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Selectivity shifts from formaldehyde to ethane with oxygen pressure and temperature variation in methane oxidation over
phosphate catalysts are evidence for the existence of mutual intermediate and different product selectivities over different
catalysts under the same reaction conditions, indicating the participation of the surface in formaldehyde formation.

Extensive studies of methane oxidative coupling into higher
hydrocarbons carried out since Fang and Yeh' has led to the
creation of efficient catalysts for this process’ and to an
improvement of our understanding of the reaction
mechanisms.>* However, progress in studies of methane partial
oxidation to oxygenates (methanol and formaldehyde) has not
been so rapid. High yields of the products were obtained and
kinetic and mechanistic studies were carried out for Mo- and
V-containing catalysts in the presence of N,O as oxidant.>”
Good results reported for methane partial oxidation by O, are
not reproducible. Systematic studies of the mechanism of this
process, especially in the case of catalysts which do not contain
easily reducible cations, have not yet been carried out. Infor-
mation concerning this type of catalyst such as the nature of
active sites, mechanism of reactant activation and product
formation pathways is still absent.

Recently the effect of a reversible selectivity switch from CO
and ethane to formaldehyde in methane oxidation over MgO
has been observed.® However, only the total flow rate of
reactants was varied, and it was impossible to separate the
effects of changes in residence time and in oxygen concentra-
tion and to make definite conclusions about the origin of the
effect.

The present study was carried out to reveal the main features
of methane oxidation over phosphate catalysts and to throw
light on possible reaction mechanisms.

Metal phosphate catalysts (denoted as M-P) were prepared
by precipitation from aqueous solutions of metal nitrates (Fe,
Zn, Zr) and phosphoric acid, followed by drying and calcin-
ation in air. Catalyst (0.5 g) was placed into a quartz reactor
(inner diameter 7 mm) and stabilized by treatment under
reaction conditions (CH,+ O,+ He mixture, 898-998 K) for
2 h. On-line GC-analysis was used to measure the concentra-
tions of reactants and products (H,, CO, CO,, C, hydro-
carbons, methanol and formaldehyde).

The catalytic properties of Fe, Zn and Zr phosphate samples
are presented in Table 1. The main products of methane

60+

Selectivity (%)
F-3
<
(%) uoisisAua) YHO

20 0.5

OIllllllll'IIlll

15
P(O,)/kPa

LB L L ] 0
20

Fig. 1 Catalytic performance of Fe-P with oxygen pressure variation..
T=998 K; P (CH,)=20 kPa. Symbols: x, HCHO selectivity; A, CO
selectivity; JJJ, C.Hs selectivity; @, CH, conversion

oxidation over all catalysts studied were formaldehyde, ethane,
carbon oxides, water and hydrogen. Ethylene was the minor
product at higher temperatures and low flow rates. Methanol
formation was negligible. The selectivity to formaldehyde
decreases with rising reaction temperature, but that to C,
hydrocarbons increases. Catalytic properties of zirconium
phosphates are dependent on the Zr:P ratio and calcination
temperature.

In the presence of Fe-P catalyst an increase in oxygen partial
pressure leads to a decrease in selectivity to HCHO (see Fig. 1)
and hydrogen is absent in the reaction mixture. Obviously, the
main way of consecutive transformation of formaldehyde over
this catalyst is oxidation to CO and water.

Table 1 Catalytic properties of phosphates in methane oxidation (CH4:O:He=1:1:3, 50 cm® min™', 0.5 g of catalyst)

Selectivity (%)
CH,

Catalyst T/K conversion (%) HCHO C,H¢ CcO CO, H,:CO
Fe:P=1:2 948 04 422 5.6 52.3 0 0
(calc. 873 K) 973 0.7 354 59 58.7 0 0

998 1.5 238 9.0 67.2 0 0
Zn:P=1:2 973 04 36.1 26.5 37.4 0 0
(calc. 873 K) 998 0.7 26.0 30.0 41.7 0 0.1
Zr:P=1:1 973 2.1 16.3 9.7 68.9 5.1 0.63
(calc. 973 K)
Zr:P=1:1 973 1.7 11.0 13.0 72.7 33 0.45
(calc. 1073 K)
Zr:P=1:0.6 948 0.4 33.6 11.2 55.2 0 0.23
(calc. 873 K) 973 2.0 321 12.6 47.5 7.8 0.25

998 4.0 13.8 16.9 61.9 3.7 0.50
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Fig. 2 Selectivity vs. CH, conversion variations with changing flow rate.
T=973 K, P (CH,)=P (O,)=20 kPa, Zr:P=1:1 (973). Symbols: +,
HCHO selectivity; ], H»/CO; *, CO selectivity; x, C,H, selectivity

In the case of Zr-P catalysts significant amounts of H, are
produced. The decrease of conversion at rising total flow rate
leads to a change of selectivity to HCHO and CO in opposite
directions (see Fig. 2). Partial loss of formaldehyde and rela-
tively high H,:CO ratios may be caused by HCHO decompo-
sition.® The probability of two other ways of hydrogen for-
mation® seems to be low: (a) thermal decomposition of ethane
because of the absence of C,H, in the reaction mixture in most
of the experiments and (b) steam conversion of CO or methane
because of the low concentration of water at high flow rates and
the independence of the H,/CO ratio on temperature below
973K. The selectivity of HCHO and ethane both decrease at
decreasing flow rate. Therefore we can suppose that there is no
influence of residence time on reaction pathways.

The most relevant feature of the process over Zr-P and Zn-P
catalysts is the slight dependence of the total selectivity on
formaldehyde and ethane but the high sensitivity of their ratio
on oxygen concentration (see Fig. 3). This is an indication of
the existence of mutual intermediates for oxygenate formation
and oxidative coupling, most likely methyl radicals forming as
a result of methane interaction with active sites on the sur-
face®*, reaction (1).

[0+ CH,—~{OH}, + CH, (M

Both gas-phase and heterogeneous steps are considered to have
an influence on the final product distribution.®"

In homogeneous gas-phase transformations of CHj, radicals
the equilibrium state in reaction (2)

CH, + 0,=CH,0, )

is a key-factor in the product distribution.'' The selectivity to
C,-hydrocarbons is a function of temperature and oxygen
partial pressure but depends only slightly on the rate of radical
formation, i.e. on activity of the catalyst. The source of
oxygenates at temperature below ca. 1000 K is reaction (3),

2CH,;0,—~HCHO + CH,;0H + O, 3)

and CH,O0 radicals formed in consecutive reactions of CH;0,.

If the catalyst surface plays a significant role in reactions of
radicals and product formation, the additional factor of selecti-
vity control will be heterogeneous reactions such as (4) and

(5).
[0],+ CH,0—{OH],+ HCHO @)
[ 1.+CH,0—-[0]), +CH, )

+ Empty brackets [ ] signify oxygen vacancy.
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Fig. 3 Total selectivity to HCHO and Cy; § = Sycno + Sc, and the ratio
F=Sucno/Sc, as a function of oxygen pressure. T=973K; P
(CH,)=20 kPa. Symbols: + (F) and x (S), Zr:P=1:0.6 (873); * (F)
and @ (S), Zr:P=1:1 (1073); I (F) and A (S), Zn:P=1:2 (873)

The rate constants for the reactions (4) and (5) and product
selectivity under the same reaction conditions should vary
depending on the thermochemical properties of the catalyst.'?
High H-atom affinity of active surface oxygen species (high
O-H binding energy) will accelerate the formation of HCHO in
reaction (4). High values of oxygen binding energies should
increase the preference of the coupling reaction. The variations
of oxygen pressure will lead to selectivity shifts caused by
changing of the state of the surface.

Variations in the HCHO:C,H; ratio from one catalyst to
another under the same reaction conditions is taken as experi-
mental evidence for surface-assisted product formation and the
significant role of radical-surface interactions'>'* in methane
oxidation.
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