Chemistry for Sustainable Development 11 (2003) 189-195 189

CO-Free Methyl Formate from Methanol:
the Control of the Selectivity of the Process

on Cu-Based Catalysts

T. P. MINYUKOVA, N. V. SHTERTSER, L. P. DAVYDOVA, I. . SIMENTSOVA, A. V. KHASIN and T. M. YURIEVA

G. K. Boreskov Institute of Catalysis, Siberian Branch of the Russian Academy of Sciences,
Pr. Akademika Lavrentyeva 5, Novosibirsk 630090 (Russia)

E-mail: min@catalysis.nsk.su

Abstract

The influence of the structure and composition of precursor (which is used as support after treatment)
and the structure of copper particles formed in the course of activation of copper containing catalysts by
hydrogen on their catalytic properties in methanol dehydrogenation and reactivity towards hydrogen adsorp-
tion has been studied. The reactivity of catalyst towards hydrogen adsorption was investigated by means of
Thermal Desorption Spectroscopy (TDS). Two catalysts preserving the structure of their precursor-oxide after
reduction (CuZnSi and CuCr) and having strong bonds of metal particles with the surface are characterized by
hydrogen adsorption at elevated temperatures. This type of adsorption is not observed for usual unsupported
metal copper and for two other catalysts Cu/SiO, and Cu/Cr,05. Methanol dehydrogenation proceeds via
successive reactions 2CH;OH = CH;00CH + 2H, (I) and CH;O0OCH = 2CO + 2H, (II). The catalyst activity in
reaction (II) greatly depends on the state of metal copper in the catalyst. It was assumed that catalyst activity
in methylformate conversion to CO and H, and, hence, the selectivity of methanol dehydrogenation in re-
spect to methylformate at moderate methanol conversion depends on the character of interaction between
metal copper particles and catalyst oxide surface, which is determined by the composition and structure of

oxide precursor

INTRODUCTION

The wide use of Cu-containing catalysts
determines the intent attention to their active
surface formation. Earlier it was shown that
the activation temperature has crucial influ-
ence on the catalytic behaviour of copper hy-
droxosilicates [1] and copper chromite [2] in
ester hydrogenolysis and acetone hydrogena-
tion, respectively. Phase transformations of
copper hydrosilicates [3] and copper chromite
[4] under the hydrogen activation were thor-
oughly studied. It was shown that the composi-
tion of these compounds depends on the re-
duction temperature.

The present work is devoted to the study
of the influence of the structure and compo-
sition of precursor (used as support after treat-
ment) and the structure of copper particles
formed in the course of hydrogen activation

on the adsorption and catalytic properties of
copper containing dehydrogenation catalysts.
Copper hydroxosilicate of Chrisocolla struc-
ture, zinc-copper hydroxosilicate of Zincsilite
structure and copper chromite of tetragonally
distorted spinel structure were chosen for in-
vestigation. The reactivity towards hydrogen
adsorption and catalytic behaviour of reduced
samples in practically important process of
methanol dehydrogenation were studied. The
peculiarity of the process consists in its con-
secutive mechanism through the formation of
intermediate product — methyl formate:

2CH,0H ~ CH,00CH +2H, @
CH,00CH < 2CO + 2H, (IT)

The selectivity on methyl formate depends on
the ratio of the rates of reaction (I) and (II) [5].

The direct methyl formate production from
methanol has the advantage over the other
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methods because it doesn’t demand to store
and use of environmentally hazard carbon
monoxide.

EXPERIMENTAL
Catalyst preparation

The samples of copper hydroxysilicate with
Cu: Si=0.14: 0.86 (Cu/SiO,) and copper-zinc
hydroxysilicate with Cu : Zn : Si = 0.13 : 0.30 :
0.57 (CuZnSi) were prepared by the deposi-
tion-precipitation method at a gradually in-
creasing pH from the appropriate mixtures of
aqueous solutions of copper and zinc nitrates
with aerosil suspended in urea, and calcined
at 723 K in flowing air [6].

The copper chromite sample CuCr,0, was
prepared via thermal decomposition of co-
precipitated copper-chromium hydroxycar-
bonate carried out in air at 1173 K (CuCr and
Cu/Cr,0,).

The catalysts were then reduced in flow-
ing hydrogen at the following temperatures:
653 K for copper hydroxysilicate (Cu/SiO,) and
copper-zinc hydroxysilicate (CuZnSi); and
573 K for copper chromite (CuCr) and 773 K
for Cu/Cr,0,.

The characteristics of the catalysts are gi-
ven in the Table 1.

Catalysts characterization

Thermal analysis (STA), infrared spectros-
copy (IRS), X-ray diffraction analysis (XRD),
and electron microscopy (EM) were used at
every preparation step to control the confor-
mity of the obtained samples’ composition
and structure to that for the catalysts obtained

TABLE 1

Copper metal characteristics of the samples

under the given conditions in the previous
studies.

Adsorption measurements. A vacuum-ad-
sorption apparatus [7] supplied with a system
of reaction gas circulation was used for ad-
sorption studies. A sample (3—5 g, the grain
size 0.25—0.5 mm) was placed into a microreac-
tor, designed so that a gas flow might be di-
rectly injected into the sample layer to pro-
vide its fluidization.

The sample was reduced in pure hydrogen
at static conditions under gas circulation; the
initial hydrogen pressure 8 10* Pa was decreased
to 4—6 10* Pa during the reduction. The reduc-
tion temperature was raised at the rate 2 K/min
to desired value and then maintained constant
for 2 h.

Thermal desorption spectroscopy (TDS) ex-
periments were performed using argon as a
carrier gas and a thermal conductivity detec-
tor. The apparatus sensitivity to hydrogen was
estimated from calibration tests as 3.1 107 mV
min/molecule.

Catalytic properties. The catalytic proper-
ties of the samples were studied by the con-
tinuous flow method at atmospheric pressure
and 473 K. Catalyst grains of size 0.25—1.0 mm,
mixed with the quartz particles, were loaded
in the reactor.

Before the reaction, the initial samples were
activated in a hydrogen flow at the tempera-
tures indicated above. The temperature was
elevated at the rate of 2 K/min, and then the
catalyst was kept in hydrogen flow for 2 h at a
specified temperature. After the activation, the
initial mixture, containing 0.14—0.16 molar frac-
tions of methanol in helium, was fed to the
catalyst. The temperature of the experiment
was set, and after an hour the composition of
the reaction mixture at the reactor outlet was

Sample T.eqr K Cu’ surface area, m?/g catalyst* Size of Cu particles, A
Cu/SiO, 653 26 30—-50

CuZnSi 653 8 30-70

CuCr 573 50 x 100 x 100
Cu/Cr,04 773 4 300-500

*Copper surface area was determined by N,O titration.
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successively analyzed several times till its con-
stant value was reached. The concentrations of
methanol, ¢! (in the initial mixture) and C,,
(in the reactor outlet mixture), of methyl for-
mate, C,;, and carbon monoxide, Cyy, were
determined chromatographically and expressed
in terms of their molar fractions. No substan-
tial amounts of other carbon-containing prod-
ucts were found in the experiments. The analysis
was made with a flame-ionization detector and
a thermal conductivity detector. No analytic
measurement of the hydrogen concentration
CH2 was made, it was calculated from the me-
thyl formate and carbon monoxide concentra-
tions on the basis of stoichiometric ratios ac-
cording to eq. (1):

Cy, = 2Cy; +2Cco (1)

Conversion degree (X) and selectivity (S) were
calculated by egs. (2) and (3), respectively:

(2Cn¢ *+ Ceo)

X =

0 (2)
C, (1= Cpy = 2Cc0)
—_ 2cmf
S = 3)
2C, ¢ + Ceq

Contact time (t) was determined as a ratio be-
tween the catalyst volume loaded to the reac-
tor (v) and adjusted to normal conditions vol-
ume of the initial steam-gas mixture fed in a
unit time (V):

t =v/V 4)

Changing the amount of catalyst loaded and
the rate of steam-gas mixture feeding allowed
to vary the contact time from 0.02 to 3 s. The
catalyst’ volume was determined as the ratio
of the catalyst mass to its bulk weight.

The reaction rates were calculated from the
expression, which follows from the differential
material balance for the gas flow. In the case
of low concentrations of the reaction mixture
components it may be represented by the fol-
lowing approximation:

aNy dC
Vnp dt ®)

where W is the reaction rate, molecule/g s; a
is the stoichiometric coefficient; C is the con-
centration of component being consumed or
formed, molar fraction; N, is the Avogadro

number; V,, = 2.24 10* cm®/mol is the volume
of 1 mol gas under the normal conditions; p is
the catalyst bulk weight, g/cm?; t is the con-
tact time, s. Note that, despite the presence of
the catalyst bulk weight in eq. (5), the calcu-
lated rate values are actually independent of
p and relate to the catalyst weight unit, since
implicitly p enters also into the denominator
of the t value.

RESULTS AND DISCUSSION

Samples characterization

According to IRS data the Cu/SiO, sample
precursor has the structure of Chrisocolla mine-
ral. In accordance with [8] it represents copper
particles of 30—50 A in size on the silica surfa-
ce after reduction at 653 K. Copper metal sur-
face according to the N,O titration is 26 m?/g.

The CuZnSi sample is coper-zinc hydroxo-
silicate of Zincsilite structure according to IRS
data. Zincsilite has a layered structure, zinc
ions are located in two positions: (1) octahedral
positions of the layers formed by [Si,O,,] tet-
rahedrons, and (2) at tetrahedrons in water
interlayer. Copper ions partially substitute zinc
ions in each structural position, being distribu-
ted among the ‘layer’ and ‘interlayer’ in a
2 : 1 ratio [3, 8]. Zincsilite is represented by the
formula: Zn_(Zn,_,[1,)[Si,O0,,](OH), OnH,0,
where Zn,_,. are the zinc ions located at octa-
hedral positions of the layers formed by [Si O]
tetrahedrons, Zn, are the zinc ions located in
water interlayer, and [], are the vacancies [9].
The IRS, XRD, and EM studies of the CuZnSi
sample, obtained in the present work, showed
the sample after reduction at 653 K to be cop-
per-zinc hydroxysilicate of Zincsilite structure
with metal copper particles of size 30-70 A
located at its surface. The extent of copper re-
duction is about 66 %. According to the results
of N,O titration, the surface area of metal cop-
per amounted 8.0 m?/g for the CuZnSi sample.

The sample CuCr has a spinel-like structure
with tetragonal distortion of the lattice (a =
8.537 A and ¢ = 7.792 A). In accordance with
[10] after the reduction at 573 K the CuCr
sample represents the plane metal copper par-
ticles linked epitaxially with the acidic copper
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chromite surface of spinel structure. The ex-
tent of copper reduction for the sample re-
duced at 573 K is less than 60 %. N,O titration
of the sample showed the surface area of cop-
per to be 6.0 m?/g.

The Cu/Cr,0; sample was obtained by de-
composition of the spinel structure as a result
of high temperature (773 K) reduction of cop-
per chromite. The sample represents the cop-
per metal particles of roundish shape at the
surface of chromia (a-Cr,0;). Copper metal sur-
face area is 4 m?/g according to N,O titration.

So, the samples Cu/SiO, and Cu/Cr,O; rep-
resent the round shaped copper particles weakly
bound to the surface of supporting oxides SiO,
and Cr,0O,, respectively. Two other catalysts
CuZnSi and CuCr represent copper metal par-
ticles at the surface of precursors (the oxide
phases of variable composition) keeping their
structure after the reduction. Copper metal
particles in reduced copper chromite have the
plate form and are epitaxially bounded to the
spinel surface that indicates the strong bond-
ing between copper particles and surface. It is
shown [7] that the copper chromite reduction
with copper metal formation occurs without
destruction of the structure via red-ox substi-
tution of copper ions by protons yielding cop-
per hydrochromite. The form of copper particles
in the reduced CuZnSi sample of zincsilite struc-
ture has not been studied, but the fact that
66 % of copper reduce without zincsilite struc-
ture destruction makes it possible to propose
the similarity of the mechanism of its reduc-
tion with copper chromite.

Adsorption properties of the catalysts

The hydrogen adsorption was studied at tem-
peratures 160—650 K and 4—8 10* Pa.

Two series of experiments were carried out
for each sample. In the first one the hydrogen
adsorption took place during the activation of
precursors at 653 K for Cu/SiO, and CuZnSi
and at 573 K for CuCr and Cu/Cr,O;. The samp-
le was cooled at first to the room temperature
and kept not less than 18 h, then to 160 K and
kept 1 h. After such a treatment the hydrogen
thermodesorption was carried out.

The second series of experiments included
only the low temperature hydrogen adsorp-

tion on the surface free of chemisorbed hyd-
rogen during the reduction. The conditions of
the low temperature hydrogen adsorption were
as in the first series: chemisorption at the room
temperature for more than 18 h and at 160 K
for 1 h.

The first series of the experiment allowed
to reveal the whole set of adsorbed hydrogen
states, the second — the hydrogen adsorbed at
low temperatures with low activation energy
of adsorption. The results have shown that the
properties of the Cu/SiO, sample are close to
the Cu/Cr,O; and of the CuZnSi — to the
CuCr. Between these two groups the essential
difference in adsorption properties is observed.
At the surface of the first group of samples
the low temperature hydrogen adsorption,
mainly, takes place. At the surface of the se-
cond group of the samples the low temperture
adsorption is also observed, but mainly the
adsorption occurs at elevated temperatures.

The typical thermal desorption spectrum of
hydrogen for the Cu/SiO, sample in both se-
ries of experiments is shown in the Fig. 1, a.
One can see that the main amount of hydro-
gen is desorbed at near room temperature and
the fewer amounts — at the higher tempera-
ture, about 400 K. The similar spectrum was
observed for the Cu/Cr,0; sample in both se-
ries of experiments. In general the spectrum is
similar to the one typical for the unsupported
metal copper [11, 12]. For copper not bounded
with the support it is shown [13, 14] that the
dissociative adsorption is characterized by the
heat of adsorption 40—-50 kJ/mol and activa-
tion energy of adsorption up to 50 kJ/mol. So,
it may be concluded that the dissociative ad-
sorption takes place at the room and lower
temperatures on the surface of the first group
of the samples with the characteristics men-
tioned above.

Figure 1, b shows the thermal hydrogen
desorption spectrum obtained in the first se-
ries of experiments for the CuCr sample. One
can see that hydrogen is desorbed, mainly, at
elevated temperatures. The portion of low tem-
perature desorbed hydrogen is very small. The
thermal desorption spectrum obtained in the
second series of the experiments has the only
low temperature peak of weak intensity. The
spectrum in low temperature field is similar to
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Fig. 1. Thermal hydrogen desorption spectra for the Cu/
SiO, (a) and CuCr (b) catalysts: a — after the reduction
of the precursor by hydrogen at 653 K and keeping in
hydrogen at room temperature and 160 K; b — after the

reduction of the precursor CuCr,O, by hydrogen at 573 K
and keeping in hydrogen at room temperature and 160 K.

one for the first group samples and for unsup-
ported copper. So, the hydrogen adsorption on
the CuCr sample surface proceeds to the most
extent at elevated temperatures and is charac-
terized, as it was shown earlier [7], by the
heat of adsorption about 80 kJ/mol and acti-
vation energy of adsorption about 70 kJ/mol.

The similar general picture is obtained for
the CuZnSi catalyst. Hence, at the surface of
the second group of catalysts (CuCr and CuZnSi)
the hydrogen adsorption proceeds, in the main,
at elevated temperatures and is characterized
by the heat and activation energy of adsorp-
tion significantly higher than those parameters
for the first group of the catalysts and for
copper free of support.

So, hydrogen adsorption properties of cop-
per metal particles weakly bounded to the oxi-
de-support in the Cu/SiO, and Cu/Cr,0, cata-
lysts are similar to adsorption properties of cop-

per metal. Adsorption properties of copper metal
particles epitaxially bounded to the precursor
oxide (acid copper chromite and acid copper-
zinc hydroxosilicate of variable composition) in
the CuCr and CuZnSi samples differ significantly.
On the main part of their surface the adsorp-
tion occurs at elevated temperature and is char-
acterized by appreciably higher heat and acti-
vation energy of adsorption.

Catalytic behaviour

Catalytic behaviour in the methanol dehy-
drogenation was studied. In the special experi-
ment it was shown that the samples reveal the
activity only after the reduction of precursors.
The catalysts were preliminary activated: Cu/
SiO, and CuZnSi at 653 K; CuCr at 573 K and
Cu/Cr,0O; at 773 K. The typical kinetic curves
are shown in Fig. 2.

At very short contact time, the methanol
consumption is accompanied by methyl for-
mate accumulation with no CO formation. Thus,
the selectivity of methyl formate formation
approaches unity. As the contact time increas-
es, so does the methyl formate concentration.
Then, after reaching its maximum, it decreas-
es to a rather low value. CO formation becomes
noticeable at certain values of contact time,
which differ with the catalysts, and the CO
concentration increases with increasing contact
time. This function has an inflection point at

Muole fraction

T T

T
0 il 0.2 0.3 0.4

Time, s

Fig. 2. The contact time dependencies of methanol (1),
methyl formate (2) and carbon monoxide (3) concentra-
tions in the reactor outlet mixture and virtual methanol
concentration (4) at 473 K for the Cu/SiO, catalyst.
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TABLE 2
Catalysts activity in methanol dehydrogenation at 473 K

T. P. MINYUKOVA et al.

Activity CuCr CuZnSi Cu/Cr,04 Cu/SiO,
W, , molecules/(m? s) 1.3 108 47 10V 45 108 9.7 107
W, , molecules/(m?® s) 1.3 10Y7 2.3 100 1.4 108 4.2 107
W, /W, ~10 ~20 ~3 ~2

the maximal concentration of methyl formate.
Thus, for all the catalysts studied, the kinetic
regularity typical for successive reactions is
observed: the inflection point for the contact
time function of the end product (CO) corre-
sponds to the maximum of the intermediate
product (methyl formate) on the concentration
curve. Hence, methanol dehydrogenation pro-
ceeds stepwise through intermediate product
methyl formate formation.

The C; values were found as methanol vir-
tual pressures, P, , from the expression for
equilibrium constant of reaction (I) for methyl
formate and hydrogen concentrations obtained
in the experiments. The curve obtained is
marked with dotted line in Fig. 2. This rela-
tionship shows how closely reaction (I) approach-
es its equilibrium under the conditions of suc-
cessive occurrence of reaction (II). The virtual
concentration of methanol increases rapidly in
the range of short contact times and low metha-
nol conversions, and attains a value close to
the experimental concentration of methanol
at t = 0.1-0.5 s for various catalysts. Further,
with increasing contact time, its value closely
follows the experimentally observed dependence
of methanol concentration on the contact time.
It means that at contact times more then 0.1—
0.5 s the process proceeds not far from the equi-
librium (1).

The catalysts’ activity in reaction was charac-
terized by the maximal rate of methyl for-
mate production and consumption. The results
of study are summarized in Table 2. It may be
seen that the rate of methyl formate forma-
tion W, (reaction (I)) in the series the studied
catalysts is varying in the limits of one order.
The rate of methyformate decomposition W,
(reaction (II)) differs significantly — up to the
two orders, but the considerable difference is
observed in the value of W,;/W, ratio. This va-

lue determines the selectivity of the process
in methyl formate production only in the field
of the middle extents of methanol conversion,
because at low conversion the contribution of
reaction (II) in the total reaction is too small,
and at high conversions the reaction (I) pro-
ceeds not far from its equilibrium, so, the se-
lectivity is low and decreases in the same way
for all the catalysts with increase of conversion.
It means that the field of the middle extent of
methanol conversions is the most interesting for
comparison of different catalysts’ behavior.

As it follows from the Table 2 the best selec-
tivity to methyl formate is achieved at the
CuZnSi and CuCr catalysts. The W, /W, ratio is
20 and 10, respectively. The lower selectivity
is obtained at the Cu/Cr,O; 1 Cu/SiO, catalysts
having W,/ W, ratio 3 and 2, respectively.

The increasing of the W,/W, ratio, and
therefore the selectivity to methyl formate for-
mation is achieved as a result of decreasing
the activity in methyl formate decomposition
by the reaction (II). The substantial decreasing
of the rate of the reaction (II) occurs at the
CuZnSi and CuCr catalysts, i. e. those having
metal copper particles at the precursor sur-
face, formed through red-ox substitution of
copper ions by hydrogen. Those copper metal
particles preserve the bonding to the precur-
sors’ surface. The rates of reactions (I) and (II)
are close for the Cu/Cr,0; and Cu/SiO, cata-
lysts having copper particles weakly bonded at
the oxide-support surface.

CONCLUSION

So, both hydrogen adsorption properties and
catalytic behavior in methyl formate transfor-
mation to CO and H, (hence, the selectivity in
methanol dehydrogenation) of copper metal
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particles of different texture and character of
bonding to the oxide surface differ significantly.
The obtained results don’t allow elucidating the
direct influence of the character of hydrogen
adsorption on the catalytic properties. The addi-
tional research is necessary to solve this ques-
tion. But the obtained results evidence unam-
biguously the influence of the structure and
composition of precursor and its activation on
the state of metal copper particles, consequently
on their adsorption and catalytic properties.
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