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Abstract—An improved flow circulation reactor with reaction mixture quenching was used to study the direct
oxidation of methane to formaldehyde at 600-770°C, a CH,/O, volume ratio of 1 : 1 in the starting mixture,
and gas mixture flow rates of 0.4-2.0 I/h. It was found that, in the presence of a surface containing SiO, (quartz
reactor walls, the surface of silica packing materials, or the surface of SiO, as a catalyst constituent), the process
occurred by a heterogeneous—homogeneous mechanism with chain continuation in the volume of a gas phase.
The process was controlled by the size and shape of the free reaction volume, the contact surface area, and the
residence time of a mixture in the reaction volume. The introduction of typical oxidation catalysts containing,
for example, Pt or V,05 as an active component along with SiO, resulted in a decrease in the yield of and selec-

tivity for formaldehyde.
DOI: 10.1134/S0023158407050138

INTRODUCTION

The traditional industrial technology for the manu-
facture of formaldehyde is multistage: initially, synthe-
sis gas is produced from natural gas (methane); then,
methanol is produced from the synthesis gas; and,
finally, formaldehyde is produced by the oxidative
dehydrogenation of methanol. The single-stage manu-
facture of formaldehyde by the direct partial oxidation
of methane with molecular oxygen, for example, in the
presence of heterogeneous catalysts would be much
more attractive. Studies in this area have been per-
formed since the end of the 19th century; however, the
resulting performance characteristics of the process,
the yield of and selectivity for formaldehyde, are of no
practical interest [1-3].

The direct selective oxidation of methane to formal-
dehyde at sufficiently high temperatures (>600°C) has
not met with success mainly because formaldehyde is
more reactive than methane under these conditions;
therefore, it is readily further oxidized to carbon oxides
[4]. On the majority of catalysts tested in the selective
oxidation of methane under conditions of a flow reac-
tor, the yield of formaldehyde (the amount of CH, (in
mol %) converted into CH,O in a single run of the reac-
tion mixture through the reactor) was even lower than
1% [1-3]. This parameter was 2—4% for catalytic sys-
tems recognized to be the most promising systems [1-3].
In the majority of cases, the selectivity of methane con-
version into formaldehyde above 50% was observed
only at very low (less than 2%) degrees of methane con-
version. Only a few publications [5-8] reported higher

yields of formaldehyde (5-9%) obtained on particular
catalysts under flow reactor conditions without the
addition of any initiators; however, as a rule, these data
have not been reproduced by other researchers [2, 3, 9].

Catalysts based on silicon dioxide have been recog-
nized to be most selective among promising methane
oxidation catalysts. The properties of these catalysts, in
particular, V,05s/SiO, and Mo00Q5/Si0,, have been stud-
ied in sufficient detail; however, the role of SiO, in the
test process remains unclear. Arutyunov and Krylov [3]
believed that, unlike, for example, Al,O;, SiO, is inac-
tive in the reactions of free radicals and other interme-
diates formed in the oxidation of methane on V,05 and
MoO;3; as a result of this, the oxidation process stopped
at formaldehyde. On the contrary, Spenser [10] and Par-
maliana et al. [11] suggested that the active sites of par-
tial methane oxidation occur on the surface of SiO,,
whereas V,0s5 and MoO; only modify the catalytic
properties of SiO,, in particular, by facilitating activa-
tion of oxygen at the catalyst surface. The high activity
and selectivity of pure silica samples have been demon-
strated in well-known publications (e.g., [12-14]).
Thus, Kastanas et al. [12] detected noticeable amounts
of CH,0 in an empty reactor of glass containing 96%
SiO, even at 620°C.

Sun et al. [14] assumed that reactive siloxane sites
(strained siloxane bridges), which are generated on the
surface of silica in the course of dehydroxylation at a
high temperature (>600°C), can be the sites of CH,
activation on Si0O,. Methane can be chemisorbed at
these sites with the formation of intermediate surface
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methoxy (=Si-O-CH;) and/or methyl (=Si—CH;)
groups. The dissociation of these groups at a high tem-
perature (700°C) affords formaldehyde CH,O [15]

and/or CH} free radicals, respectively. The methyl free

radicals released into a gas phase do not undergo
adsorption once again on the surface of SiO, [14, 16];
however, they can form ethane in the gas phase. Aru-
tyunov and Krylov [3] assumed other reaction paths for
formaldehyde formation on SiO,. Parmaliana et al. [17,
18] related the observed activity of silica to the occur-
rence of trace impurities like Fe** ions inserted into an
oxide matrix in the course of preparation rather than
strained siloxane bridges. In a number of cases, either
the results of a comparison between the activities of
individual Si0O, and catalysts prepared on its basis were
contradictory or the observed differences were insignif-
icant [16]. Finally, in attempts to systematize a great
body published data, it was noted that general regulari-
ties in searching catalysts are difficult to reveal and
experimental results are ambiguous and poorly repro-
ducible [1-3].

To explain the direct oxidation of methane to form-
aldehyde in the presence of heterogeneous catalysts,
heterogeneous—homogeneous and purely heteroge-
neous reaction schemes were proposed [3]; actually,
these are two qualitatively different approaches to pro-
cess organization.

Even in the early 1960s, Stadnik and Gomonai [19,
20] reported on the effects of temperature, the nature of
reactor material, and the surface state of the reactor
walls on the yield of formaldehyde in the reaction of
methane oxidation. They also found that the addition of
water vapor to a reaction mixture increased the selectiv-
ity of the process for formaldehyde [19]. More recently,

Margolis et al. [21] detected CH; O, radicals by freez-

ing free radicals from a reaction mixture of methane
oxidation on SiO, in a CO, matrix and Nersesyan et al.
[22] found a correlation between the yield of CH,O

and the concentration of HO, and CH;O, peroxide

radicals, which were detected using EPR spectroscopy,
in the reaction vessel volume. These and other process
peculiarities, in particular, a change to a self-oscillating
mode under certain conditions [23], unambiguously
suggest a heterogeneous—homogeneous mechanism of
methane oxidation to formaldehyde in the presence of
heterogeneous catalysts.

In this context, it is of interest that Baldwin et al. [9]
attempted to find real advantages in the use of catalysts
for the partial oxidation of methane to formaldehyde
because similar conversion and selectivity values can
be obtained in an uncatalyzed reaction simply by
increasing reactant pressures. It was found that the
same yield of formaldehyde (3.5%) as that on the best
oxide catalysts can be obtained in an empty quartz tube
reactor at a pressure of 5 atm and 625°C. Thus, Baldwin
et al. [9] noted that the possible contribution of homo-
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geneous gas-phase reactions, which can exert a consid-
erable effect on the rate of reaction and the distribution
of products, should be taken into consideration in a
study of the reaction in the presence of heterogeneous
catalysts. In turn, the contribution of homogeneous gas-
phase reactions depends on temperature, the composi-
tion of the reaction mixture, and the organization of the
reaction volume [9, 16, 24]. In this case, Banares et al.
[24] noted the ambiguous role of a catalyst in the heter-
ogeneous—homogeneous process. On the one hand, a
catalyst initiates the reactions of target product forma-
tion by generating radicals; on the other hand, the cata-
lyst terminates useful reactions by adsorbing active rad-
icals from a gas phase. Moreover, the catalyst acceler-
ates the reactions of formaldehyde oxidation and
decomposition. Baldwin et al. [9] believed that any cat-
alyst that activates methane more readily activates
(decomposes or oxidizes) formaldehyde. Thus, the
yield of formaldehyde in a purely homogeneous gas-
phase oxidation reaction [9] was found to be higher
than that obtained under the same conditions but in the
presence of Fe/W and Fe/Mo oxides. According to
Baldwin et al. [9], none of the well-known catalysts
with reproducible results of testing can provide notice-
able advantages of catalytic methane oxidation over
pure gas-phase oxidation, although the gas-phase oxi-
dation of methane is highly sensitive to minor changes
in process parameters and, consequently, is difficult to
control and thus noncompetitive.

Only a few examples of the target-oriented use of
methane oxidation under heterogeneous—homogeneous
conditions are known. Among them is a study of Yu et
al. [25], who used as a reactor a quartz tube with a
quenching device arranged within it and Na,B,O; sup-
ported on the walls of the tube. In this reactor, a form-
aldehyde yield of 20.5% was obtained on the addition
of NO and water vapor to a methane—oxygen mixture.

However, the majority of researchers, who accepted
the possibility of a heterogeneous—homogeneous cata-
lytic reaction of methane oxidation, believed that the
occurrence of the reaction in a gas volume resulted in
target product losses. Therefore, homogeneous radical
reactions should be suppressed in studying the process.

The most common heterogeneous reaction schemes
have been discussed previously [4, 10, 14, 18, 26-29].
These reaction schemes differ in the nature of the steps
of methane and oxygen activation and formaldehyde
formation. A predominant opinion is that the rate of
reaction is limited by the reaction of methane with
active sites on the catalyst surface to form adsorbed

CH; radicals, the subsequent transformations of which

on the surface result in formaldehyde formation.
According to published data [10, 18, 26-29], the aver-
age values of the apparent activation energy of hetero-
geneous formaldehyde formation are 140-230 kJ/mol.
Under certain assumptions, the reaction schemes pro-
posed [18, 26-29] adequately described experimental
data, which were mainly obtained at 500-650°C. Evi-
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dently, the rate equations proposed were restricted to
chosen conditions, under which optimum yields and
selectivities for formaldehyde cannot be reached.

The above and other ambiguities and contradictions
in the concepts of the role of a heterogeneous catalyst
in the direct oxidation of methane to formaldehyde and
the mechanism of this process invite further investiga-
tion with the use of new approaches and more sophisti-
cated experimental techniques.

As noted above, the main body of experimental data
on the test process was obtained with the use of flow
microreactors. As an example, we can cite publications
[10, 28], which describe in sufficient detail a traditional
testing procedure for selective methane oxidation cata-
lysts. In accordance with the description given, the pro-
cedure in use can be characterized as an approximate
integral flow method. Bobrov [30] considered in detail
a typical implementation procedure and special fea-
tures of this method. It is well known that the method is
characterized by simple experimental design, high
throughput, and versatility, which are responsible for its
wide use. The main disadvantage of this method is the
impossibility of providing identical conditions for test-
ing various catalysts and, consequently, the dependence
of the resulting experimental data on a large number of
difficult-to-control factors related to both catalysts and
test processes. This disadvantage increases many times
in the case of selective methane oxidation when the
reaction product formaldehyde much more readily
reacts with oxygen than the starting reactant methane.
As a consequence, the reliability of the resulting data
on the process mechanism and the properties of cata-
lysts is dramatically impaired because the properties of
a catalyst under specified test conditions only indirectly
affect the result of an integral process.

In this context, a commonly used characteristic of
catalytic properties such as the space time yield (STY)
of formaldehyde, which is defined by the rate of form-
aldehyde buildup (g/h) per catalyst unit weight (kg),
seems inappropriate for an objective comparison of cat-
alysts. Moreover, the above procedure for the evalua-
tion of catalysts for methane oxidation to formaldehyde
implies the purely heterogeneous occurrence of the test
process. Special care is taken to perform a heteroge-
neous process; in particular, either reactors with a min-
imum free volume upstream and downstream of the cat-
alyst bed are used or this volume is filled with an inert
packing material [10, 28]. At the same time, it was
found previously [31, 32] that free-radical reactions can
also occur in voids between catalyst particles to affect
significantly the kinetics of oxidative methane transfor-
mations. A decrease in the amount of a catalyst, the
dilution of a catalyst with a quartz packing, and the
arrangement of a packed quartz bed upstream of the
catalyst bed (for heating the inlet gas mixture) generate
favorable conditions for the development of radical
reactions in a gas phase. In this context, note that the
highest STY values (1300 and 2200 g (kg Cat)"' h™' [18,
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33]) were obtained with very small catalyst loadings
(0.005-0.05 g) in circumstances where the probability
of methane oxidation occurring by a heterogeneous—
homogeneous mechanism was high and the contribu-
tions of a homogeneous component to the overall rate
of reaction could be very large.

Catalysts can be compared much more objectively
with the use of precise differential techniques for study-
ing catalytic properties; these techniques allow one to
generate ideal stirring conditions in a laboratory reactor
[34]. Under these conditions, the catalyst bed is isother-
mal and the contact reaction mixture over the surface of
all catalyst grains has practically the same composition.
A considerable experience in the development and use
of flow circulation reactors (FCRs) in which a stirring
device (circulation pump) is arranged outside of the
reaction volume was acquired at the Boreskov Institute
of Catalysis, Siberian Division, Russian Academy of
Sciences. In particular, Bobrov et al. [31, 35, 36], who
used FCRs to study the kinetics of catalytic methane
steam reforming, obtained previously unknown data
that suggest a considerable heterogeneous—homoge-
neous component in the mechanism of this most impor-
tant industrial catalytic process. Therefore, it was of
considerable interest to apply this FCR method to stud-
ies of the reaction of methane oxidation to formalde-
hyde.

The first attempts to perform methane conversion
into formaldehyde using a flow circulation procedure
were made as early as the end of the 19th century [3].
However, this technique was developed only in the
middle 20th century [20, 37, 38]; FCRs with external
stirring devices, which were originally proposed and
implemented in the Soviet Union [39], were first used
to perform the above process. Bobrov and Parmon [34]
described in detail the design of FCRs and the proce-
dure used for determining catalytic activity, as well as
the design of FCRs and flow circulation systems. The
main advantages of these reactors are the following: a
controllable flow of the reaction mixture through the
catalyst bed, a gradientless catalyst bed that is constant
to a high degree under changes in the feed rate of the
starting reaction mixture to the reactor, and the reliable
maintenance and control of an isothermal catalyst bed.
The use of FCRs for the oxidation of methane to form-
aldehyde allows one to obtain high selectivity for form-
aldehyde at very low methane conversions during a run
of the reaction mixture through the reactor. In the case
of selective oxidation reactions, an unambiguous
advantage of FCRs is the possibility of instantaneously
removing unstable products from the reaction mixture
after each its passage through the reactor (the use of a
quenching device).

Gomonai [37] used FCRs with reaction mixture
quenching to study hundreds of aluminosilicate and
phosphate catalysts and reached the integrated yield of
formaldehyde Y = 18% at the process selectivity for
formaldehyde S = 94% on the best of these catalysts at
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650°C for a CH,~O, mixture (2 : 1) [40]. In the cited
work, a quartz tube 30 mm in diameter and 290 mm in
length served as the reactor; formaldehyde and water
vapor were condensed in a condenser. The catalyst was
supported on a porcelain packing material treated with
potassium tetraborate. To suppress homogenous steps,
the free volume over the catalyst was filled with the
same packing material. Quartz and glass were also used
as packing materials in the cited work. According to
Gomonai [37], the measures taken were responsible for
the heterogeneous occurrence of the process, although
experiments that supported this assumption were not
performed (for example, experiments with an empty
reaction volume or with varied amounts and particle
sizes of the catalyst loaded). The circulation ratio
reached (the ratio of the circulation rate to the rate of
the reaction mixture at the reactor outlet) was no higher
than 70; this considerably restricted the capabilities of
the method. According to patent data [40], the resi-
dence time (z,) of the mixture in an empty reaction vol-
ume (50 cm?) during a run of the mixture through the
reactor at a maximum circulation rate of 160 1/h was
about 1 s. The filling of the reaction volume with cata-
lyst grains (2-3 mm) decreased the value of . to ~0.5 s.

Note that only Gomonai [37] proposed the use of
FCRs with mixture quenching as a method for compar-
ative tests of catalyst activities in the process of selec-
tive methane oxidation. Other researchers [38, 41] used
an FCR system in order to improve the performance
characteristics of the process and considered it prima-
rily as a nontraditional procedure for the production of
formaldehyde. Thus, Mukhlenov et al. [38] increased
the integral yield of formaldehyde to 42% using a cir-
culation batch reactor (circulation of a reaction mixture
in a closed space) with the absorption of formaldehyde
in an absorber with water. However, this result is of no
industrial importance because the process proposed is a
non-steady-state batch process.

Of foreign researchers, only Vayenas et al. [41] used
in experiments a system in which a reactor, a formalde-
hyde absorber, and a circulation pump formed a flow
circuit in accordance with a typical flow chart of FCRs
with an external stirring device. The maximally reached
circulation ratio of a mixture was no higher than 100.
The reported [41] residence times of a mixture in the
reactor ¢, = 30-150 s were obtained by dividing the
reactor volume (25 cm?®) by the feed rate of the initial
reaction mixture (0.6-3.0 1/h) without considering the
circulation of the mixture in the circuit. Actually, the
value of 1, was equal to 1.5 s at a maximum circulation
rate of the mixture equal to 60 I/h. Distilled water
heated to 77°C was chosen as the best formaldehyde
absorbent. Vayenas et al. [41] increased the integral
yield of formaldehyde to 50% at S = 56% by oxidizing
methane on a V,05/Si0O, catalyst at a low methane feed
rate of 0.014 1/h and a catalyst temperature of 620°C.
Note that this result was obtained in a 25-cm® quartz
reactor, the major part of which remained empty upon
loading the catalyst (1.9 g). This generated favorable
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Fig. 1. Schematic diagram of a flow circulation reactor with
reaction mixture quenching: (/) reactor, (2) thermocouple,
(3) quartz-packed volume for heating the initial reaction
mixture, (4) reaction volume, (5, 6) quartz glass grates, (7)
thermostat (20°C), (8) quenching device, and (9) circulation
pump; v, is the circulation flow rate of the reaction mixture,
v° is the feed rate of the initial reaction mixture, and v is the
flow rate of the reaction mixture at the outlet of the flow cir-
cuit.

conditions for the occurrence of reactions in a gas
phase. Vayenas et al. [41] did not examine the possibil-
ity of a heterogeneous—homogeneous mechanism of
methane oxidation.

Thus, both of the groups of researchers who used
FCRs with reaction mixture quenching for the direct
oxidation of methane to formaldehyde noticeably
improved the performance characteristics of the pro-
cess under discussion. Based on a specially developed
state-of-the-art technology for kinetic experiments, we
considerably improved the FCR method with rapid
reaction mixture quenching. Here, we describe in detail
the above method and demonstrate its capabilities for
studying the direct oxidation of methane to formalde-
hyde in the presence of both silica and other typical oxi-
dation catalysts.

EXPERIMENTAL
Experimental Procedure

Figure 1 shows a flow chart of the FCR with reaction
mixture quenching. On this basis, a flow circulation
system for methane oxidation to formaldehyde was
developed, which differed from its analogs [37, 41] in
the following characteristics:

(a) A powerful circulation pump [42] was responsi-
ble for a high mixture circulation ratio (10000 or
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higher), which allowed us to obtain a minimum meth-
ane conversion during the run of a reaction mixture
through the reactor and, consequently, a maximum
selectivity for formaldehyde. In this case, the residence
time of the reaction mixture in the reaction volume can
be as short as 0.01 s.

(b) A special quenching device [43] with water as an
absorbent was responsible for the complete absorption
of formaldehyde from a reaction mixture flow at the
reactor outlet and the simultaneous saturation of the
flow with water vapor at a specified concentration.

(c) Fundamentally new digital methane and oxygen
pulse feeders allowed us to supply both large and very
small flows of a starting mixture with the retention of a
constant composition of this mixture [44].

The above characteristics allowed us to obtain a
very high process selectivity (to 100%) for formalde-
hyde by varying the flow rate of the starting reaction
mixture; this is the most important advantage of the
method proposed over its analogs [37, 41].

The experiments were performed with a starting
mixture of pure gases (99.99%) at a CH,/O, volume
ratio of 1 : 1. This composition of the starting mixture
at 100% selectivity for formaldehyde and the complete
absorption of formaldehyde in a quenching device
allowed us to maintain practically the same composi-
tion of the reaction mixture over the catalyst surface at
any degrees of methane conversion. With an isothermal
catalyst bed and reaction volume, which can be main-
tained in the case of a FCR, the catalytic activity can be
measured in accordance with the accurate kinetic defi-
nition of this parameter as a steady-state rate of reaction
at specified temperature and composition of the contact
reaction mixture [34]. This provides an opportunity to
compare unambiguously the activities of various cata-
lysts in terms of not only the rate of reaction but also
practically important parameters such as the integral
yield of formaldehyde and the rate of formaldehyde
production. We used the above parameters to character-
ize catalytic activity.

The methane flow rate ( vém ) in the starting mixture

of the specified composition was varied within the
range 0.2-1.0 1/h. The minimum throughput of the cir-
culation pump (v,) was 700 I/h.

A vertical quartz tube reactor 20 mm in i.d. and
250 mm in length was used for the experiments. The top
part of the reactor (45 cm?) (Fig. 1, 3) was filled with a
packing material of crushed quartz glass (2-3 mm) to top
quartz grate 5 in order to heat the feed reaction mixture.
A catalyst was placed on bottom quartz grate 6 (Fig. 1).
The reaction was performed at 600—770°C. The volume
of the reaction zone (Fig. 1, 4) with a specified constant
temperature within the above range was 15 ¢cm? at the
flow rate of the starting mixture v° = 0.4-2.0 1/h. The
temperature of the reaction volume was monitored with
thermocouple 2 placed in a quartz tube arranged at the
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center of the reactor. The pressure of the reaction mix-
ture in the reactor was ~1 bar.

The test procedure included a few operations. Ini-
tially, the reaction volume (Fig. 1, 4) with a catalyst
sample (or empty) was heated at 750°C in a flow of
oxygen for 1 h; then, the temperature was decreased to
500°C and O, was replaced with a gas mixture of CH, +
O,. After attaining a specified concentration of CH,
(50 vol %) in the initial reaction mixture, the tempera-
ture was rapidly (in 5-10 min) increased to a specified
value and the reaction was performed for 1-2 h. The
careful maintenance of the above sequence of opera-
tions in the test procedure allowed us to exclude the risk
of inflammation of a methane—oxygen gas mixture.

In almost all cases, CH,, CO, CO,, and CH,O were
the main carbon-containing components of a mixture at
the reactor outlet. Only in a few experiments were C,Hg
and C,H, detected among the reaction products. All of
the carbon-containing compounds other than formalde-
hyde were determined using an LKhM-80 gas chro-
matograph equipped with an automated gas-sampling
system. Analysis for CH,, CO, and CO, was performed
with the use of a separation column with SKT activated
carbon (1 m X 2 mm; 100°C), which was connected in
series with a methanation column (Ni/Al,O5; 350°C)
and a flame-ionization detector (carrier gas, H,; analy-
sis time, 1 min). If required, the presence of C,H, and
C,H, in the reaction products was monitored using a
column with Porapak QS (4 m X 2 mm; 70°C) and a
thermal-conductivity detector (carrier gas, He; analysis
time, 9 min). The analysis of the final gas mixture in the
course of the reaction demonstrated that a steady state
was rapidly established (in 10—15 min) under chosen
process conditions. At the end of a test, the flow rate of
the final reaction gas mixture (v) was measured.

The resulting formaldehyde was trapped in an
absorber with water [43] at room temperature. The
absorber was connected to the reactor with a quartz
tube. The space volume between the reaction zone and
the quenching zone was ~2 cm?. The aqueous solutions
of formaldehyde did not reach stationary concentra-
tions (at which noticeable product losses can occur
because of the release of formaldehyde from solution to
the gas phase [45]) during the experiment time because
of the very large absorbent volume (350 ml). The
amount of formaldehyde in a condensate was deter-
mined by chemical analysis using a reaction with
Na,SO; [46]. The rate of formaldehyde formation
(w, mol/h) was determined from the equation

W= 0.1N (a_b)

~ 1000\ cd )

where N is the normal concentration of an acid (HCI)

used for titration, mol/l; a is the total amount of the test

formaldehyde solution, ml; b is the amount of an acid

consumed for titration, ml; ¢ is the amount of the

titrated formaldehyde solution, ml; d is the time of
formaldehyde trapping, h.
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As mentioned above, many researchers [19, 25, 33]
noted a positive effect of the addition of water vapor to
the reaction mixture on selectivity for formaldehyde.
Stadnik and Gomonai [19] and Yu et al. [25] explained
this phenomenon by the fact that water vapor cooled
and carried formaldehyde molecules from a hot reac-
tion zone, whereas Berndt et al. [33] related the positive
effect of water vapor to the generation of additional
active sites on the surface of catalysts. In this work, an
absorber with water also saturated the reaction mixture
with water vapor at 20-25°C, that is, to a partial vapor
pressure of 0.024—0.032 bar simultaneously with form-
aldehyde trapping. Special experiments demonstrated
that an increase in the saturator absorber temperature to
40°C and, correspondingly, the doubling of the partial
pressure of water vapor in the reaction mixture
(to 0.075 bar) under the conditions of our experiments
had no effect on the yield of formaldehyde and the dis-
tribution of reaction products. However, the freezing of
water vapor from the reaction mixture with the use of a
trap (—20°C) mounted at the saturator absorber outlet
decreased the integral yield of and selectivity for form-
aldehyde by 20-30%.

The integral yield Y (the molar percentage of CH,
converted into CH,O during the run of a starting reac-
tion mixture through a FCR circuit with consideration
for circulation) and the selectivity S¢y o for formalde-
hyde, as well as the selectivities (S;) for CO (S¢p) and
CO; (S¢o,) and the integral conversion of methane (X),

were calculated from the equations

wx22.4x100 wx22.4x100
Y= ————, Sewo= %5 ———
VcH, Ven, — (mCH4V)
;v x 100
Sizom,v—’ andX:YXlOO,
Ven, — (Mey, V) Scu,0

where ng4 is the methane flow rate in the starting

reaction mixture, 1/h; v is the flow rate of the final reac-
tion mixture, I/h; mcy, is the mole fraction of methane

in the final reaction mixture; m; is the mole fraction of
CO or CO, in the final reaction mixture. Note that the
real yield of formaldehyde and the degree of methane
conversion during the run of a reaction mixture through
the reactor were much lower than the calculated inte-
gral values and equal to Y/n and X/n, respectively,
where n = v,/v is the mixture circulation ratio.

Materials

In this study, two types of silica materials (quartz
glass and glass cloth) and several typical catalysts for
oxidation processes were used as catalysts.

The samples of quartz glass (hollow tubes, cylin-
ders, and irregularly shaped crushed pieces) exhibited
low specific surface areas (S, < 0.1 m?*/g), which were
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measured using the BET method from the thermal des-
orption of argon; these specific surface areas were close
to the outer geometric surface areas of the samples.

In terms of structure, quartz glass is a continuous
network of silicon—oxygen tetrahedrons linked by
siloxane bonds. Low specific surface areas and high
preparation temperatures (1800°C) of quartz glass sug-
gest very low concentrations of hydroxyl groups on the
surface of such catalysts. The chemical analysis of
glass performed by X-ray fluorescence spectroscopy
demonstrated that the main component of this glass
(~99.5 wt %) was SiO,. The concentrations of impuri-
ties, in particular, Cu and Fe, were no higher than the
instrument background (<0.01%).

The SSB-20 silica glass cloth was prepared by the
acid extraction (leaching) of nonsilica components
from commercial sodium aluminosilicate glass cloth
(PO Steklovolokno, Polotsk, Belarus) followed by the
calcination of the leached sample in air at 300°C. In
terms of chemical composition, the leached glass cloth
was almost pure silicon dioxide with trace impurities of
Al (0.53 wt %), Na (0.05 wt %), and Fe (<0.01 wt %).
The matrix formed upon leaching was similar to the
fused silica samples used in this work in terms of chem-
ical composition; however, it was essentially different
from traditional silica materials in properties [47]. Its
structure and properties were most adequately
described by a pseudolayered intercalation structure
model. This model includes the alternating layers of
several silicon—oxygen tetrahedrons separated by nar-
row (<4 A) voids with a large amount of OH groups
(~5000 pmol/g), which are much different from the sur-
face hydroxyl groups of ordinary globular silicas in
properties.

The test sample of the SSB-20 glass cloth was a
woven twill fabric made of microfibers ~7 um in diam-
eter spun in threads ~0.5 mm in diameter. For the glass
cloth, S, ~1 m*g, which corresponds to the geometric
surface area of cylindrical microfibers ~7 um in diam-
eter. The samples as cloth pieces or threads from this
cloth were placed in the reactor.

The silica materials chosen allowed us to vary
widely the contact surface (S) and free volume (V) in
the reaction zone and the shape of the free volume. The
values of S and V were determined by calculations. To
calculate the volume occupied by a quartz material, the
true density of quartz p = 2.2 g/cm? was used.

In the series of experiments with catalysts, AShNTs-3
and IK-1-4 commercial catalyst samples, as well as cata-
lysts based on the above silica glass cloth (samples K,
K,, and K3), were used. To perform catalytic tests, the
parent granules of AShNTs-3 and IK-1-4 commercial
catalysts were crushed and a fraction of 2-3 mm was
used. The samples of glass cloth catalysts were loaded
as threads 0.5 mm in diameter. In terms of chemical
composition, the granular cracking catalyst AShNTs-3
(OAO Ufimskii NPZ) was a synthetic aluminosilicate
containing synthetic zeolite Y with Na,O (0.7%) and
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Table 1. Changes in S, V, and S/V on filling a reaction volume with various silica packing materials

Entry Reaction volume loading S, cm? V, cm? S/V, cm™!
1 Empty 40 15.0 3
2 Tubes (d; =5 mm, d, =3 mm, / =5 mm) 160 9.5 17
3 Crushed quartz (2-3 mm) 140 7.5 19
4 Cylinders (d = 3.5 mm, [/ = 4 mm) 200 6.0 30
5 Crushed quartz (1-2 mm) 300 7.0 40
6 SSB-20 (threads, 0.15 g) 1500 14.9 100
7 SSB-20 (threads, 1.5 g) 15000 14.3 1000
8 SSB-20 (cloth, 3.6 g) 36000 13.3 2700

Fe,O; (0.2%) impurities. The catalyst IK-1-4 (PO
Minudobreniya, Voskresensk, Russia) for sulfur diox-
ide oxidation to sulfur trioxide was a mixture of potas-
sium and sodium oxosulfatovanadates supported on sil-
icon dioxide. In terms of oxides, its averaged composi-
tion corresponds to 7.5% V,0s, 11% K,0, 2% Na,0,
20% SO;, and the balance SiO,. The specific surface
area of this catalyst was 7 m?/g. At temperatures higher
than 400°C, oxosulfatovanadates occurred as a melt
distributed over the silica gel surface. Catalysts K,
(0.02 wt % V) and K, (0.66 wt % V) based on glass
cloth were prepared by impregnating the glass cloth
with a solution of ammonium metavanadate. Sample
K5 (0.03 wt %) was prepared by impregnating the glass
cloth with a solution of Pt(NH;),Cl,. All of the impreg-
nated samples were dried at 110°C and calcined in air
at 300°C. The sample containing platinum was reduced
in hydrogen at 200°C for 1 h after calcination.

RESULTS AND DISCUSSION

As mentioned above, formaldehyde is unstable at a
high temperature in a gas phase, particularly, in an oxi-
dizing atmosphere. According to published data [48,
49], the quasi-unimolecular rate constants of homoge-
neous formaldehyde degradation to the simpler com-
pounds H, and CO even in an inert gas atmosphere at
atmospheric pressure over the temperature range 600—
700°C are ~10°~10% s~!. In a homogeneous oxygen-con-
taining atmosphere, the rate constant of the most rapid
primary bimolecular reaction

HCHO + O, — ‘CHO + HO;,

over the temperature range 400-700°C is described by
the expression 107'%exp (=170 (kJ/mol)/RT) cm?/s [50];
similar experimental data were reported by Tsang and
Hampson [51]. The above rate constants indicate that,
even in the absence of interactions with gas-phase spe-
cies that are more reactive than O, and/or with the cat-
alyst surface or reactor wall, the lifetime of the CH,O
molecule under the test process conditions (7'= 750°C;

P, ~0.5 bar) cannot be longer than ~102—10~ s in the

case of quasi-molecular degradation or ~1 s in the case
of the interaction with O,. This imposes rigid require-
ments on the maximum residence time of the reaction
mixture in reactors for the production of formaldehyde:
this time also cannot be longer than 102 s. Thus, in any
case, the production of formaldehyde by the direct cat-
alytic oxidation of methane requires the use of reactors
with a very short contact time and rapid quenching of
reaction products. In the case of FCRs, the residence
time of a reaction mixture in the reaction volume can be
estimated as ., = (V/v,)(298/T), where V is the free reac-
tion volume, v, is the throughput of a circulation pump
at room temperature, and 7 is the absolute temperature
of the reaction volume. In our system, short residence
times were reached at the pumping of a mixture using a
circulation pump with a throughput of no less than
900-1000 V/h.

Evidently, at such short times ¢,, the degree of meth-
ane conversion into formaldehyde can reach high val-
ues only at a very high catalyst activity.

To examine the oxidation of methane to formalde-
hyde under FCR conditions, we used various silica
packing materials in order to study the effect of the
reaction volume geometry on process performance
characteristics. The study was performed at a reaction
volume temperature of 750°C. We found in preliminary
experiments that the specified reaction volume temper-
ature remained practically unchanged under changes of
packing materials. Thus, because of the complicated
procedure of reactor loading, the subsequent experi-
ments of this series were performed without placing a
thermocouple pocket (quartz tube) in the reaction space
except for a few experiments in an empty volume. The

methane flow rate in the starting mixture ( V8H4 ) and the

throughput of the circulation pump (v,) at room tem-
perature were 0.5 and 700 I/h, respectively. Tables 1 and
2 summarize the results of this study.

Table 1 summarizes the parameters of the empty
FCR reaction volume (entry 1) and the volume filled
with various silica packing materials (entries 2-8),
which are characterized by the contact surface area S,
the free reaction volume V, and the S/V ratio. Table 2
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Table 2. Changes in the performance characteristics of the process of methane oxidation to formaldehyde at 750°C depend-
ing on the size and shape of silica packing materials in the reaction volume at the pump throughput v, = 700 I/h

o
Entry {71)1’ VIC/}II:’ 1‘//1’1 " fr 8 mrrv:}(;l/h Y, %] X, %| Meu, | mco |Mco, SCI:/ZO’ Sco % S(;ZZ’ mmolwcs;;;’z h!
1 | 1.01 {0.493]0.292| 2400 (0.023| 9.0 |40.7|72.7|0.487(0.047|0.011| 56.0 39 0.9 200
2 10.990.501{0.308|2300|0.015| 11.2 {50.0|68.2|0.493|0.120|0.167| 73.3 | 11.0 | 15.0 70
3 | 1.01 |0.500{0.470| 1500 |0.012| 8.6 |38.4|54.1|0.433|0.073|0.106| 71.0 | 13.0 | 18.0 60
4 | 1.01 {0.493]|0.609| 1150 [0.009| 5.6 |25.5]40.7(0.477(0.045|0.065| 62.6 | 13.7 | 19.8 30
5 | 1.01 |0.492{0.580| 1200 |0.012| 5.0 |22.9|43.7]0.393|0.057|0.126| 52.4 | 153 | 34.0 20
6 | 1.02 10.500|0.260| 2700 |0.023| 8.4 |[37.7|76.2|0.446|0.095|0.114| 49.5 6.6 7.8 6
7 | 1.03 {0.517|0.472| 1500 [0.020| 7.0 |30.4|54.1(0.425(0.088(0.19 | 56.2 | 14.8 | 319 5
& | 1.02 10.517]0.675| 1000 {0.020| 3.5 |15.2(33.4]0.465|0.016|0.137| 45.5 5.7 | 524 1

Note: v° is the flow rate of the starting reaction mixture; VEH4 is the flow rate of methane in the starting reaction mixture; v is the flow rate

of the reaction mixture at the outlet of the flow circuit; n = v,/v is the reaction mixture circulation ratio; 7, = (V/v)(298/T) is the resi-
dence time of the mixture in the reaction volume during a run through the reactor; m; is the mole fraction of CHy, CO, or CO, in the

final reaction mixture; wg, = w/S X 1073 is the specific pseudoheterogeneous rate of formaldehyde formation; entries are specified in

Table 1.

gives the kinetic characteristics of the process depend-
ing on the parameters of the FCR reaction volume cor-
responding to filling conditions specified in Table 1
(entries 1-8).

Data in Tables 1 and 2 indicate that the organization
of a reaction volume exerts a considerable effect on the
process characteristics of methane oxidation to formal-
dehyde and hence support a homogeneous—heteroge-
neous mechanism of this process. Let us consider the
experimental results in more detail.

As can be seen in Table 2, the oxidation of methane
in an empty reaction volume (experiment no. 1)

occurred with sufficiently high values of ¥ and Sy o

and low values of S¢o and Scq, . (Unfortunately, the

effect of the surface of the bottom heat-exchange pack-
ing bed in reactor zone 3 and/or a separating grate,
where the temperature is close to the temperature of
zone 4, cannot be excluded because of the necessity of
preheating the initial reaction mixture.) In this experi-
ment, as well as in experiment no. 6, small amounts of
C,Hy and C,H, (total <10 vol %) were detected.
Detailed analysis for C, products was not performed. In
all of the other cases, the formation of C, hydrocarbons
was not observed; an imbalance on carbon in the reac-
tants and products was no higher than +10% including
measurement error. The process in an empty volume
was unsteady with temperature fluctuations within the
limits of about 100°C; in reproduced experiments, the
process was occasionally accompanied by one or two
light flashes. The experiment resulted in the rupture of
a membrane in the circulation pump. Previously,
Gomonai [23, 37] observed a self-oscillating regime in
the oxidation of methane to formaldehyde. Non-steady-
state phenomena of this kind accompanied by a dra-
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matic increase in the rate of reaction and light emission
flashes are known as cold flames and characteristic of
the radical-chain gas-phase oxidation of methane [3].

As can be seen in Table 2, in all of the experiments,
the composition of the reaction mixture in a flow circuit
after formaldehyde absorption was found to be uniform.
In general, the mixture contained only relatively small
amounts (to ~10-20 vol %) of CO and CO, in addition
to CH, and O,. It is believed that, to a first approxima-
tion, these additives have no considerable effect on the
main test process. This allows us to make conclusions
on the direct effect of packing material in the reaction
volume on the process of methane oxidation.

It is well known that the area and nature of a contact
surface play an important role in the kinetics of chain
gas-phase reactions. On the one hand, the surface can
initiate the appearance of active intermediates (such as
atoms and/or free radicals) in a chain reaction; on the
other hand, it participates in chain termination.
Semenov [52] noted a strong effect of vessel sizes and
the state of vessel walls on the rate of methane oxida-
tion with oxygen. In this case, the rate of reaction in a
vessel packed with quartz tubes or beads was always
much lower than that in an empty reactor.

Our experimental results suggest a complex charac-
ter of the effect of the quartz surface and free volume on
the kinetics of methane oxidation to formaldehyde.
Thus, on packing the empty reaction volume with
quartz tubes (Table 1, entry 2), the value of V decreased
and S increased; correspondingly, the S/V ratio
increased. However, in this case, the values of Y and

Scu,0 (Table 2, entry 2) increased rather than

decreased. It is clear that the total free volume V'is com-
bined of smaller volumes, whose shapes and sizes
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depend on the shape and size of the packing material.
In the case of tubes, there are wider voids between
external tube boundaries and smaller voids within the
tubes. It is likely that free voids with such sizes and
shapes are favorable for the occurrence of formalde-
hyde formation reactions in the gas phase, and they pre-
vent its oxidation; according to Margolis et al. [21], this
oxidation occurs by ~90% in the volume in the pres-
ence of Si0O,. This hypothesis can be supported by well-
known data [53] on the strong inhibition of the rate of
oxidation of gaseous formaldehyde upon a narrowing
of the reaction space. In experiment no. 3 (Tables 1, 2),
as compared with experiment no. 2, the value of §
changed only slightly, as well as the S/V ratio; however,
the free volume (V) changed more noticeably. It is of
interest that the yield of formaldehyde decreased in the
same manner, whereas selectivity for formaldehyde
remained almost unchanged; the selectivities Sqo and

Sco, changed only slightly. It is believed that, in exper-

iments with similar values of S and S/V, the value of Y
(and X) mainly depends on the value of V. A compari-
son of experiment nos. 4 and 5 (Tables 1, 2) indicates
that, at similar values of V, the values of Y (and X) were
also similar; it is likely that selectivity changes were
due to changes in the contact surface area (S). In gen-
eral, a smooth increase in the S/V ratio for quartz pack-
ing materials (Tables 1, 2, entries 2-5) resulted in a

gradual decrease in Y and Scy o, @ weak increase in

Sco, and a more noticeable increase in S¢, . This effect

of the S/V ratio on kinetics is typical of heterogeneous—
homogeneous processes [54]. Finally, homogeneous
gas-phase reactions become completely suppressed at a
sufficiently high value of this ratio and the process
changed to purely heterogeneous conditions [32, 35, 36].

The SSB-20 glass-cloth packing materials of
(Tables 1, 2, entries 6, 7) allowed us to increase dramat-
ically S and the S/V ratio in the reaction volume. How-
ever, as compared with experiment no. 5 (crushed

quartz), the values of ¥ and Scy o did not decrease in

this case. On the contrary, in experiment no. 6 with the
addition of glass-cloth fibers, higher values of Y and

Scu,0» Which were close to Y and Scy,o obtained in

experiment no. 1 (empty reactor), were obtained. As in
the course of reaction in an empty volume, C, hydrocar-
bons were detected in the reaction products; however,
carbon oxides were formed in larger amounts and phe-
nomena related to a change of the process to a self-
oscillating mode were not observed. It is likely that the
observed similarity between the courses of the pro-
cesses in the above two cases is due to the fact that the
total value of V remained practically unchanged upon
the addition of fibers to the empty reaction volume. At
the same time, fibers divided the free space into a num-
ber of smaller cavities and thereby increased the surface
effect on chain reactions. An increase in the number of
fibers in the reaction space (experiment no. 7) addition-
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ally decreased the size of cavities that constitute the
free volume, the total value of which (V) did almost not
decrease in this case. The integral yield of formalde-
hyde (Y) also decreased only slightly, whereas selectiv-

ities for carbon oxides, particularly Sc, , noticeably

increased. In the case of filling the reaction volume
with glass cloth pieces (Tables 1, 2, entry 8), the surface
effect on product distribution in favor of carbon oxides
became even greater.

Table 2 summarizes the rates of formaldehyde for-
mation w referenced to the surface area (S) of a silica
packing material represented as the specific pseudohet-
erogeneous rate of formaldehyde formation (wy,).
These data clearly indicate that, under conditions of our
experiments, the formation of formaldehyde occurred
in the gas phase rather than on the surface of silica
because the values of w, decreased with increasing sur-
face area. At the same time, in the purely heterogeneous
oxidation of methane (Stadnik and Gomonai [20]
believed that it was achieved), the amount of formalde-
hyde formed in the process was proportional to the sur-
face area of quartz.

The study of the effect of the organization of a reac-
tion volume on the kinetics of methane oxidation to
formaldehyde allowed us to make a few conclusions.

(1) The size and shape of the silica packing material
are responsible for the size and shape of free voids
within the reaction space.

(2) The total free volume (V) is the main parameter
responsible for the integral yield of formaldehyde (Y).
This is due to the fact that the residence time of a mix-
ture in the reaction volume and, correspondingly, the
conversion time of the reaction mixture in a reactor are
proportional to V.

(3) The contact surface area (S) affects the distribu-
tion of reaction products. The higher the values of S and
the S/V ratio and the smaller the voids that constitute the
free reaction volume, the higher selectivities for the for-
mation of carbon oxides by undesirable reaction paths
because of the higher probability of further formalde-
hyde oxidation.

The relationship of the reaction kinetics with the
residence time (¢,) (Table 2) and the assumed nature of
the effect of the contact surface area on selectivity for
products will be considered in more detail below.

It was of interest to study the temperature depen-
dence of the rate of formaldehyde formation under
reaction volume packing conditions that provide opti-
mum performance characteristics of the process. For
this purpose, we studied the reaction of methane oxida-
tion at 600—770°C and initial reaction mixture flow
rates of 0.4, 0.9, and 2.0 I/h with the filling of the reac-
tion volume with quartz tubes.

The experiments were performed under continuous
temperature control in the reaction volume, the S, V, and
S/V parameters of which were 170 cm?, 7.5 cm?, and
20 cm™!, respectively, with consideration for a thermo-
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Table 3. Rate of formation (w) and the integral yield (¥) of formaldehyde and selectivity for formaldehyde (SCHZO) in the

reaction of methane oxidation depending on the temperature of the reaction volume filled with quartz tubes

n]fé‘rll’teflg | mec | vy Vb | v lh v, 1/h n tos  |wommolh| ¥, % | Scuo.%
1 600 0.196 | 0406 | 0374 2400 | 0.0102 0.70 8.0 08
2 610 0.196 | 039 | 0352 2600 | 0.0101 0.87 9.9 98
3 630 0.199 | 0438 0.339 2700 | 0.0099 2.10 23.7 96
4 650 0200 | 0420 | 0232 3900 | 0.0097 420 47.0 100
5 700 0200 | 0410 | 0.105 8600 | 0.0092 7.00 78.4 100
6 740 0.207 0420 | 0065 | 14000 | 0.0088 8.05 86.8 100
7 750 0200 | 0418 No |>14000 | 0.0087 8.70 98.0 100
8 600 0446 | 0929 0.899 1000 | 0.0102 0.70 35 100
9 640 0470 | 0970 | 0908 1000 | 0.0098 1.40 6.7 100
10 680 0.445 0930 | 0.799 1100 | 0.0093 2.80 14.1 96
1 730 0.467 0.957 0.700 1300 | 0.0089 5.60 26.9 98
12 730 0440 | 0900 | 0655 1400 | 0.0089 5.30 27.0 97
13 750 0432 | 0904 | 0547 1600 | 0.0087 7.70 40.0 97
14 770 0434 | 0931 0376 2400 | 00086 | 11.20 58.0 90
15 650 1.182 2452 | 2350 380 | 0.0097 2.10 40 93
16 700 0.945 2.010 1.720 520 | 0.0092 6.30 14.9 97
17 750 0.942 2.000 1580 570 | 0.0087 9.00 21.0 96

Note: v°, véH4, v, n, and ¢, are specified in Table 2.

* The accuracy in the determination of S was +10%.

couple pocket. The throughput of a pump (v.) was
900 I/h. The residence time of a reaction mixture in the
reaction volume was determined as ¢, = (V/v.)(298/T)
with a correction for temperature. Under the conditions
chosen, t, was about 0.01 s (Table 3). The residence
time ¢, is an integrated quantity because, on the intro-
duction of a quartz packing material, the free reaction
volume consists of smaller volumes whose sizes
depend on the size of the packing material. In a number
of cases, these volumes form pockets with stagnant
zones for the migration of the reaction mixture and
hence longer conversion times [55]. Selectivity for
formaldehyde was found from the equation

w X 22.4x 100
(v =v)/2

SCHQO =

In all of the experiments, the imbalance on carbon
was no higher than the measurement error of £10%.
Table 3 and Fig. 2 show the results of the study.

In Table 3, it can be seen that the selectivity of the
process for formaldehyde Sy o was close to 100%

under the conditions chosen (#. of no longer than
0.01 s); in this case, X = Y. At 600°C, the rates of form-
aldehyde formation were very low, and they were prac-
tically indistinguishable at the flow rates of the initial
reaction mixture equal to 0.4 and 0.9 I/h. This is consis-
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tent with well-known data [19, 24] on the high temper-
ature of the onset of noticeable methane oxidation on
Si0,. The rate of formaldehyde formation (w)
increased with temperature at all of the tested flow rates

logw
1.2

0.8

~04 ' ' !
0.9 1.0 1.1 12

1000/T, K

Fig. 2. The temperature dependence of the rate of formalde-
hyde formation in the oxidation of methane in a reaction
volume packed with quartz tubes at the flow rates of the ini-
tial reaction mixture of (/, 2) 0.4, (3) 0.9, and (4) 2.0 I/h.
The initial reaction mixture contained CH4 and O, (1 : 1, by
volume).
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Fig. 3. Schematic diagram of the surface dehydroxylation
of silica and methane activation at reactive siloxane sites
with the release of formaldehyde and methyl radicals into
the gas phase (according to Sun et al. [14]).

of the initial reaction mixture (v°). Because formalde-
hyde was trapped in an absorber and removed from the
reaction mixture, this resulted in a decrease in the vol-
ume of the mixture and, consequently, a decrease in the
space velocity of the final reaction mixture (v); corre-
spondingly, the circulation ratio (n) increased. At T =
750°C and v8H4 = 0.2 I/h (n > 10000), methane was

almost completely converted into formaldehyde.

Figure 2 shows the temperature dependence of the
rate of formaldehyde formation for the tested flow rates
(0.4, 0.9, and 2.0 1/h) of the initial reaction mixture in
accordance with data obtained in experiment nos. 1-7,
8—14, and 15-17 (Table 3).

The Arrhenius function obtained at an initial mix-
ture flow rate of 0.4 1/h (v&14 = 0.2 I/h) can be sepa-

rated into two portions. Straight line / for the logw —
1/T relationship (T = 600-650°C; n = 2000-4000) cor-
responds to the apparent activation energy (E,) of form-
aldehyde formation equal to 229 kJ/mol. This activa-
tion energy is consistent with £, = 230 kJ/mol for the
formation of CH,O on quartz, which was experimen-
tally obtained by Stadnik and Gomonai [19], and close
to E, = 254 + 18 kJ/mol for the thermal degradation
reaction of methoxy groups (=Si—O-CHj;) on the sur-
face of SiO, [15] with the release of CH,O. Straight
line 2 (Fig. 2) for the logw—1/T relationship corre-
sponds to £, = 61 kJ/mol, which is much lower than the
above values of E, for the formation of CH,O on the
surface of SiO,. This suggests a change in the rate-
determining reaction steps on going to the temperature
region above 650°C.

Based on experimental data and current concepts of
CH, activation on the surface of SiO, [14, 15], we
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assume that the dehydroxylation of the surface of silica
(reactor walls and packing material) with the formation
of reactive siloxane sites occurred in the course of train-
ing the reaction volume (empty or filled with a packing
material) in a flow of O, at a high temperature (750°C).
The reaction scheme shown in Fig. 3, which was con-
sidered in detail by Sun et al. [14], illustrates the inter-
action of these sites with methane. We found that the
elimination of the stage of high-temperature training in
oxygen (or nitrogen) from the experimental procedure
resulted in a dramatic decrease in the rate of formalde-
hyde formation.

The apparent activation energy £, = 229 kJ/mol
obtained for v° = 0.4 1/h at T= 600-650°C and ¢, =
0.01 s (n = 2000—4000) suggests that the rate of meth-
ane oxidation under these conditions depends on heter-
ogeneous stage A of the thermal decomposition of sur-
face methoxy-containing complexes. According to
quantum-chemical calculations [15], the following
hypothetic reaction of the thermal degradation of meth-
oxy groups is strongly endothermic:

=Si-O—-CH; — =SiH + CH,0. €))

This is responsible for the high values of experimen-
tally observed temperature and activation energy of
degradation of these groups. According to IR-spectro-
scopic data [15], reaction (I) did not occur to a notice-
able degree at temperatures lower than 600°C; this is
consistent with our data. Note that Brei et al. [15] deter-
mined E, for reaction (I) from thermal desorption
curves under conditions of low pressures, when the
thermal activation of surface methoxy groups mainly
occurred (according to Brei et al. [15]) by energy trans-
fer from a SiO, matrix. It is likely that the value of E,
(229 kJ/mol) for the formation of CH,O under steady-
state conditions was lower than that published by Brei
et al. [15] because of the overall exothermicity of ele-
mentary steps preceding the rate-limiting step (I) (e.g.,
see [56, 57)).

At temperatures higher than 650°C (Fig. 2, straight
line 2), the apparent activation energy decreased several
times to E, = 61 kJ/mol. The value of E, in segment 2 is
higher than the published value of 32.6 kJ/mol [58]
obtained for the E, of CH,O formation in a homoge-
neous gas-phase reaction of methane oxidation. It is
believed that, at temperatures of about 650°C, interme-
diate complexes like B on the surface of quartz began
to decompose with the desorption of methyl groups into
the volume; this is a new radical-chain reaction path for
the formation of formaldehyde due to free-radical reac-

tions. Moreover, the radical centers =Si—O" resulting
from the degradation of complexes B can also interact
with methane in the following reaction with the forma-

tion of CH; free radicals [3]:
=Si-O" + CH, — =Si-OH + CH; . (II)
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Because the CH; radicals can escape into the bulk,

of interest is the model suggested by Baldwin et al. [9]
for the uncatalyzed activation of methane in the gas
phase at medium pressures. This model includes the
most important radical reactions yielding partial oxida-
tion products, in particular, formaldehyde. In accor-

dance with this model, the appearance of CH; free rad-

icals in the bulk initiated a sequence of the reactions
given below:

CH; + O, = CH;0;, (IIT)
CH;0; = HCHO + HO', av)
CH, + HO" = CH; + H,0, V)
CH,0, + CH, = CH;0,H + CHj, (VD)
CH;0,H = CH;0" + HO', (VID)
CH;0’ =HCHO + H', (VIII)
CH;0" + 0, =HCHO + HO;, (IX)
CH, + HO; = CH; + H,0,, X)
HCHO + CH; = 'CHO + CH,, (XT)
HCHO = 'CHO + H’', (X10)
HCHO + H = H, + CHO, (XTIT)
HCHO + HO" = ‘CHO + H,0, (XIV)
HCHO + O, = ‘CHO + HO;, (XV)
HCHO + HO;, = ‘CHO + H,0,, (XVI)
H,0, = 2HO", (XVII)
‘CHO + 0,=CO + HO;, (XVIII)
CO+ HO =CO,+ H’, (XIX)
CO + HO; = CO, + HO', (XX)
CH,0;, + surface = CO + H,O + 0.5H,. (XXI)

In accordance with the above reaction scheme,
formaldehyde is a primary molecular product of a num-
ber of free-radical reactions. In the case of the kinetic
irreversibility of formaldehyde formation, the subse-
quent transformations of this compound in a gas phase
result in the formation of CO and CO,. Taking into

account that our data (Table 3) were obtained at Sy o =

100% and formaldehyde was the only carbon-contain-
ing product of partial oxidation, we assumed that the
main reaction path of CH,O formation in the tempera-
ture range 650-750°C at v° = 0.4 1/h can be due to reac-
tions (III)-(V). Nevertheless, the rates of these reac-
tions and the concentrations of corresponding radicals
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evaluated previously by Semenov [52] allowed the
author to hypothesize that the chain propagation of
free-radical methane oxidation in the a gas phase at
atmospheric pressure is determined by the reaction

CH; + O,=HCHO + HO', (I1a)

whereas chain termination is due to the recombination

of HO' radicals on the surface. As estimated by Aru-
tyunov and Krylov [3], reaction (V) makes a consider-
able contribution (>90%) to methane oxidation at low
pressures. Reaction (II1a) is the sum of reactions (III)
and (IV). The apparent activation energy of this overall
reaction (63 kJ/mol [59]) is consistent with the apparent
activation energy of 61 kJ/mol obtained in this work for
methane oxidation to formaldehyde at 650—750°C and
v°=0.41/s (t,=0.01 s) under steady-state process con-
ditions in the reaction volume packed with quartz tubes.
It is believed that, under the specified conditions, the
process of methane oxidation mainly occurred by a
nonbranched radical-chain mechanism, as evidenced
by the observed linear relationship between logw and
1/T [52]. Possible reactions (XI)—(XVI) did not partic-
ipate in the development of the chain process because
of the short residence time of the reaction mixture in the
reaction volume and the complete removal of formalde-
hyde from the hot zone. This allowed us to reach almost
100% methane conversion into formaldehyde at 750°C
(Table 3). It is likely that the lower value of E,
(32.6 kJ/mol) obtained by Karmilova et al. [58] was
due to the considerable effect of the pretreatment of
reactor walls with HF on the overall process. The high
sensitivity of gas-phase free-radical chain processes to
the state of the contact surface is well known.

At v*=0.91/h (vey, =0.451/h) and 7, =0.01's (n <
2000), the Arrhenius function (Fig. 2, straight line 3)
corresponds to the apparent activation energy E, =
120 kJ/mol. This value is close to £, = 125 £ 15 kJ/mol
for the formation of formaldehyde in methane oxida-
tion in a quartz tube (V = 3 cm?) at T = 500-600°C and
t.~3-4 s [12]. Note that Kastanas et al. [12] detected a
deviation from the Arrhenius law at temperatures
higher than 600°C. The value of E, = 120 kJ/mol
obtained in this work is lower than E, = 229 kJ/mol for
the heterogeneous initiation of formaldehyde formation
but higher than E, = 61 kJ/mol for the formation of
CH,O in the volume at v° = 0.4 I/h (Fig. 2, segment 2).

It is believed that, as the feed rate of the starting
mixture (v°) is increased, the homogeneous component
of the process becomes predominant over the entire
temperature range above 600°C because of the effec-
tive activation of surface complexes B with the escape
of CH} free radicals into the bulk; the free-radical reac-
tion chain length also increases. In this case, the proba-
bility of other radical reactions, such as the reaction

CH; +0,=CH;0) +0 (ITIb)



688

BOBROVA et al.

Table 4. Activation energies of elementary steps in the formation of formaldehyde in the gas phase [59]

Reaction no. Reaction E,, kJ/mol
(ITa) CH; + 0, —= HCHO + HO’ 63.00
(V) CH,+HO" —= CH; +H,0 11.25
(VD) CH;0, + CH, —= CH;0,H + CH, 90.30
(VID) CH;0,H —= CH;0" + HO’ 179.91
(VIII) CH;0" —= HCHO + H’ 140.00
(IX) CH;0" + 0, —= HCHO + HO, 10.88
X) CH,+HO, —= CH; + H,0, 89.96
(ITIb) CH; +0, — CH;0 + 0 129.00
(Illc) O +CH, — CH; +HO’ 35.50
(111d) HO + surface 0
(IlTe) HO, + HO;, —= H,0,+ 0, 0

Note: The numbering of reactions (V)—(X) corresponds to the scheme proposed in [9].

and the subsequent reactions, also increases. Anyway,
Vedeneev et al. [59] reported the value E, =
129 kcal/mol for elementary reaction (IIIb). It is likely
that this reaction is the rate-limiting step of formalde-
hyde formation at v° = 0.9 I/h and T = 600-770°C
under conditions of 7, = 0.01 s. In this case, the logw —
1/T relationship is also described by a straight line,
which suggests that chains are insignificantly branched
under the specified oxidation reaction conditions [52].

However, as the feed rate of the starting mixture is
further increased to v° ~ 2.0-2.5 1/h (Table 3), the
logw — 1/T plot exhibited a deviation from the Arrhe-
nius law (Fig. 2, points 4) due to an increase in chain
lengths and, likely, chain branching, the probability of
which increased with temperature [52]. Indeed, at T =
750°C, a gas flow after the absorber was absent in the
first 10—15 min of the reaction; this suggested the com-
plete conversion of methane into formaldehyde. It is
likely that, during this period, the rate of formaldehyde
formation reached a maximum value of 42 mmol/h for
v° =2.0 I/h (Table 3). Then, after two plops and flashes,
a flow of the final gas mixture appeared and the process
changed from unstable to steady-state conditions. In
this case, the rate of formaldehyde formation dramati-
cally decreased, as compared with the initial rate; the
value of w averaged over a 1-h test was 9 mmol/h.

Thus, even under conditions of filling the reaction
volume with quartz tubes and 100% selectivity for
formaldehyde at 7, = 0.01 s, the oxidation process can
occur by a branched-chain mechanism with the appear-
ance of critical phenomena as the temperature and the

feed rate of the starting mixture of CH, + O, are
increased.

The experimental results obtained in this work
unambiguously suggest that the oxidation of methane
to formaldehyde at temperatures higher than 600°C in
the presence of a heterogeneous packing material of
Si0, occurs by a heterogeneous—homogeneous mecha-
nism. A considerable advantage of the improved FCR
method is the possibility of separately studying the part
of the process responsible for the formation of the tar-
get product at the early steps of a complex process by
using short residence times f..

With consideration for the experimental results, it is
of interest to consider in detail a set of gas-phase reac-

tions initiated by CH; radicals leading to formalde-

hyde formation. Table 4 summarizes the published val-
ues [59] of E, for gas-phase free-radical reactions,
which seem important for the occurrence of the overall
process under discussion.

As mentioned above, it is likely that chain propaga-
tion reactions (Illa) and (V) are the initial steps of the
development of a chain process in the gas phase.
According to current concepts [3, 9, 59], the methyl
hydroperoxide species CH;O,H is responsible for
chain branching in the oxidation of methane at medium
pressures. The formation of this species is described by
step (VI) (Table 4) in the oxidation reaction scheme [9].
The activation energy E, = 179.9 kJ/mol of reaction
(VID) of the decomposition of the above species into

CH;0" and HO' radicals is much higher than the val-
ues of 61 and 120 kJ/mol obtained in this work for the
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apparent activation energy of formaldehyde formation
in the gas phase. Reaction (VIII) in the scheme [9] is
also characterized by a higher activation energy (E, =
140 kJ/mol), and it occurs only in the collisions of
CH;O" with other particles [59]. Under the conditions
of our experiments, the participation of the above reac-
tions in formaldehyde formation seems unlikely.

The temperature dependence of the steady-state rate
of formaldehyde formation obtained in this work and
published data [59] on the activation energies of the ele-
mentary steps of methane oxidation allowed us to
hypothesize that reaction (I1Ib) (Table 4) is responsible
for process branching in our experiments. This reaction
implies two directions in the development of the pro-
cess depending on the subsequent transformations of

the CH;Q" radical and the oxygen atom. The transfor-

mations of the CH;O" radical can be described by reac-
tions (IX) and (X) of the scheme [9], although the HO,

radical, which is formed in reaction (IX), is considered
inactive [3] and we failed to detect hydrogen peroxide,
which is formed in reaction (X), in the reaction prod-
ucts. Karmilova et al. [60], who described experiments
on methane oxidation, experimentally detected H,0O,
only in a quartz reactor treated with HF at temperatures
of no higher than 500°C and at long contact times. It is
likely that, at high temperatures, H,0O, is rapidly con-
verted into more stable compounds such as H,O [3]. At
the same time, as the temperature and starting mixture
feed rate were increased, we experimentally observed a
change of the process to unstable conditions. With con-
sideration for this fact, we can assume a higher proba-
bility of the latter direction in the development of the
process through branching step (Illc) (Table 4), in

which C'H; and HO" active radicals are formed.

Using the above hypothetical reaction scheme of
methane oxidation to formaldehyde as applied to the
conditions of our experiments, we discuss the results of
studying the temperature dependence of the rate of
formaldehyde formation (Table 3) and the effect of sil-
ica packing materials on the kinetics of the process
(Table 2).

The appearance of the catalytic properties of a silica
surface in the reaction of methane oxidation at high
temperatures, namely, the ability of SiO, to activate
methane with the formation of formaldehyde and/or

C'H, free radicals at temperatures above 600°C, is an
important result. These free radicals initiate rapid chain
reactions of formaldehyde formation in the gas phase.
The residence time (¢,) of a reaction mixture in the reac-
tion volume is the most important process parameter.
At short residence times (no longer than 0.01 s) and the
complete removal of formaldehyde from the reaction
zone, the oxidation occurred by a branched chain radi-
cal mechanism with almost 100% selectivity for form-
aldehyde. The reaction scheme of this mechanism
hypothetically includes a number of free-radical reac-
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tions (Table 4): chain propagation, (Illa), (V), (IX),
and (X); chain branching, (IIIb) and (Illc); radical
decay, (IIId) and, likely, (Ille). In this case, the length
of chains and the probability of chain branching depend
on the feed rate of the initial gas mixture (v°). At high
values of v° and 7' = 750°C, the occurrence of the pro-
cess can change to nonlinear conditions with critical
phenomena.

As the residence time of the mixture in the reaction
volume was increased, the degree of branching of the
process increased as a result of reactions (XI)—(XVI) of
the decomposition and oxidation of the primary molec-
ular product formaldehyde. This resulted in a decrease

in Yand Scy o and the appearance of carbon oxides in

the reaction products (Table 2). Karmilova et al. [61]
found that the rate of homogeneous gas-phase methane
oxidation increased by a factor of tens on the addition
of a small amount (0.1-0.2%) of CH,O to a methane—
oxygen mixture. Therefore, the greatest degree of the
chain process with a large chain length and chain
branching was observed in an empty reaction volume
even at ¢, of about 0.02 s. In this case, the smallest
changes in reaction conditions can cause a dramatic
change in the kinetics of the process, for example, the
appearance of self-oscillations accompanied by cold
light. Detailed studies of nonlinear phenomena in the
oxidation of methane to formaldehyde are beyond the
scope of this paper, although such studies can be of
considerable practical importance.

The contact surface area and the sizes and shapes of
voids that constitute the free reaction volume are
important parameters affecting the distribution of reac-
tion products in the homogeneous—heterogeneous oxi-
dation of methane to formaldehyde. The effect of these
parameters on the kinetics of the process can be due to

the reactions of free radicals, for example, HO", with
the surface, which lead to the loss of a free valence and
chain termination. The probability of heterogeneous
reactions of free radical recombination increases on
narrowing the reaction space [52]. According to pub-

lished data [3], the sticking coefficients of C H; radi-
cals to oxide surfaces such as ZnO and CeO, are very
low (about 10°-1073). Therefore, according to Aru-

tyunov and Krylov [3], the incident C H, radical can be
repeatedly reflected from the surface before reacting
with it. Based on indirect data, Sun et al. [14] assumed
that the methyl radicals that escaped into the gas phase
were not adsorbed on the surface of SiO, once again.
Our data (Table 2, entry 8) indicate that the reaction of
formaldehyde formation in the gas phase was not sup-
pressed even on increasing many times the surface area
of silica packing material and decreasing the size of
voids that constitute the free reaction volume. In this
case, a decrease in the yield of and selectivity for form-
aldehyde accompanied by an increase in selectivities
for carbon oxides was observed. This may be explained
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Table 5. Comparative activity of catalysts for methane oxidation to formaldehyde

o

K1 (0.02% V)| 750 |1.02 | 0.507 |0.385{1800| 7.0
K2 (0.66% V)| 750 |1.01 | 0.503 |0.470{1500{ 2.8
K3 (0.03% Pt)| 750 |0.962| 0.460 |0.471{1500| 5.6
K3 (0.03% Pt)| 680 |0.961| 0.460 |0.851] 800 2.1
K3 (0.03% Pt)| 620 |0.961| 0.462 |0.927f 750 0.89

< o & w o —|Entry

2 |Tubes 750 [0.99 0.501 1]0.308|2300( 11.2

3 |Quartz 750 |1.01 0.500 10.47 {1500 8.6
(2-3 mm)

7 |SSB-20 750 |1.03 0.517 10.472{1500( 7.0
(threads)

Comparison with data in Table 2

Catalyst T, °C ;;h’ V?:H4, 1/h 1‘/7}’1 n mrrvlvc’)llh Y, %|X, %| Mcu, | mco | Mco, SCHZO, % Sco, % Scoz’ %
IK-1-4 750 [1.02 | 0.493 [0.404{1700| 7.7 [35.0/66.8|0.405(0.017(/0.327| 52.4 22| 40.2
AShNTs 750 |1.00 | 0.480 [0.359|1900| 7.7 |36.0|/70.6(0.395(0.145{0.232| 51.0 154 | 24.6

31.0/163.310.485|0.140(0.240| 49.0 16.8 | 29.0
12.5/56.3]0.470(0.022{0.413| 22.2 37| 69.0
27.3150.7]0.480(0.002{0.241| 53.8 0.3 | 485
10.2110.7]10.482| — [0.005| 95.5 - 8.6
43| 43| - - - 100.0 - -

50.0{68.210.493(0.120{0.167| 73.3 11.0 | 150
38.4/54.1]0.433(0.073{0.106| 71.0 13.0 | 18.0

30.4|54.1(0.4250.088(0.19 56.2 148 | 319

by the fact that a portion of C'H; and HO" radicals was
consumed in reactions (XI) and (XIV), which are ener-
getically most favorable [59], to redistribute products in
favor of CO and CO, as the reaction space was nar-
rowed.

The question reasonably arises of whether other cat-
alytic systems, such as typical oxidation catalysts,
exhibit advantages over silicas. With the use of the
same experimental procedure as in the case of silica
samples, we performed experiments with well-known
commercial IK-1-4 and AShNTs-3 catalysts, as well as
activated fiberglass catalysts K, K,, and K;. We found
that, even at a high circulation ratio and times ¢, =
0.01 s, the replacement of quartz tubes in the reaction
volume (15 cm?®) with the above catalysts resulted in a
dramatic decrease in the yield of and selectivity for form-
aldehyde up to the complete absence of formaldehyde
from the reaction products and in the occurrence of a
deep oxidation process. Various variations in the reaction
temperature, grain size, and catalyst amount, as well as
various catalyst bed (or beds) arrangements in the reac-
tion volume either without or with the addition of a
quartz glass packing material, did not allow us to obtain
results better than those obtained on pure silica.

As an example, Table 5 summarizes the best results
of the comparative tests of some of the above catalysts
under conditions (test procedure and the filing of the
reaction volume) comparable to the conditions of test-
ing silica samples. In particular, small catalysts
amounts (0.5 g) as granules of size 2-3 mm (IK-1-4 and
AShNTs-3) or filaments (K;, K,, and K;) were
arranged on a quartz grate at the bottom of the reaction
volume. The catalysts occupied no more than 1 cm? of
the reaction volume. The remaining part of the volume
was filled to the top with quartz tubes. The circulation
flow rate was 700 1/h, and the residence time on the
addition of catalysts was about 0.01-0.015 s. The sizes

of voids between IK-1-4 and AShNTs-3 catalyst gran-
ules (2-3 mm) were the same as those in experiment
no. 3 (Table 2). However, with consideration for the pore
structure of a catalyst, the total available contact surface
area in the catalyst bed increased to ~30000 cm?. In the
case of catalysts K,, K,, and K;, the sizes of voids
between filaments and the contact surface areas in fila-
ment layers were approximately consistent with the
conditions of experiment no. 7 (Table 2).

To compare the results obtained in the tests of cata-
lysts (Table 5) and silica samples, entries 2, 3, and 7
from Table 2 were chosen under approximately identi-
cal conditions of filing the reaction volume.

A comparison between data in Tables 2 and 5 indi-
cates that the activity of catalysts used in the partial oxi-
dation of methane under the conditions chosen was no
higher than the activity of quartz glass and silica fiber
samples. However, the presence of active commercial
oxidation catalysts dramatically affected the distribu-
tion of reaction products. As can be seen in Table 5, the
presence of these catalysts in the reaction volume
resulted in a decrease in the yield of and the selectivity
for formaldehyde and in an increase (particularly, in the
case of catalyst nos. 1, 4, and 5) in the process selectiv-
ity for CO,. The apparent activation energy of formal-
dehyde formation in the oxidation of methane in the
presence of a 0.03% Pt/glass cloth catalyst was calcu-
lated from experimental data (Table 5, entries 5-7). The
resulting value of 110 kJ/mol is close to an activation
energy of 120 kJ/mol for the formation of formalde-
hyde in a heterogeneous—homogeneous reaction of
methane oxidation on silica at 7. = 0.01 s and v° =
0.9 I/h.
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CONCLUSIONS

In this work, we found that the use of an improved
FCR with reaction mixture quenching for studying the
direct oxidation of methane to formaldehyde signifi-
cantly improved the reliability of experimental data on
the kinetics and mechanism of the process under dis-
cussion.

In particular, the study performed allows us to make
the following conclusions:

(1) At high temperatures, starting at 600°C, the oxi-
dation of methane to formaldehyde in the presence of a
surface containing SiO, (quartz reactor walls, the sur-
face of a silica packing material, or the surface of SiO,
as a catalyst constituent) occurs by a heterogeneous—
homogeneous mechanism with process initiation (the
formation of free radicals) on a solid surface and chain
propagation in the volume of the gas phase. In this case,

SiO, can activate methane with the release of C 'H, rad-
icals into the volume; these radicals initiate rapid free-
radical reactions of formaldehyde formation in the gas
phase. However, it is likely that, as assumed previously,

the recombination of C'Hj free radicals on the surface
of Si0, does not occur.

(2) Unlike purely homogeneous gas-phase oxida-
tion, the rate of the heterogeneous—homogeneous meth-
ane oxidation to formaldehyde can be controlled, for
example, using a silica packing material by changing
the size and shape of the free reaction volume, as well
as the contact surface area and the residence time of a
mixture in the reaction volume.

(3) The heterogeneous—homogeneous process of
methane oxidation under optimum conditions allows
one to increase the integral yield of formaldehyde in a
flow circulation system to 100%. This is achieved at
short residence times of a mixture in the reactor and by
process transfer to a homogeneous gas phase, where
methyl radicals are generated at a high rate in radical-
chain reactions. In this case, it is likely that the rate of
formaldehyde formation is controlled by reaction (I1la)
or (IIb) involving the interaction of oxygen molecules

with C Hj, radicals in the volume. The activation ener-
gies of these elementary reactions are much lower than
the activation energy of an elementary heterogeneous
reaction of formaldehyde formation on the surface of
Si0,.

(4) The introduction of typical oxidation catalysts
containing, for example, Pt or V,05 as an active compo-
nent into the reaction volume results in a decrease in the
integral yield of and selectivity for formaldehyde, as
compared with those on pure SiO, samples. This is due
to the fact that the activity of the above oxidation cata-
lysts in the secondary reactions of formaldehyde con-
version (decomposition and oxidation) into the thermo-
dynamically most stable products (carbon oxides) is
much higher than that of SiO,. Thus, it is likely that,
among the well-known catalytic systems for direct
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methane oxidation, silicas are the most efficient cata-
lysts for the heterogeneous—homogeneous oxidation of
methane to formaldehyde. In turn, the heterogeneous—
homogeneous oxidation of methane is a more efficient
process for formaldehyde production than heteroge-
neous oxidation.
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