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Absract. Regularities of methanol oxidation by amo-
spheric oxygen on the catalyst Fex(M0O,)s/M0o05/Ca0 =
=1:0.7: 0.3 have been studied. It was found that the speed
of the process in a mode flow reactor obeys the first order
equation with the observed rate constant of 1.0 sec * and the
apparent activation energy of 65 kJ/moal. It was established
that the sdlectivity of formaldehyde in the process with
once-through conversion over 45 % sharply decreases. The
mechanism of acohols heterogeneous catalytic oxidation,
including the stages of organic compounds interaction both
with metal cations and oxygen atoms of the catalyst surface
was suggested.
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1. Introduction

The manufacturing technologies of formaldehyde
production are based on the concepts of methanol oxidation
with air oxygen. The reaction proceeds on the catalyst
surface, which can be made of silver or mixture of iron and
molybdenum oxides. The process of using the formalde-
hyde metal-oxide catalyst is considered to be more advan-
ced. Its application permits to achieve 99 % methanol con-
version and to get concentrated non-methanol formalin [1].

In this paper, the catalytic properties of the catalyst
Fe(M00O,)s/M00O5/Ca0 = 1:0.7:0.3 are dudied. By
means of the known method of producing iron molybdate
catalyst by mixing solutions of ammonium heptamol ybdate
and sdlts of iron after drying and dehydration of the dudge
fine-dispersed powder is obtained. Then the granules of
desired size are formed, but there is a problem with the
dgrength of granules. In our view, the problem of
compacting the catalyst can be solved by adding quicklime.
The ratio of molybdenum oxide and iron molybdate is
selected on the basis of reliably known data that a catalyst
with aratio of the number of atoms of Mo/Fe=2.2: 1 has
the greatest catalytic activity [2, 3]. Adding the catalyst to

the inert substance is a convenient way to manage its
adsorptive properties [4]. The problem isthat in literature it
was suggested that the high sdectivity of iron molybdenum
catalyst by partial oxidation of methanol may be dueto low
formaldehyde molecules adsorption on its surface
Therefore, an artificial decrease in the adsorption capacity
of the catalyst can promote the increase of selectivity for
the process of methanol partid oxidation. Micro-
heterogeneity of a catalytic system should significantly
change the value of mass and hegt transfer generation on
the catalyst surface, which may appreciably change a
diffuson rate and the rate of chemica processes and
influence the ratio of oxidation rate constants of methanol
and formal dehyde mol ecules.

2. Experimental

Synthesis was carried out by mixing the required
quantities of iron(l1l) nitrate and ammonium heptamo-
lybdate, qualified as chemicaly pure, dissolved in nitric
acid (pH = 2). Solution of iron(l11) nitrate was added drop-
by-drop to the solution of ammonium heptamolybdate,
which was intensvely girred at 333K. The obtained
suspension was evaporated; the residue was dried at 363K,
then at 383K and then subjected to calcination at 773K
within48 h[2, 3].

To study the hardness of the catalyst it was mixed
with calcium oxide in the ratio from O to 0.5. The samples
were formed as a cube with 1.4 cm face. Then the catalyst
was dried at the temperature of 473 K and calcined during
lhat 773K.

Investigation of methanol catalytic oxidation was
performed on apilot plant with a flow reactor in a U-shaped
tube with an internal diameter of 9 mm and a bulk catalyst
volume of 7.0 cm®. The reactor was inserted in the tubular
furnace, the heating being automatically regulated with
accuracy of #5K by thermal regulators. Thermocouples
were placed inside the reactor in the middle of the catalyst
layer. For obtaining the air-methanol mixture the dry air
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flow was mixed with methanol vapors in a predetermined
ratio. The flows of the air and the methanol vapor were
recorded by calibrated rheometers. Alcohol content in the
saturated vapor was determined on the basis of published
data about the temperature dependence of the partial vapor
pressures of the methanol. The methandl-air mixture was
conveyed to the reactor at the rate of 0.2-0.7 I/min. The
reaction mixture samples were selected in the absorber with
water. The analyss of the gas mixture determined the
amount of formal dehyde and methanal [4].

3. Results and Discussion

To sdect the optimum amount of binding
component, which could provide the greatest strength of
catalyst pellets and would not affect its catalytic properties,
the catalyst samples with different amount of CaO were
prepared. According to the results of the samples strength
studies (Fig. 1) it was concluded that the optimum ratio of
FeMo-catalyst and CaOis85 : 15.
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Fig. 1. Strength of FeM o-catalyst pellets as afunction
of the CaO amount

In further work the granulated catalyst was used,
which was received by mixing initial powders with the
necessary amount of daked lime. The resultant mixture was
dried for a week in the air, and then within 2 h at 383K it
was grinded and the fraction of particles with dimensions
0.25-1 mm was sifted.

Research was conducted a the same initid
concentrations of methanol vapor — 1.25 mol/m® (3 vol %).
Such acohol vapor content is haf as much as the
concentration of air-alcohol mixture self-ignition but at the
same time it is high enough for saturation of the catalyst
surface with methanol molecules. To achieve steady-date
processes of mass and heat transfer all the kinetic studies
began no earlier than 30 min after determining the neces-
sary expenses of reaction mixture or heating the reactor to
the desired congtant temperature. In the experiment the
degree of methanal conversion varied in the range of 40—

60 %. To describe the kinetic data the model of idedl
displacement reactor was used. According to the content of
methanol in the gas stream leaving the reactor and the
tentative time (t) of the process defined as the ratio of bulk
volume of the catalyst to the value of volumetric flow rate
of the reaction mixture, the order of kinetic equation and
the observed rate congtant for the process were determined.
It was found that the experimental data are wdl linearized
in coordinates of the firsg-order equation InC-t. The
observed rate constant was 1.0 s* (relative standard
deviation— 0.2 %).

For determination the stage that limits the overall
rate of the process the measurements of methanol content in
the gas flow at a constant value of t but at different
temperatures in the range 573-673 K were conducted. It
was found that the obtained results are linearized in
coordinates of the Arrhenius equation with apparent
activation energy of 65 kJ/mal. According to research inthe
flow-circulating reactor the activation energy of oxidation
reaction of methanol on FeMo-catalyst is 70-90 kJ/mal [2,
3, 5]. It is known that at high speeds of circulation and a
thin layer of the catalyst in such systems practically thereis
no gradients of concentration and temperature. Therefore,
the experiment under such conditions alows to investigate
the process in the kinetic region when the chemica
interaction is the stage that limits the process and the
observable rate congtant coincides with the constant
reaction rate. Understated val ue of the activation energy for
the process of methanal oxidation in the integral reactor is
the evidence rather not of the properties of the investigated
catayst, but that the process develops in the trandtion
region. It is known that in the transition region the
sdlectivity of consecutive reactions of useful intermediates
rapidly decreases reaching a constant minimum valuein the
diffusion region. Obvioudy, this effect holdsin our case.

Fig. 2 presents the results of changes in the
concentrations of methanol and formadehyde with the
growth of convertional time (t) of the reaction mixtureina
reactor. It was found that a formaldehyde yidd at > 0.014
min exponentially reduces. In our opinion, this can be
explained by the trangtion of the process to the kinetic
region with the increase of the volumetric feed rate of the
reaction mixture. Unfortunately, the disperson of
experimental points on the kinetic curves C(t) doesn't
allow to detect probable fracture at z ~ 0.014 min. It should
be noted that we didn't succeed in describing by one kinetic
equation the experimental data on the vyied of
formaldehyde in the approximation scheme of two
successive reactions. CH;OH — CH 0O — CO not only for
the first order reactions, but even while using datic or
rational kinetic equations. It was found that the obtained
data on formaldehyde yield is best described by two
separate kinetic curves of the first order for 7 < 0.014 and
7 > 0.014 min. Obvioudy this fact indicates a qudlitative
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change of the mechanism of the oxidation process, while
reducing the volumetric feed rate of the reaction mixturein
thereactor.

C,mol/m3

1,04
0,8+
0,6

0,4+

024 ./

0,0+
0,00

0,02 0,03 0,04

t, min

Fig. 2. Dependence of methanal (1) and formaldehyde (2)
concentrations on conventional reaction time of oxidation process
at 573 K (curve 1 based on the kinetic equation for first-order rate

constant 1.0 s and C, = 1.25 mal/m?)

It should be noted that similar patterns of changesin
sdectivity with increasing degree of conversion of raw
meaterials were studied experimentally and theoretically. For
example [3] presents detailed data on the selectivity of the
process of the methanol oxidation on iron molybdate
catalysts at different ratio of Mao/Fe. It was established that
the sdectivity values of methanol oxidation to
formaldehyde with the increase of the degree of its
transformation at first remains alimost constant and then
repidly decreases. For catalysts containing an excess of
molybdenum oxide with a ratio of Mo/Fe = 1.4: 1, such
reducing the sel ectivity is observed when X > 95 %, and for
the catalyst with aratio of Mo/Fe=1: 1 selectivity decline
beginsat X ~ 45 %.

Fig. 3 shows a similar dependence of the oxidation
process selectivity of methanol to formaldehyde on the
degree of its transformation, which we built on the basis of
the experimenta data. According to these data, when X >
45 % the process selectivity decreases dramatically. Having
compared the curve in Fig. 4 with the data given by the
authors [3] we can conclude that the catalytic properties of
catalysts investigated are close to the properties of the
smilar catalyst with a ratio of Mo/Fe = 1:1. In our
opinion, this fact can be explained by the possibility of
interaction between calcium ions and molybdate ions in the
bulk of the catayst with the formation of CaMoO,.
Obvioudly, the presence of calcium molybdate in the
synthesized catalyst increases the sdectivity of methanol
oxidation to formaldehyde up to 100% a small
transformations of methanol. Subsequent reduction of the
catalyst sdectivity in higher degrees of methanol
conversion is caused by insufficient content of free
molybdenum oxide in the catalyst. Obvioudy the synthesis

0,01

of FeMo-catalyst with the addition of CaO should be
performed a high molybdenum content, so that after the
formation of calcium molybdates its residual concentration
in the catalyst was maintained with the ratio of Mo/Fe =
=15:1

Nowadaysin literature a number of kinetic equations
which ae deteemined by acohol and oxygen
concentrations were proposed for the oxidation reaction of
methanol with the ar oxygen [5 6]. For highly
concentrated acohol-air mixtures (up to 6.5 % methanol
and 19 % oxygen) it was assumed that oxidation reaction is
of the zero order for oxygen, and for methanol in model
catalysts it is usually less than one, whereas for industrial
catalysts thefirst order reaction is often realized.
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Fig.3. Comparison of selectivity to formaldehyde of the catalyst

Fe;(M00,)s/M004/Ca0 =1: 0.7 : 0.3 at varying methanol
conversionsat 573 K

Explanations of these patterns are based on the
assumption of selective adsorption of the reactions on
different active centers of the catays surface. In the
literature the question on the dominant character of the
above adsorption interaction still remains controversial.
Obvioudly, the dructure of the formed adsorptive
compounds should largely determine the structure of the
trandgtion state “methandl-active form of the oxygen’.
Typically, the molecules adsorption of alcohal (as well as
of formaldehyde) on the oxide surface is consdered as the
result of the interaction between the oxygen atom of
organic molecules and the surface metal cation.

It is obvious that in forming the surface compound
°Me- O(H)CH3 the overdl rate of the process can be
controlled by the concentration of surface metal cations
(Lewis acid centers) and therefore correlation between the
rate of oxidation and the energy of lattice oxygen becomes
possible. Such dependence is satisfied, for example, for
oxides of cobalt, manganese, nickel and chromium, which
are characterized by low energy of oxygen bond [7].
Alcohal molecule chemisorbed via oxygen is oxidized to
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formaldehyde, the latter remaining on the surface in the
adsorbed state. A part of the adsorbed formaldehyde is
desorbed, and the other part undergoes further oxidation to
formic acid. In our opinion, this route of reaction leading to
the formation of adsorbed formal dehyde causes a high rate
of subseguent oxidation stage and appears to be the main
reason for the low sdectivity of these oxides in the
oxidation of theintermediate product.

In case of oxides and metal molybdates with high
bond energy of oxygen one can assume that surface
concentration of metal ions which have lost oxygen and
become available for adsorption of oxygen-containing
organic molecules is very small. Large excess of oxygen in
the reaction mixture is another factor that promotes the
decrease in the concentration of free metal cations. In our
opinion, among the possible mechanisms of polar organic
molecules adsorption under such conditions the form of
adsorption with the participation of surface oxygen may
prevail. Bonding with the lattice oxygen being possible
only for postively charged atoms of adsorbed molecules,
i.e. atoms of hydrogen and (or) carbon, the molecule must
be oriented on the surface with its carbon radical.
According to current knowledge of organic chemistry [8],
the most favorable way for the process of acohol molecule
oxidation is consdered to be the attack by nucleophilic
reagent such as active oxygen atom of the oxide surface.
This attack is directed to the C- H bond, which in contrast
to akane molecules is more active dueto a polarizing effect
of OH-groups of acohol molecules. The result of this
interaction is oxygen atom introduction between the atoms
of C- H bond.

Possibility for transition state formaldehyde mole-
cule with chemisorbed or lattice oxygen to be formed on
the surface of molybdenum oxide catalyst was studied by
the authors [9] using the method of quantum chemical
modelling. It was shown that under nucleophilic attack of
the carbon atom there exist two possible directions for the
change of activated complex: the firs is the split of C-H
bond with the formation of CO and chemisorbed molecule
of H,0 the second includes a weakening one of C- H bonds
with the introduction of oxygen atom and the formation of
formic acid.

Thus, the scheme of methanol oxidation on oxide
iron molybdate catalyst can be represented as follows:

)
9t 3k,

where k; and k, — rate condtants of adsorption and
desorption; ks — the rate congant for chemica
transformation; g.f. — gas phase; ads. — adsorbed Sate.

Kinetic equations for the first part of the considered
scheme can be written in the following form:

CH40H CH3OH s 8 CH 046 & Sy

Fas = - KiCerom, g (1- Ocrzon) + kebcrson
Fenr. = - ka0 crzon

where 6 csonr = oBcson, @ — a fraction of acohol
molecules, adsorbed with the participation of surface oxide
oxygen, of the total number of adsorbed molecules of
methanal.

Since in the steady state rags = renr., COMparing the
equations we can express the value 0 crzon by the rate
congtants of eementary stages and the concentration of
methanal inthe gas phase. After subgtituting this expression
into the formula for the rate of chemical reaction we obtain
the kinetic equation

ro=. k3CCH30H,g.f.
M kg, k1
k ak a CHZOH ,g.f.

according to which the order of the oxidation of methanol
with the corresponding values of the constants may be less
than the unit. Thus, this results in a kinetic equation with a
reduced order of methanol reaction.

It should be noted that these equations for the rates of
methanol oxidation and formal dehyde on iron-molybdenum
oxide catalyst were first proposed by the authors [5, 6]. For
oxidation of methanol on an indudtrial catalyt, the authors
[5] gmplify the eguation, substituting methanol
concentration in the denominator for its original value,
which increases the reaction order up to one In the
proposed kinetic equation the transition to the first order
equation is possible at a sufficiently high concentration of
“rightly” adsorbed acohol molecules. It is obvious that
with decreasing concentrations of methanal in the reaction
medium, the methanol content on the catalyst surface will
be reduced. Thus, the relationship between different forms
of adsorption will change as well. Apparently, this fact can
explain the observed decrease in the yield of formaldehyde
and sdectivity of the process with the increasing degree of
methanol conversion (see Figs. 2 and 3).

4. Conclusions

As a result of the studies it was found that the
greatest strength is reached at aratio of the catalyst and the
quicklime 85 : 15. In the stationary isothermal mode the air
oxidation rate of methanol on the catalyst with the
composition of Fe;(M00,)s/M00y/Ca0=1:0.7: 0.3 inthe
pilot flow reactor obeys the first-order equation with the
imaginary activation energy of 65 kJmol. It was
established that when methanol-air mixture remains in the
reector for more than 0.014 min the product yield
exponentialy decreases. We failed to define the kinetic
equation for this process in successive approximation
scheme CH3;0OH—CH,O—CO using even dtatic or rational
kinetic equations. Obvioudly, this fact indicates a qualitative
change of the mechanism of oxidation process, while
reducing the volume vel ocity of the reaction mixture supply
in the reactor.
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It was found that after adding CaO to the iron
molybdate catayst with a ratio of Mo/Fe = 1.5:1 its
activity decreases to the level typical for catalysts with a
ratio of Mo/Fe = 1: 1. It was concluded that in the volume
of the catalyst during its granulation CaMoQO, is formed,
which reduces the proportion of molybdenum oxide(ll1)
excess. Therefore, using calcium oxide synthesis of FeMo-
catalyst should be conducted at a higher content of
molybdenum oxide.

It was suggested to consider heterogeneous-catalytic
oxidation of methanol and formaldehyde with due account
of two forms for their molecul es adsorption: when bonding
oxygen atoms the Lewis acid stes or the interaction of
carbon and hydrogen atoms of the C-H bonds with the
Lewis basic centers of the catalyst. Obvioudy, the ratio
between the amounts of these forms on the surface of the
catalyst is determined not only by its properties (for
example, by the binding energy of the lattice oxygen or pH
value), but also by degree of surface coverage by oxidized
compounds. Apparently, the change in the proportion of
different forms of adsorbed molecules of methano and
formaldehyde causes the change in the mechanism of the
process, which is observed at the residence of reaction
mixture in the reactor for more than 0.014 min.
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3AJII30-MOJIIBAEHOBHIT KATAJIIBATOP
CTABLII3OBAHUI OKCHJIOM KAJIBIIITIO JIJIsI
KOHBEPCII METAHOJIY B ®OPMAJIBJIET /T

Anomauin. Busueno 3aKkoHOMIpHOCII OKUCHEHHS MEMAHOLY
KucHem nosimps Ha kamanizamopi cknady Fe(MoO,)s/MoOy/Ca0 =
1:0,7:03. 3uaiioeno, wo weuoxicmo npoyecy 8 MOOCILHOMY
npOMOYHOMY peakmopi nionopsoKoBYEMbCA  PIGHAHHIO NEPUIO2O
nopsioKy 3i cnocmepedicyéanoro Koncmanmoro weuoxocmi 1,0 cti
yasnoio  enepeicto  axmugayii 65 x/iclmons. Bemanoeneno, wo
cenekmugHicmo npoyecy no opmanvboeioy npu cmyneri nepemeo-
penns memanony oinvute 45 % pizko 3menutyemsbcs. 3anponoHoearo
Mexaizm 2emepo2eHHO-KAmanimuiHo20 OKUCHEHH CRUpmig, sKuil
exmouac cmaoii 63aemMo0il OP2aHiYHUX CROMYK SIK 3 KAMIOHAMU
Memaiy, max i amomMami. KUCHIO NO8EPXHI Kamanizamopy.

Knrouosi cnosa. 3anizo-moniboenosuii kamanizamop, kama-
A3, CeleKmugHe OKUCHEHHS MEMAHONLY, POPMATbLOEZIO, iHepm, OKCUO
Kanoyiio.



