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Abstract

Deep methanol oxidation in aqueous solutions with the methanol concentration lower than 2.0 mass %
within temperature range 250—450 °C is considered. Experiments were carried out with industrial catalysts
based on aluminum oxide with active components such as platinum as well as copper, chromium, iron, and
magnesium oxides. The minimum concentration of methanol after oxidation (<3 mg/dm?®) was achieved for
CuO/Cr,04/Al,04 catalyst. Most likely, the methanol oxidation on the catalysts of this type proceeds accord-
ing to the Mars—van Krevelen mechanism, wherein reactive oxygen species responsible for deep oxidation are
presented by the lattice oxygen of the catalyst. TPD spectra were obtained for oxygen, methanol, water, as

well as for methanol and water in simultaneous presence, within the temperature range of 100—950 °C.
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INTRODUCTION

In studying the issues of methanol oxida-
tion into industrial products, the deep oxida-
tion is often considered a side and undesirable
process [1]. There are almost no data available
from the literature concerning the deep oxida-
tion of methyl alcohol in water.

Meanwhile, there are a number of indus-
trial processes, wherein the formation or the
presence of methanol and its partial oxidation
products result in the contamination. In partic-
ular, after the stage of regeneration of wa-
ter-methanol solution (WMS) at gas condensate
fields (GCF) the residual methanol content in
the waste solutions ranges within 1.5—2 mass %.
This requires reducing the residual methanol
concentration in the waste solution to the MPC
level (3 mg/dm?).
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One of the most efficient destructive meth-
ods recommended for this purpose consists in
deep catalytic oxidation of organic pollutants,
in particular methanol. This process was pro-
foundly studied in catalysis. However, the is-
sue connected with the efficiency of deep meth-
anol oxidation at the concentration aqueous so-
lution lower than 2 mass %, as well as with the
role of water in the process, remains still open.

The effect of water on the kinetics of meth-
anol oxidation on silver catalysts was studied
in [2]. It was demonstrated that water can re-
act with the catalyst to oxidize the silver by
oxygen formed in the course of its decomposi-
tion, exerting a significant influence upon the
formation of formaldehyde on the catalyst sur-
face via blocking the synthesis of formic acid
in the volume above the surface. It was found
that with increasing water content up to
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50 mass % the yield of formaldehyde reaches
93.8 mass % in an alcohol mixture methanol/
ethanol. The products of the oxidation reaction
are presented within the temperature range of
520—620 °C only by CO, CO,, hydrogen and the
traces of formic acid.

According to [3], the water promotes to re-
duce the reaction rate of the rate-determining
stage of the process such as the oxidation
strongly adsorbed formate structures. Further-
more, water facilitates the breakage of homo-
geneously proceeding stages of formaldehyde
oxidation into formic acid that is considered to
be a homogeneous reaction product on the cat-
alyst surface. This fact explains the absence of
formic acid among the reaction products. How-
ever the appearance of intermediate products
in the reaction of methanol oxidation is depen-
dent not only on the water content but also on
the amount and nature of oxygen species in-
volved in the reaction of methanol oxidation,
as well as on the nature of active sites of the
catalyst and the conditions of the process.

There are two fundamentally different ways
to convert methanol on the surface of catalysts.
The first way consists in the oxidation of metha-
nol occurring through the formation of formal-
dehyde and formic acid, the second one is pre-
sented its dehydration accompanied by the for-
mation of dimethyl ether, methylal, and acetal-
dehyde [1].

According to the foregoing, and in accor-
dance with [4], the catalytic systems with chro-
mium and magnesium oxides under our investi-
gation exhibit a high catalytic activity and se-
lectivity with respect to complete methanol oxi-
dation. Copper catalysts behave in a similar man-
ner. In these cases, the oxidation of methanol
occurs via the first pathway, 7. e. through the
formation of formaldehyde [3]. The second path-
way is inherent in alumina, the catalyst of meth-
anol dehydration into dimethyl ether [5].

Consequently, the catalytic oxidation of
methanol in the presence of water could occur
through the Mars—van Krevelen mechanism
which is based on the interaction between
strongly bound oxygen (to all appearance, lat-
tice oxygen) and the catalyst. The process takes
place in the case of alternating oxidation and
reduction of the catalyst, the interaction be-

tween reactants and the catalyst proceeds step-
by-step [6].

The authors of [4] also indicated that the
deep oxidation of organic compounds at a high
temperature occurs at the expense of active
lattice oxygen.

Owing to the absence of carbon-carbon bond
in the molecule of methanol, the latter exhib-
its the highest reactivity within a homologous
series of aliphatic primary alcohols [3, 7]. In
the case of the presence of water that coats
the surface of the catalyst, the decomposition
of intermediate products formed during the
oxidation of adsorbed methanol, proceeds quite
rapidly at elevated temperature values even in
the absence of gas phase oxygen [4]. To all ap-
pearance, in these cases, the water itself serves
as a supplier of oxygen that embedding into
the lattice of the catalyst thereafter takes part
in the oxidation process [4]. However, until now
the issues connected with the possibility of deep
catalytic methanol oxidation in systems with
water content equal to about 90 mass % as well
as choosing the catalytic systems those can ef-
ficiently operate under the mentioned condi-
tions remain obscure.

The analysis of experimental available from
the literature [1, 3, 7] demonstrates that dif-
ferent variants of copper-chromium, cobalt-
chromium, and iron-chromium catalysts as well
as Mn, Ni, Zn, Mg chromites and their terna-
ry mixtures are most widely used as the cata-
lyst systems for the deep oxidation of organic
substances (including methanol). Typically, the
systems of metals or metal oxides are applied
onto refractory carriers such as Al,O;, ZrO,,
aluminosilicates, and silica. Such catalysts ex-
hibit a higher heat resistance, durability and
mechanical strength as compared to the metal
catalysts. The Al,O, carrier (y-phase) is also re-
markable for the fact that it is immediately in-
volved in catalysis providing acidic sites. How-
ever, the use of catalytic systems under con-
sideration in an aqueous system (1.5—2 mass %
of the alcohol and 98 mass % of water) could
be restricted or impossible due to an abrupt
decrease of the rate of methanol oxidation.

The aim of this work consisted in studying
the process of the deep catalytic oxidation of
methanol on supported oxide catalysts in aque-
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ous solutions containing methanol in the amounts
lower than 2 mass %. In order to achieve this
goal it was necessary to choose a catalyst of
deep selective methanol oxidation in aqueous
medium, to find out optimal conditions for its
efficient operation, to consider the behaviour
of oxygen, water and methanol in simultaneous
presence on the catalyst surface.

In the course of the implementation of this
technology one should e take into account the
value of energy consumption required for the
efficient oxidation of methanol. At the GCF the
mixtures with such a low concentration is usu-
ally supplied to a flare system, whereto the
combustible wastes are also directed providing
thus the required heat.

EXPERIMENTAL

In order to investigate the process of deep
methanol oxidation in aqueous solutions we
chose the samples of industrial catalysts (Ta-
ble 1) obtained at the IC of the SB RAS (No-
vosibirsk).

The experiments were performed using an
apparatus with a fixed bed catalyst. An initial
aqueous solution with methanol content amount-
ing to 1.5 mass % (15.0 g/dm?) and air (carrier
and oxygen source) were supplied through an
evaporator heated up to a temperature of 250 °C
into a catalytic reactor. The flow rate of the
liquid was equal to 40 cm®/h, the contact time
for the catalyst bed and the mixture depend-
ing on the purpose of the experiment ranged
from 0.49 to 2.38 s, the process temperature
ranged from 250 to 450 °C with increments of
50 °C. At the outlet of the reactor the vapour
mixture was cooled and separated into two phas-
es, liquid and gas one; those were subjected to
gas chromatographic analysis. The analysis of
the reaction products was performed with the

TABLE 1
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use of Crystal-2000 M and Crystal-5000 M gas
chromatographs with a flame ionization detec-
tor and a thermal conductivity detector, col-
umns packed with a Porapaq-Q sorbent for the
registration of organic compounds as well as
with a NaX sorbent for the registration of in-
organic compounds.

In order to understand the behaviour of
oxygen, water and methanol on the catalyst
surface we studied a reoxidation process for cop-
per-chromium catalyst (the initial sample and
the sample after operation) that was chosen for
the industrial realizing the process. As a research
method, we chose a thermal programmed oxi-
dation (TPO) technique in a chromatographic
mode, with the use of a Chemisorb 2750 chemi-
sorption analyzer. Basing on the character of
thermal desorption spectra we studied the state
of oxygen on the catalyst surface.

Before the thermal desorption measurements
a weighed sample portion (1 g) was placed in a
U-shaped quartz reactor that was mounted to
place into a gradientless furnace. The surface
of a sample was preliminary treated via ther-
mal heating up to 600 °C at a rate of 10 °C/
min in a flow of helium. The sample tempera-
ture and the composition of the exhaust gases
were permanently monitored. Further we per-
formed the adsorption of oxygen onto the sur-
face of the catalyst in the course of cooling in
a flow of a mixture O, (5 vol. %)/He at the
temperature values ranging from 25 to 500 °C
at a rate of 10 °C/min. The oxygen desorption
was registered with the help of a thermal con-
ductivity detector. The presence of a trap be-
fore the detector, which trap was cooled by
frozen isopropyl alcohol, excluded entering
water into the detector.

The thermal desorption of water and meth-
anol, as well as of oxygen, water, and meth-
anol under simultaneous presence of them was
investigated with the help of a TPD automatic

Parameters of the catalysts under investigation (carrier: y-Al,O5 (80 %) and a-Al,O5 (20 %))

Parameters Active components

FeO CuO/Cry,05/MgO  MgO/Cr,04 CuO/Cr,04 Pt
Mass fraction, % <5.5 13-67-7.7 3.0—12.0 5.0-11.3 <1
Specific surface area, m?/g 150 127 135 123 87
Bulk density, g/cm?® 1.09 1.09 1.14 1.10 0.65
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TABLE 2

Activity parameters for catalysts (concerning CH;OH) in the reaction of deep methanol oxidation

Temperature, °C

CH,OH concentration after the reactor in the aqueous phase, mg/dm?

Active components

FeO CuO/Cr,0,/MgO MgO/Cr,0, CuO/Cr,0, Pt
300 62492499  3921+156.8 1991=79.6 1043=41.7 44266
350 2136+85.4 869=78.2 1608=64.3 527+47.3 30+45
400 65=7.1 277+24.9 232+20.8 216=19.4 1929
450 511 <3+0.7 <3+0.7 <3+0.7 9+2.1

thermal desorption unit. The TPD spectra were
registered with the use of a QMS-300 quadru-
pole mass spectrometer.

The experimental technique was similar to
the mentioned above. The difference consists in
the fact that the procedure of adsorption was
carried out at 80 °C, whereas the desorption
process was performed within in the tempera-
ture range from 80 to 500 °C.

RESULTS AND DISCUSSION

The results of testing the catalysts in the
reaction of deep methanol oxidation in aque-
ous solution are presented in Table 2. It can be
seen that at the temperature 2300 °C, metha-
nol in the gas phase is not detected. Formalde-
hyde, formic acid, and dimethyl ether are ab-
sent throughout the entire range of tempera-
ture under investigation, both in the liquid and
in the gas phases.

From Table 2 one can see that the maxi-
mum methanol conversion could be achieved
using systems CuO/Cr,0,/MgO/Al,O;, CryOs/
MgO/Al,O,, CuO/Cr,05/Al,0, at 400—450 °C.
An almost complete oxidation of methanol to
produce water occurs at 450 °C (the methanol
concentration being reduced to a level of MPC).
In this case, the platinum catalyst which oper-
ates efficiently within the entire temperature
range cannot be used for the oxidation of meth-
anol in aqueous mixtures due to exceeding the
maximum permissible concentration for meth-
anol. The samples of FeO/Al,O;, despite a high
activity at the beginning of the experiments
stopped operation after 20—30 h of testing and
were not able of regeneration.

The gas chromatographic analysis of the
reaction products revealed a feature of metha-

nol behaviour in the gas phase: in the course
of cooling the gas phase after the catalytic re-
action the non-oxidized methanol is reabsorbed
by water to be concentrated in the condensate
formed. In the course of analyzing the liquid
phase, methanol can be registered within the
entire temperature range under investigation,
whereas the gas-phase methanol can be regis-
tered only at the temperature values lower than
300 °C. Thus, the absence of methanol in the
liquid phase could be considered an important
indicator of deep catalytic methanol oxidation.
The optimum contact time required for achiev-
ing a substantially complete oxidation level for
methanol at the temperature values higher than
300 °C is equal to 0.9 s (the methanol concen-
tration being below the detection limits of the
instrument, i. e. <3 mg/dm?).

The catalysts under consideration represent
oxide systems with the presence of different
nature active centres. To all appearance, the
complete oxidation of methanol to yield car-
bon dioxide and water on the surface occurs
sufficiently rapidly through the formation of
methoxy groups CH;0— [3, 8], those can spon-
taneously decompose at high temperature val-
ues to release carbon dioxide and water [4].

The investigation of water, methanol and oxy-
gen behaviour at the surface of the most active
catalyst CuO/Cr,0;/Al,0; was performed using
the method of thermal programmed desorption
(TPD). We used a new and operating (after 100 h
of continuous operation) catalyst samples.

Figure 1 demonstrates O,—TPD spectra for
initial and operating samples those represent
the output signal intensity in the course of oxy-
gen desorption depending on temperature. It can
be seen that the TPD spectra for both samples
exhibit several temperature maxima. For the
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Fig. 1. O,—TPD spectrum with CuO/Cr,0;/Al,0; (heating
rate 10 °C/min): 1 — initial sample, 2 — sample after
operation.

initial sample, the peaks with a maximum tem-
perature of 184 and 338 °C could be attributed
to adsorbed oxygen species on the catalyst sur-
face. The peaks at temperature values amount-
ing to 491 and 829 °C correspond to the lattice
oxygen of the oxide phase of active components.

At the same time, we revealed some differ-
ences between the spectra. So, for the sample
after operation we did not detected two low-
temperature species of adsorbed oxygen with
the maximum temperature at 184 and 338 °C.
The absence of oxygen peaks within the tem-
perature range of 100—400 °C for the catalyst
after operation, to all appearance, could be
caused by the rearrangement of the surface
of the active component under the influence
of high-temperature reaction environment. The
thermal desorption peaks with the maximum
temperature values at 504 and 834 °C, most
likely could be attributed to the oxygen released
from the bulk of the crystal lattice.

Thus, the catalysts (both an active compo-
nent and a carrier) provide a high velocity of
primary oxygen activation and the incorpora-
tion of oxygen into the crystal lattice [9]. Tak-
ing into account the temperature of methanol
oxidation (450 °C), the active form of oxygen
that enters in direct contact with methanol,
could be, to all appearance, presented by lat-
tice oxygen that is formed resulting from the
reoxidation of active sites.

The source of oxygen which is incorporated
into the crystal lattice of the catalyst is pre-
sented by water and oxygen. On the surface of

the catalyst CuO/Cr,05/Al;,0; there decomposes
water, thereafter the resulting oxygen radical
is incorporated into the lattice of the catalyst,
and then, after releasing, takes part in the ox-
idation reaction [9].

According to data reported in [10], metha-
nol can be readily desorbed and chemisorbed
in different forms depending on the nature of
the active sites of the catalyst and on the pro-
cess conditions. It is evident that desorption of
methanol at the temperature higher than 300 °C
occurs resulting from the oxidation on the ac-
tive sites of the catalyst.

Figure 2, a demonstrates the spectrum of
methanol desorption from the surface of the
catalyst. It can be seen that methanol is de-
composed in an oxygen-free environment at the
surface to yield formaldehyde and carbon di-
oxide those are desorbed at 310 °C, as well as
at 360 and 415 °C, respectively. To all appear-
ance, this process occurs both on copper and
chromium the active centres.

7x10~%
6x10~%
5x107 %
4x107°

3x107

Signal intensity, a. u.

2x107 91

1x1077

" 200 300 400 500

Temperature, °C

100
900

b 305
800
7001

600

Signal intensity, a.u.

300 T T T T

300 400 500
Temperature, °C

200

Fig. 2. Desorption spectrum for methanol (a) and water (b)
in the case of CuO/Cr,0,/Al,0, (heating rate 10 °C/min):
1 — initial sample, 2 — sample after operation.
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Fig. 3. Desorption spectrum for water (1), methanol (2)
and carbon dioxide (3).

Basing on the data obtained, one could con-
sider that the deep oxidation of methanol on
the samples under investigation at high tem-
perature values (2400 °C) takes place with the
participation of lattice oxygen, passing by the
intermediate stages of formaldehyde and for-
mic acid formation.

The TPD spectrum of water exhibits a max-
imum at 305 °C (see Fig. 2, b), which indicates
a small amount of surface desorption energy
corresponding to physical adsorption. One could
consider that at the temperature values above
200 °C water is readily desorbed from the sur-
face, and does not prevent the diffusion of
methanol to the active centres of the catalyst.
The TPD method was also used for analyzing
desorption process for the solution of metha-
nol and water at a molar ratio of 1:1 (Fig. 3).
It is seen that the combined presence of water
and methanol causes changing the character of
desorption for methanol oxidation products.
Decreasing the temperature of desorption is
observed down to 230 °C for formaldehyde, and
that down to 245 °C for carbon dioxide. To all
appearance, this could be connected with the
fact that water promotes reducing the desorp-
tion energy for the mentioned products.

CONCLUSION

1. For the process of deep methanol oxida-
tion in water at the methanol concentrations
of 1.5 mass % down to the MPC level we recom-
mend to use catalysts based on AlL,O;—CuO/
Cr,0,;/MgO/Al,0,, Cr,0,/Mg0O/Al,O,, CuO/
Cry,04/Al,04, FeO/AlL,O,. The optimum process
parameters are the following: temperature
450 °C, contact time 0.9 s. The highest activity
suitable for industrial application is exhibited
by CuO/Cr,05/Al,04 catalyst.

2. The TPD spectrum of oxygen within the
temperature range of 100—950 °C for initial and
operating CuO/Cr,0,/Al,0; samples demon-
strated that the deep oxidation of methanol
down to MPC at the temperature of 450 °C
occurs due to the lattice oxygen.

3. Determining the content of methanol and
its oxidation by-products should be carried out
in the condensate, since the methanol is absorbed
by moisture. This feature should be taken into
account in monitoring atmospheric emissions.

4. For the CuO/Cr,05/Al,0; system we ob-
tained TPD spectra obtained for methanol,
water as well as for methanol and water in si-
multaneous presence within the temperature
range of 100—500 °C. It was demonstrated that
starting from 200 °C water is readily desorbed
from the surface of the catalyst thereby hin-
dering the process of deep methanol oxidation.
In the presence of water, there is decreasing
the surface desorption energy observed for the
products of methanol oxidation.
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