MF by methanol dehydrogenation. It is seen that, at
a high partial pressure of methanol, the sdlectivity is
high (95%) with a near equilibrium conversion (99%).
The highly productive methanol decomposition into
syngas viathe formation and decomposition of MF was
also made practical.

In conclusion, let us return to the scheme of metha-
nol transformation presented above (Scheme 5). Taking
into account the information obtained, it should be cor-
rected in view of Scheme 9. That is, the information
obtained affected the whole view of the nature of the
occurring steps. At the same time, we realize that this

information only provides a superficial understanding
of the essence of the occurring processes and may be
insufficient to develop kinetic models.

For the purposes of illustration, let us return to
methanol dehydration on y-Al,0;, which is one of the
simplest among the reactions studied and which is an
important component of the process of DME synthesis
from syngas. Recently [36], Ukharskii and Matyshak
carried out an IR spectroscopic study of methanol
adsorption on y-Al,O; and found three types of stable
methoxy compounds with intensity maxima at 1160
and 1190 cm! (linear methoxy groups) and 1090 cm™!

Reverse
methanol  +H,0
synthesis Methanol DME + H,0

MF + H,

CO +H,

Scheme 9. Corrected scheme of methanol transformations.
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Fig. 18. Differential IR spectra of methoxy group oxidation on Y-Al,O5 by oxygen to adsorbed formaldehyde [36] after (1) 20, (2)

130, (3) 540, and (4) 720 s.

(a bridging methoxy group). Transformations of these
surface compounds, which were studied in situ in the
reaction with gas-phase oxygen, led to the formation of
a surface complex close to adsorbed formaldehyde
(absorption bands at 1630 cm™'). However, an impor-
tant feature was uncovered: the reactivities of various
methoxy groups were substantially different.

Figure 18 showsthe differential spectraof oxidation
of surface methoxy groups at the initial period of the
reaction (20720 s). As can be seen, the growth of the
concentration of adsorbed formaldehyde (see the
absorption band at 1630 cm!) is almost entirely deter-
mined by the consumption of the methoxy group of
only one type (the absorption band at 1090 cm');
another methoxy group (the absorption band at
1190 cm™) reacts with a much lower rate; the third
methoxy group (the absorption band at 1160 cmr') isa
spectator. Thus, information on the sequence of inter-
mediate transformations is insufficient because it is
necessary to take into account the different reactivities
of intermediates of one type.

We expect that the scale of studies yet to be per-
formed to gain a complete understanding of the mech-
anisms of the processes under consideration is not
smaller than the scale of the studies that have already
been performed. Nevertheless, the fact that most of the
surface species are stable in these processes (i.e,
readily available for study) makes the situation easier
and allows one to be optimistic about prospects for
research in this area.

KINETICS AND CATALYSIS Vol. 44 No.3 2003

CONCLUSION

Using examples of various reactions of C; mole-
cules, the possibilities of developing theoretical kinetic
models of heterogeneous catalytic reactions based on
mechanistic information reveal themselves most viv-
idly. Thisis not surprising taking into account the rela-
tive simplicity of these reactions. Of coursg, if the sys-
tems under study become more complex, additional
difficulties appear. However, taking into account the
fruitfulness of such models, a transition to describing
chemical systems of this sort seemsto beinevitable. At
the sametime, the data presented in this paper illustrate
the fruitfulness of using different variants of the kinetic
methods for mechanistic studies of reactions.
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