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Abstract—A comparative study of copper-containing catalysts with different chemical and phase composi-
tions is performed to determine conditions for the implementation of the vapor phase and highly selective
dehydrogenation of methanol to methyl formate or syngas. A thermodynamic analysis of the reaction is also
performed. It is shown that Cu® nanoparticles formed in the course of reductive activation reveal different
selectivities with respect to the formation of methyl formate from methanol or its dehydrogenation with for-
mation of syngas. By correctly selecting the catalyst composition and process conditions, high (90—100%)
selectivity with respect to either methyl formate or syngas can be attained. Catalysts based on Cu—Zn hydro-
silicate of the zincsilite type and on CuAlZn aurichalcite are highly selective in the process of methyl formate
formation. An estimation based on experimental data shows that the productivity of Cu/SiO, catalyst, the one
most effective in dehydrogenation to syngas, is as high as 20 m3/h of syngas at a methanol vapor pressure of
1 atm, a temperature of 200°C, and a contact time of 0.5 s.
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INTRODUCTION

Investigating the reaction of catalytic dehydroge-
nation of methanol over copper-containing catalysts is
of practical importance because the resulting methyl
formate (MF) (which is anhydrous) is an initial
reagent for the synthesis of numerous chemical prod-
ucts, e.g., DMFA, formamide, and formic and acetic
acids [1]. The complete dehydrogenation of methanol
into CO and H, is one of the methods for the labora-
tory scale production of syngas. Such studies are of
prime interest in the theory of catalytic synthesis based
on CO and H,.

The results from numerous studies on methanol
dehydrogenation over copper-containing catalysts,
including Cu/SiO, [2—6], CulaTi- and CulLaMn-
oxide catalysts with structures of the perovskite type
[7], Cu/ZnO [8], and Cu/CeO, [9], Cu/Cr,05 [10],
Cu/Al,O; [11] and copper-containing catalyst for the
synthesis of methanol [12, 13] have been published
over the last three decades. These studies showed that
the copper-containing catalysts were active in the
reaction of methanol dehydrogenation only after
reductive activation in a hydrogen atmosphere. The
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data published in these works were obtained using cat-
alysts of different natures, often prepared under condi-
tions that were difficult to reproduce. Catalytic mea-
surements were performed under conditions that were
not comparable, and their activity was characterized by
different indicators. It was therefore difficult to establish
relationships between the catalytic properties, composi-
tions, and structures of catalyst precursors. Establishing
such relationships offers the opportunity to regulate the
catalytic properties of oxide catalysts, including the
reaction of methanol dehydrogenation, which proceeds
in a reductive environment.

In this work, we discuss the results from compara-
tive investigations of the catalytic properties of cata-
lysts of the methanol dehydrogenation reaction that
have copper-containing precursors with different
compositions and structures:

e copper hydrosilicate with chrysocolla structure
(Cu-Si);

e copper-zinc hydrosilicate with zincsilite struc-
ture (Cu—Zn—Si);
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Table 1. Chemical and phase composition, according to XRD data and the specific surface areas of the calcined samples

Composition, at % it
Sample T, °C Phase compositions Sppr m%/e
Cu 7n Si Cr Al of calcined samples

Cu-Si 14 0 86 0 0 450 | Cu hydrosilicate 300
with chrysocolla-type structure + SiO,

Cu—Zn—Si 15 30 55 0 0 450 | Cu—Znsilicate of the zincsilite type 250

Cu—Al—-Zn 30 60 0 0 10 350 | Solid solution of Cu,Al in a.m. ZnO 120
with wurtzite structure

CuCr,0y4 33 0 0 67 0 900 | Cu chromite with the spinel structure 80

Table 2. Phase composition of the samples after activation in hydrogen, Cu® particle size, and specific surface areas of Cu®

Sample "l.'em.pere.lture o Phase cor‘ppo.sition Cu® particle size, nm Specific OS urfezlce area
of activation in H,, °C after activation™ ’ of Cu”, m~/g.,
Cu-Si 450 Ccu’/sio, 3—6 31
Cu—Zn—Si 380 Cu’/ZS 3-4
Cu—Al—Zn 270 Cu’//Zn0O 3-5
CuCr,04 300 cu’ //spinel 3—-10

*// is epitaxially bonded.

o Cu—Al—Zn oxide model catalyst based on anion-
ically modified (a.m.) ZnO (an analog of the indus-
trial catalyst of methanol synthesis);

e copper chromite with spinel structure (CuCr,0,).

The aim of this work is to determine the conditions
for conducting the methanol dehydrogenation process
with high selectivity toward either methyl formate or
syngas.

EXPERIMENTAL

Preparation of samples. Samples of copper-con-
taining oxide catalysts were produced via the thermal
treatment of combined hydrocompound precursors at
the optimum temperatures presented in Table 1 for
each composition (350—900°C). Hydrocompounds
Cu—Si and Cu—Zn—Si were obtained via deposition—
precipitation under conditions of urea hydrolysis
(DPU) using the procedure described in [14]. Cu—
Al—Zn and CuCr,0, were obtained via coprecipita-
tion [15], ensuring the deep chemical interaction of
components. The chemical and phase compositions of
the samples are presented in Table 1.

All of the investigated catalysts were reduced in
hydrogen at the optimum temperatures for each sam-
ple (260—380°C) prior to testing their catalytic proper-
ties (Table 2).

The specific surface area of metallic copper was
measured via pulse titration of N,O with chromato-

graphic analysis [16]. Using the results in [17], the sur-
face was calculated from the amount of fast reacting

N,O in order to eliminate the effect of bulk Cu’ oxida-
tion. The specific surface area of metallic copper was
calculated by assuming there was one oxygen atom per
every two surface metallic copper atoms, and the sur-
face density of the copper atoms was 1.6 x 10" at/m?
(the average value from Cu planes Cu (100), (110), and
(111)) [18]. The values of specific surface area of Cu’
are presented in Table 2.

Catalytic measurements were performed in a labo-
ratory-scale fixed-bed reactor at atmospheric pressure
and a temperature of 200°C using gas chromatography
to analyze the composition of the reaction mixture.
The initial gas reaction mixture was approximately
16 vol % of methanol in helium. A detailed description
of the procedure used for catalytic measurements and
processing of results was given in [19].

RESULTS AND DISCUSSION
Sample Characteristics

The chemical and phase compositions determined
from the XRD data, and the total specific surface area
determined from the BET data of the calcined sam-
ples, are presented in Table 1. The obtained samples
were single-phase, allowing us to obtain clear catalytic
characteristics in the reaction of methanol dehydroge-
nation.

The phase compositions of the samples following
reduction in hydrogen are presented in Table 2. It can
be seen from the XRD and HRTEM data that certain
changes occurred in the composition of the samples

CATALYSIS IN INDUSTRY Vol. 8 No.4 2016
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Fig. 1. Microphotographs of the reduced samples (a) Cu—Zn—Si (380°C) [21], (b) Cu—Al—-Zn (270°C) [15], (c) CuCr,04

(300°C) in a dark field [22].

during reduction: The copper hydrosilicate with
chrysocolla-type structure was converted into amor-
phous silica with Cu® nanoparticles 3—6 nm in size
distributed over its surface; the copper—zinc hydrosil-
icate with the zincsilite (ZS) structure retained it with
Cu® nanoparticles 3—4 nm in size distributed over its
surface [20, 21]; the Cu—Al—Zn catalyst, a solid solu-
tion of copper and aluminum ions in zinc oxide with
wurtzite structure (ZnO), retained it with flat epitaxi-
ally bonded Cu® nanoparticles distributed over its sur-
face [15]; and copper chromite retained its spinel-type
structure with Cu® particles 3—10 nm in size distributed
over the oxide’s surface [22, 23].

Microphotographs of the reduced Cu—Zn-—Si,
Cu—Al—Zn, and CuCr,0, samples are presented in
Fig. 1. The microphotograph of Cu—Si is not pre-
sented, since the sample decomposed when subjected
to the electron beam.

The Cu® nanoparticles in the samples of different
compositions differ only slightly in size (3—10 nm; see
Table 2), but they differ greatly in morphology. Inves-
tigation of the samples by various physicochemical
methods including HRTEM (see Fig. 1) showed that
the Cu® nanoparticles interacted differently with the
oxide support: in the Cu—Al—Zn and CuCr,0, sam-
ples, the Cu® nanoparticles were epitaxially bonded to
the surfaces of ZnO and spinel, respectively [22, 24].
No such bond formed with Cu—Si and Cu—Zn—Si.
On the other hand, the decoration of Cu® nanoparti-
cles with clusters of their supporting material has been
mentioned in the literature [25, 26].

Catalytic Properties

It was shown in [12, 13] that methanol dehydroge-
nation over copper-containing catalysts proceeds
according to the sequential scheme

2CH,0H = CH;00CH + 2H,, )
CH,00CH = 2CO + 2H,. an

The sum of these reactions comprises the process
of methanol decomposition into syngas:
CATALYSIS IN INDUSTRY  Vol. 8

No.4 2016

CH;0H = CO + 2H,. (11D

This is why the catalytic properties of the catalysts
were assessed by comparing the values of their specific
activities in the reaction of methanol conversion with
the formation of methyl formate according to reaction
path (I), and of CO according to reaction path (I + II).
The specific activities were presented as rates of the for-
mation of a specified product, normalized with respect to
the specific surface area of the metallic copper.

Methanol decomposition to syngas (III) is virtually

unlimited thermodynamically: K (200°C) = 6.8 x 10,
which corresponds to an equilibrium methanol con-
version of more than 99.9% under test conditions.
With the kinetic hindrance of reaction (II), however,
methanol conversion is limited by the partial equilib-
rium of reaction (I).

The theoretical dependences of the selectivity of
methyl formate formation on the methanol conversion
at 200°C and initial partial methanol pressures of 0.16,
1, and 5 atm under conditions of partial equilibrium
according to reaction (I) are presented in Fig. 2. Selec-
tivity (S) and the methanol conversion (X) are deter-
mined by Egs. (1) and (2) for a mixture of methanol and
helium (initial partial pressures of 0.16 atm for methanol
and 0.84 atm for helium) and a constant reaction mixture
pressure of 1 atm:

Kp = (& _}2)4(&1 +‘t:2)2 [ﬁj
(n) - 26,)" (6.25m) + &, +3€,)\ o (1)
=3.4x107,
_E6-8. L%
S n’ @

where &, and &, are chemical variables of reactions (I)

and (II), respectively, moles; nlO is the initial amount
of methanol in the reaction mixture, moles; P= 1 atm is
the pressure in the reactor, P, = 1 bar (standard pressure).
The equilibrium constant of reaction (I) is assumed to be
3.4 x 102 for purposes of calculation [27].
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Fig. 2. Maximum theoretical selectivity (dot-and-dash lines)
and methyl formate yield (solid lines) at 200°C, constant pres-
sure, and initial partial pressures (/) Ppjooyg = 0.16 atm, Py, =
0.84 atm, (2) Pypeon = 1 atm, (3) Pyreoy = S atm.
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Fig. 3. Experimental dependences of selectivity for methyl
formate (S, MF) on the methanol conversion (X) at 200°C:
(I) Cu-Si, (2) Cu—Zn—Si, (3) calculated equilibrium
curve of partial pressure for reaction (I) at a partial metha-
nol pressure of 0.16 atm.

The obtained dependences show a complex pat-
tern: The selectivity for methyl formate can be as high
as 100% up to a methanol conversion of approximately
48.8% at the initial partial pressure of methanol of
0.16 atm. Points X=48.8% and .§ = 100% correspond to
the equilibrium conditions of reaction (I) with no occur-
rence of reaction (II). The increase in chemical vari-
able &, that obviously represents a decrease in process
selectivity first results in a slight reduction of the equi-
librium methanol conversion (due to the release of
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hydrogen in reaction (II)). At high &, values, it raises
the methanol conversion to more than 98%. The par-
tial equilibrium curve in coordinates S(X) is bifurcated
in the range of X = 47—49%. In practice, this translates
into a large, sharp drop in selectivity for methyl formate,
with a slight increase in the methanol conversion.

The maximum theoretical yield of methyl formate
(see Fig. 2) at very brief contact times thus changes in
proportion to the methanol conversion. The theoreti-
cal yield of methyl formate reaches its maximum level
of 0.488 under conditions of an initial partial methanol
pressure of 0.16 atm in the mixture with helium, fol-
lowed by a sharp drop. The increased pressure nega-
tively affects the equilibrium in reaction (I) and
reduces the maximum theoretical yield of MF. For
example, the theoretical yield of MF at a methanol
pressure of 1 atm is only 0.329.

The real selectivity of methyl formate formation
during methanol dehydrogenation is lower than the
theoretical one, but it also depends strongly on the
methanol conversion (Fig. 3). At brief contact times,
the methanol consumption of all our catalysts is
accompanied by the accumulation of methyl formate,
and no formation of CO is observed in the process.
The selectivity of methyl formate formation is there-
fore close to 100%. The yield of methyl formate grows
along with the contact time, reaches its maximum,
and the falls to a relatively low value. The contact time
at which CO formation becomes noticeable varies for
different catalysts, and the CO yield grows along with
the contact time. This dependence has an inflection
point at the maximum of methyl formate concentra-
tion [19]. These observations, along with the results
from other kinetic experiments described in [12, 13],
indicate that the dehydrogenation of methanol to CO
and hydrogen proceeds via the formation of interme-
diate methyl formate according to the scheme of
sequential reactions (I) and (II). The selectivity of the
catalyst based on the copper-zinc hydrosilicate Cu—
Zn—Si activated at 380°C approaches the maximum
theoretical selectivity of the process (see Fig. 3).

The proximity of the real dependence of selectivity
(and thus the yield of methyl formate) to the partial
pressure curve is due to the ratio of the W/ W, rates of
reactions (I) and (II) and depends on the properties of
the catalyst that was used. The values of these rates,
normalized with respect to the catalyst mass and the
units of the surface area of metallic copper at a tem-
perature of 200°C, are presented in Table 3. The reac-
tion rates were determined using the initial partial
methanol pressure Py;.oy = 0.16 atm. Methyl formate
was initially present in the mixture with helium (Py =
0.018 atm) when determining the rate of CO forma-
tion. It can be seen that the investigated copper-con-
taining catalysts display different W}/W/, ratios.

The high selectivity of methanol dehydrogenation
toward methyl formate is due to our selection of an
efficient catalyst and the conditions of the process
2016
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Table 3. Rates of methanol and methyl formate dehydrogenation reactions at 200°C and initial partial methanol pressure

PMCOH =0.16 atm

Catalyst sample

Parameter
Cu-Si Cu—Zn-Si Cu—Al—Zn CuCr,04
W1, molecules/(g s) 6.0 x 10" 6.6 x 10'8 3.8 x 107 15.4 x 10'8
Wi, molecules/(g s) 1.3 x 10" 1.6 x 10V 1.6 x 10 8.0 x 107
w,", molecules/(m?s) 19.4 x 10" 9.4 x 107 4.8 x 10'° 2.6 X 10'8
W, molecules/(m? s) 4.2 x 107 2.3 x 10 2.0 x 10P 1.3 x 107
Wi/ Wy ~4.6 ~4(.8 ~24 ~19.2

Table 4. Productivity of

methyl formate (MF) at

200°C and an initial partial methanol pressure o

f Pveon = 0.16 atm

Productivity
Sample Teons s X% 5, % gmE/ (Eeat 1)
Cu—Al—Zn 0.3 20 90 1.7
0.5 26 95 0.69
Cu—Zn-Si
0.05% 32% 95%* 3.3%
CuCr,0,4 0.05 30 95 2.1
CuMgSi** [27] 0.6 14 83 0.66
* At 300°C.

** Reaction was conducted in pure methanol, Pyj.og = 1 atm.

(temperature and contact time). Of all the investigated
catalysts, copper nanoparticles, produced via the
reduction of copper hydrosilicate, are the least selec-
tive, since they display maximum activity in the reac-
tion (IT) of CO formation. This catalyst is therefore an
effective one for the production of syngas from meth-
anol. Estimates based on laboratory testing show that
the productivity of the Cu-Si catalyst for syngas is as
high as 20 m3sp/(g. h) at an initial partial methanol
pressure of 1 atm, a temperature of 200°C, and a con-
tact time of 0.5 s.

At the same time, the copper nanoparticles pro-
duced via reduction from the copper—zinc hydrosili-
cate, from copper chromite, and from the a.m. solid
solution of copper—zinc—aluminum oxides with
wurtzite structure can form the basis of a catalyst for
the direct production of CO-free methyl formate from
methanol. A comparative estimate of the productivi-
ties of methyl formate under our experimental condi-
tions is presented in Table 4. Note that the methanol
conversion of 14% reached in testing the CuMgSi cat-
alyst recommended for methyl formate production in
[28] is far from the conditions of partial equilibrium of
reaction (I). The higher pressure of methanol used in
testing this catalyst can therefore only accelerate the
rate of methanol conversion. At the same time, the
catalysts based on copper—zincsilite, the combined
oxide of copper—aluminum—zinc with wurtzite struc-

CATALYSIS IN INDUSTRY Vol.8 No.4 2016

ture, and the copper chromite are more active than the
abovementioned CuMgSi catalyst, and more selective.

It follows from the results obtained in [2—6, 8, 10, 11]
that even though metallic copper nanoparticles are an
active component of all of the investigated catalysts
based on copper and copper—zinc hydrosilicates,
along with the samples of copper—zinc—aluminum
and copper—chromium oxides, the specific activities
of these catalysts differ substantially, either with
respect to methyl formate formation or its decomposi-
tion. In other words, the catalytic properties of the
investigated samples depend on the composition and
structure of the catalyst precursor compounds:

(1) In the region of low methanol conversions, the
process of methanol dehydrogenation is essentially
represented by reaction (I), which proceeds far from
its equilibrium.

(2) In the region of high methanol conversions,
reaction (I) is close to equilibrium, and the rate of the
total process is determined by reaction (1I).

(3) In the region of moderate methanol conver-
sions up to those corresponding to the partial equilib-
rium of reaction (I), the process is determined by the
ratio of the rates of the sequential reactions, and the
methyl formate content depends on the catalyst’s
composition.

It is in region (3) where the sensitivity to the nature
of the precursor compound is most pronounced. The
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higher the W,/ W}, ratio, the closer the real selectivity
and the yield of methyl formate are to the theoretical
maxima. The highest yield of methyl formate is thus
obtained over the catalyst based on the copper—zinc
hydrosilicate Cu—Zn—Si. This catalyst was activated
at 380°C and operated stably for 340 h as the temperature
rose from 160 to 260°C. Its activity was nearly halved after
the first 100 h at 160°C; it then grew according to the
temperature dependence of the rate constant and
remained at the same level at 260°C for 50 h.

CONCLUSIONS

Our investigation of the catalytic properties of
CuZnAl and Cu—Zn—Si oxide catalysts, performed
for a wide range of contact times, and our analysis of
thermodynamics of the process of methanol dehydro-
genation, allowed us to determine the dependences of
process selectivity and the methyl formate yield on the
process conditions and the nature of the catalyst:

(1) It was confirmed that the reaction of methanol
dehydrogenation proceeds sequentially with the for-
mation of methyl formate as an intermediate com-
pound according to reactions (I) and (II).

The selectivity of the process and the yield of
methyl formate are determined by both the activity and
selectivity of the investigated catalysts in reactions (I) and
(II), and by the thermodynamics of the process. The
thermodynamic limitations are apparent in the strong
dependence of the process’s selectivity on the metha-
nol conversion.

In the region of low methanol conversions, the
combined dehydrogenation process is mainly repre-
sented by reaction (I), which proceeds far from its
equilibrium.

In the region of high methanol conversions, reac-
tion (I) is close to the partial equilibrium, and the
reaction rate of the total process is determined by reac-
tion (1I).

In the region of moderate methanol conversions,
the dependence of the maximum theoretical selectiv-
ity of the process on the conversion is bifurcated. A
sharp decrease in selectivity as the contact time grows
characterizes the real process in this region. The prox-
imity of reaction (I) to partial equilibrium and the
maximum theoretical selectivity is determined by the
ratio of the rates of two sequential reactions (the higher
the W}/ W ratio, the closer the process is to the partial
equilibrium of reaction (I)), and the yield of methyl for-
mate depends on the catalyst’s composition.

The region of the methanol conversion where a
sharp drop in the selectivity toward methyl formate is
observed shifts toward lower values with an increase in
pressure: the theoretical yield of methyl formate can be
as high as 48% at a pressure of 0.16 atm, while increas-
ing the pressure to 5 atm reduces the maximum theo-
retical yield of methyl formate to 21%. It is therefore

MINYUKOVA et al.

advisable to conduct the process at the lowest possible
pressure.

(2) In both in the reaction of methyl formate for-
mation and the reaction of its dehydrogenation, the
activity is determined by the nanoparticles of metallic
copper formed as a result of catalyst reduction, and
depends on the composition and structure of the pre-
cursor of the catalyst. The catalysts based on Cu-zinc-
silite, copper chromite, and a.m. solid solutions of Cu
and Al in ZnO with wurtzite structure demonstrate
high activity in reaction (I) and only moderate activity
in reaction (II). They can be used for the direct pro-
duction of methyl formate from methanol with high
selectivities of more than 90%. The catalyst based on
Cu-zincsilite allows us to conduct the process with
more than 95% selectivity toward methyl formate. The
catalyst based on copper hydrosilicate of the chryso-
colla type exhibits high activity in the reaction of methyl
formate dehydrogenation (II) and is an effective cata-
lyst for decomposition of methanol into syngas.
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