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Abstract

Oxydehydrogenative coupling of methane to higher hydrocarbons has been achieved with high selectivity towards C, products
over natural mineral manganese oxides. Oxide treatments under hydrocarbon atmosphere show that the reduction of manganese
ions Mn(IV), Mn(III) to Mn(II) is mainly responsible for the catalyst deactivation. The tests using CH, + CD, equimolecular
mixtures and the analysis of the (HD)C, products by cryospectroscopic IR showed that ethane is the primary product. No

evidence of CH, species in the gas phase was observed.
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1. Introduction

The oxidative dehydroogenation of methane to
C, orto higher hydrocarbons is an interesting reac-
tion for the use on the reserve of natural gas. A
large number of catalysts have been reported as
successful for the oxidative coupling of methane
[ 1-3]. Of the reducible oxides, manganese oxide
has shown to be a promising catalyst. The selec-
tivity towards C, products increased markedly
after modification of individual manganese oxides
with alkali and alkali—earth elements [4-7]. Man-
ganese oxide catalysts usually operate in redox
mode. Inasmuch as manganese oxide is a stoichi-
ometric reagent in the redox approach to methane
conversion, since the way to increase methane
conversion is to increase manganese loading.
Jones et al. [4,5] found that the optimum man-
ganese loading is close to 15-20 wt%. In this
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connection, natural manganese mineral (NMM)
with high content of manganese oxide (15-35
wt%) was used as a base for preparing the cata-
lysts for the oxidative coupling of methane
(OCM). The starting material is essentially dif-
ferent from synthetic manganese minerals such as
manganite, psilomelane and pyrolusite. Besides
manganese oxides, NMM includes a number of
other elements and compounds: Na, Mg, Ba, Ca,
Al O5 and Si0O, which can be considered as chem-
ical and structural promoters.

Alkali-phosphorus-promoted NMM oxides
have been prepared and tested for oxidative cou-
pling of methane. The catalyst was characterized
by ESCA and IR spectroscopies. Activities and
selectivities were studied in the OCM reaction.
CH, + CD, were used as reactants, and the mech-
anism of the reaction was followed by the analysis
of the IR absorption spectra of the deuterated C,
products.



26 L.M. Ioffe et al. / Journal of Molecular Catalysis A: Chemical 98 (1995) 25-34

2. Experimental
2.1. Catalyst preparation

Natural manganese ore samples from Nikopol
field, Ukraine were obtained from the Dneprope-
trovsk Mining Institute. The typical composition
of manganese ore concentrate was (in wt%):
MnQ,, 28; Mn,0;, 8; Fe,0,, 4; FeO, 1; K,0, 3;
Na,O, 1; CaO, 2; MgO, 1; BaO, 1; SiO,, 27;
AL, O3, 7; SO;, 1; P,0s, 0.5; C, 8; others 7.

Before the catalytic test, the samples with man-
ganese oxide contents of 20-25 wt% were cal-
cined for 16 h at 800°C in air and then they were
impregnated with a dilute solution of Na,P,0,
until the content of sodium pyrophosphate reached
S wt%. After that the impregnated samples were
calcined at 800°C in air for 16 h. The results of
surface analysis of NMM materials by XPS tech-
nique are presented in Table 1.

2.2. X-ray photoelectron and Auger
characterization

Surface characterization was performed in an
ESCA spectrometer Physical Electronics PHI-551
with base pressure of 2 X 10~ 8 Pa using a MgKa
X-ray source. To compensate for possible charg-
ing effects, binding energies have been normal-
ized with respect to the position of the C Is line
for the contaminated carbon. The latter was held
constant at 285 eV.

Table 1
Surface analysis of NMM materials

Element Term Surface contents (at%)

Initial NMM NMM calcined * Na,P,0,/NMM
calcined ®

Mn 2p 10.2 14.8 115
Ca 2p 14 2.3 20
K Is, 2p O 04 27
Na 1s, 2p 0.1 0.1 04
Si 2s, 2p 4.0 8.4 14.3
P 2p 0 1.1 4.0
(0] Is 40.0 53.0 52.0
C s 44.6 20.0 13.7

# Calcined in air for 16 h at 800°C.

2.3. Catalytic experiments

The catalytic experiments were performed in
redox approach to methane conversion in a quartz
fixed-bed flow reactor (40 cm X 8 mm 1.D.) oper-
ated under atmospheric pressure at 850°C. The
reactor tubes were heated to reaction temperature
under a flow of air. After one experiment run the
reduced NMM catalyst was regenerated with air
at reaction temperature. In a typical redox
sequence the air was purged from the reactor with
argon before the methane sequence began. Meth-
ane conversion runs were typically of 1 to 2 min
inlength. The reactor residence time was modified
by varying the flow rate. A catalyst mass of 4.5 g
was used in all the experiments. Cumulative prod-
uct of 1 min flow was collected and analyzed by
a gas chromatograph apparatus equipped with
thermal conductivity and flame ionization detec-
tors using Porapak-Q and molecular sieve packed
columns. The sum of ethane, ethylene, carbon
monoxide and carbon dioxide was used to calcu-
late the methane conversion.

2.4. IR characterization

IR spectra were recorded with Perkin Elmer 325
spectrophotometer. The preliminary oxidized
(fresh) catalyst samples were put in a quartz ves-
sel and calcined at 850°C in oxygen, air, methane,
ethane, ethylene or in vacuum. The sample of cat-
alyst after the treatment was cooled to room tem-
perature in a reactive atmosphere and then the KBr
peliet with catalyst was formed in the air.

The cumulative product of oxidative coupling
of CH,+ CD, mixture was separated with chro-
matograph. (HD)ethanes and (HD)ethylenes
were gathered using cooling traps as collecting
box. For the study of the gaseous products at room
temperature an optical gas cell was used, while
for the study of frozen C, products a cryospec-
troscopic reflection—absorption cell maintained at
—190°C was used.
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Fig. 1. IR absorption spectra of manganese oxide catalysts (left side)
after calcination at 850°C for 60 min in: (1) oxygen, (2) argon, (3)
vacuum, (4) methane, (5) ethane, 30 min, (6) ethane, 60 min. Right
side, manganese oxide reference spectra.

3. Results

3.1. Effect of oxidizing and reducing treatments
on the chemical state of the catalysts

The IR spectra of the catalysts pretreated under
different atmospheres are shown in Fig. 1 and
compared with those of some well known man-
ganese oxides. First of all, after oxidizing in oxy-
gen atmosphere for 1 h the catalyst mainly consists
of MnO, and Mn,0; oxides. The oxidized catalyst
is rather stable in Ar atmosphere at high temper-
ature. Under these conditions it does not lose lat-
tice bulk oxygen substantially. Dramatic changes,
however, were observed when the catalyst was
treated in vacuum or hydrocarbon atmospheres.
Manganese oxides with manganese states
Mn(IV) and Mn(IlI) were reduced to low oxi-
dation state. On the basis of the IR results the
conclusion may be drawn that the ability of reduc-
ing bulk manganese oxides in NMM is as follows:
ethane > methane > vacuum  annealing. The
reduction of manganese oxides by methane in
OCM reaction was observed earlier in the case of
MnO,/Si0, catalyst [8].

It is necessary to note that the formation of the
‘bulk’ carbonate take place simultaneously with
reducing manganese oxides under hydrocarbon
atmosphere. The strong absorption band which

appears at 860 cm ™' is characteristic of CO%™~

carbonate vibration v, (A,") [9]. The carbonate
observed is rather stable at high temperature and
is not sensitive to the oxidative state of manga-
nese.

The chemical composition of surface carbona-
ceous material changes markedly after a redox
cycle, as shown by the comparison between the
shape of C 1s carbon lines in the X-ray photoelec-
tron spectra for fresh and used catalysts. In XPS
spectrum of fresh catalyst the C 1s line contains a
high energy shoulder with binding energy at 288
eV, which is attributed to carbon in CO3~ group
(Fig. 2C). In addition, in the spectrum of the
catalyst used (Fig. 2D) a new line in the low
energy side with binding energy at 282.5 eV
appears. This line can be assigned to CH, species
on the surface of the catalyst.

The comparison the data obtained with IR and
XPS spectroscopies have shown, that on the one
hand, in static condition, the formation of the bulk
carbonate phase takes place during heating of
NMM catalyst in hydrocarbon atmosphere for 60
min and on the other hand, the decrease of the
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Fig. 2. X-ray photoelectron spectra of carbon C 1s and Auger spectra
of sodium Na (KLL) for: (A) fresh manganese oxide catalyst oxi-
dized at 850°C in air for 30 min; (B) catalyst (sample A) after one
run OCM experiment; (C) XPS spectrum of carbon C Is for sample
A background corrected and deconvoluted; (D) XPS spectrum of C
Is of sample B background corrected and deconvoluted.
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Table 2
Redox runs over manganese oxide and data after ref. [7,12]

Catalyst Feed gas GHSVh™! ConversionCH,, % Selectivity (%) Yield C, (%) Ref.
G CHs CH, CO,

NMM CH, 7300 11 86 30 56 14 9.5

NMM CH, 11400 9 97 42 55 3 8.7

NMM CH,+CHCl; 11400 24 82 9 73 18 20.0

NMM * CH, 6200 27 80 9 71 20 22.0

15%Mn CH, 860 22 77° 4 47 22 17.0® [12]

5%Na,P,0,/Si0,

10%Mn, 1.7%Naon Si0, CH, 860 6 91° [12]

10%Mn, 1.7%Na on Si0, CH, 860 12 88° [12]

MnO, CH,+0,° 46.8 10.9 73 36 89 5.1 7

MnQ/SiO, CH,+0, 8.4 13.6 11.5 2.1 86.4 1.1 [71

NaCl/MnQ, on SiO, CH,+0, 16.7 82.5 31.2 513 175 138 [7

? The catalyst was treated with chloroform.
* C, . selectivity and yield of C, , after ref. [12].
¢ Initial activities and selectivities, CH,:0, =20:1, after ref. [7].

‘surface’ carbonate takes place during 1 min run
of OCM reaction. It testified in favour of absorp-
tion of CO, by NMM catalyst in the case of the
prolonged static experiments and against CO
retention by the catalyst during 1 min OCM run.

In order to estimate the degree of coke forma-
tion, the catalyst was purged with oxygen at reac-
tion temperature after one OCM experiment run
and the effluent was examined by chromatogra-
phy. A trace of CO, was found only. If the used
catalyst was purged with argon at reaction tem-
perature traces of CO,, CH, and C, products were
found.

Surface analysis showed that the amount of car-
bonaceous material is negligible on the catalyst
surface after one OCM experiment run. As can be
seen from Fig. 2, the ratio of the intensities of C
Is carbon line (binding energy at 285 eV) and
Auger Na(KLL) line (264 eV) changes from
[C]/[Na]=1.7 to [C]/[Na]=3. These data
may be used to evaluate the thickness of the CH,
film on the surface of the NMM catalyst. It can be
determined from the relation for two XPS line
[10] (with close energy). One of them (/) refers
to the overlayer CH, and second one (l,) refers
to the sub-surface of the NMM catalyst.

Ie/Ing=NeAc/ Nughe* [1—exp( —d/Ac) 1/exp( —d/Ag)

where N is the atomic density, A(E) is inelastic
mean free path and d is the thickness of the over-
layer. Suppose that the values of N and A are iden-
tical in both cases, but the thickness of the
deposited carbonaceous film changed from d for
the fresh catalyst to the meaning d+ A for used
catalyst. Quantity of A is characteristic of the
additional CH, carbonaceous layer which formed
during the OCM run and it is responsible for the
change of I/ Iy, ratio. In such approach 4 is equal
to 6-8 A° if the value of A=10 A [21]. The low
carbon deposition found and the high reducibility
observed on the manganese oxide catalyst, allow
us to suggest that deactivation must be mainly
caused by the reduction of Mn(IV) and Mn(III)
to Mn(II).

3.2. Activity and selectivity of catalysts

The results of one run experiment in redox
mode are presented in Table 2. As can be seen,
the activity of natural manganese oxide catalysts
is comparable with the activity of the synthetic
manganese oxide catalysts {7,12].

The high selectivity to C, hydrocarbons is espe-
cially remarkable regarding the complex compo-
sition of the NMM catalysts. The composition of
C, products substantially depends on the methane
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Fig. 3. Conversion—selectivity (S) relationships for the oxidative
coupling of methane over manganese oxide catalysts under investi-
gation (redox cycle).

conversion: at low conversion the amount of eth-
ane was higher than the amount of ethylene.

The effect of the introduction of gas-phase chlo-
rine-containing additives in the methane conver-
sion process has been shown previously {6,11].
In the case of NMM catalyst, the distribution of
C, products is markedly changed by cofeeding a
small quantity of CHCl; as a source of chlorine.
As shown in Table 2, at equal value of GHSV
(11400) the ethane and ethylene selectivities dif-
fer considerably. If the feed gas was only methane,
the ratio [C,H¢]/[C,H,] was 1:1.3, when the
feed gas was CH, + CHCI; (5 vol%) the [C,H¢/
C,H,] ratio reached 1:8. In all probability, CHCl,
establishes an additional route for the coupling
reaction, presumably by creating new active sites

Table 3
Redox runs of CH, + CD, over NMM catalyst

Feed gas GHSV h "' Conversion (%) Selectivity (%)
CH,+CD, —_—
C,H, C,H, CO,
CH,+CD, 620 25 8 67 25
CH,+CD,; 16000 3 83 16 1

or by modifying existing sites on the catalyst sur-
face (for example, surface oxy-chlorine species)
The NMM catalyst possess a long-term ‘memory’
concerning the use of chloroform as gas-phase
additive. If NMM catalyst have interacted with
methane—chloroform mixture (for 1-2 min) and
then it was used again in OCM run with CH, only
(after the following reoxidation and purgation at
reaction temperature ) the conversion and selectiv-
ity to C, products were very close to the findings
of the experiments with chloroform as gas-phase
additive (Table 2). The data obtained are sum-
marized in Fig. 3.

As far as catalyst deactivation is concerned, it
is noteworthy that the NMM catalyst is very stable
to overheating: when it was calcined for 1-3 h at
1200°C in air, its activity and selectivity diminish
in the OCM reaction by less than 10%.

3.3. IR spectroscopy study

In order to carry out spectroscopic analysis of
isotopic C, products of the oxidative coupling of
equimolecular CH, + CD, mixture, two sets of
reaction products have been synthesized: at low
(3%) and high (25%) methane conversion
(Table 3). It was established that the value of H~-
D exchange between CH, and CD; is insignificant
at low methane conversion.

In order to obtain experimentally more reliable
data about the composition of (HD)C, products,
the mixtures of (HD)ethanes, only, and
(HD)ethylenes, only, were recorded in the solid
(frozen) state. It eliminates the rotational struc-
ture of vibrational bands and induces the appear-
ance of narrow Q branches and thus improves the
precision of spectral analysis.

The IR spectroscopic analysis of frozen
(HD)C, hydrocarbons has the advantage over IR
and mass-spectral measurements in the gaseous
state. All deuterated ethylenes and ethanes are
characterized by well resolved absorption bands
in solid state.

As illustrated in Fig. 4, the original broad rota-
tion—vibration structure of vibrations of gaseous
ethane and ethylene disappears in solid state. For
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Fig. 4. IR spectra of solid (frozen at —190°C) and gaseous (1)
ethane, (2) ethane: (3) ethylene.

example the width (FWHM) of the C—-C bending
vibration of ethane at 830 cm ™' decreases from
70 cm ™! in gas phase to 2 cm ™! in solid state.
Apart from the disappearance of the rotational
structure in IR spectra of C, products frozen at
low temperature, it is necessary to take into
account the possibility of the spectra displaying
other phenomena, such as: (i) {gas—solid) band
shift; (ii) the appearance of vibrational-band fine-
structure splitting as a result of the crystal-field
effect.

Such an effect can be seen distinctly in Fig. 4.
Fortunately, this phenomenon did not affect the
interpretation of data obtained.

As illustrated in Fig. 5, the spectrum of
(HD)ethanes in solid state is more informative
than the corresponding one in gaseous state. In the

case of high methane conversion the IR spectrum
contains a full set of absorption bands, which are
assigned to the isotopic enhances: dy, d,, d,, ds,
d4, ds and d4 (Fig. 5 B). It should be noticed, that
apart from the frequencies of (HD)ethanes listed
in Table 4, a number of the additional bands (733,
686 cm™') was observed in the spectrum of
(HD)ethanes at high conversion of methane,
which may be assigned to H;CCHD, (d,) and
H,DCCHD, (d;). The positions of v CCH(D)
bending vibrations calculated theoretically are
presented at the bottom of the picture as sharp
‘islands’. As one can see there is a good correla-
tion between the experimental and theoretical
data.

Atlow methane conversion only three isotopes:
H,;CCH;, H;CCD;, D;CCD; (dy, a-d;, dg) were
observed in the spectrum of the frozen products
(Fig. 5 D). A very similar result was obtained for
the composition of the (HD)ethylene products of
the oxidative coupling of the equimolecular mix-
ture CH, + CD, (Fig. 6).
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Fig. 5. IR spectra of (HD)ethanes: (A) gaseous, 25% methane
conversion; (B) sample A in solid state at — 190°C; (C) gaseous,
3% methane conversion; (D) sample C in solid state at — 190°C.
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At 25% methane conversion, all deuterated eth-
ylenes have been identified in the spectrum of the
products, but noticeable amounts of the isotopes
H,CCH,, H,CCD,, and D,CCD, were exhibited
for the conversion of the 3% (CH,+CD,) mix-
ture. The experimental position of the IR bands
Vax Of solid (HD)ethanes and (HD)ethylenes
are summarized in Table 4, as well as the theoret-
ically calculated vibrations for gaseous (HD)C,-
1sotopic molecules [13].

The concentration distribution of the ethanes:
dg, a-ds, dg reflects the relative concentration of
CH; and CD; determined by the kinetic isotope
effect. We attempted to estimate the concentration
ratio of isotopic ( HD)ethanes using the values of
integral intensity for gaseous molecules from lit-
erature data [ 13—15] and suitable (our own) data
obtained for individual solid C,D¢ and C,H,.
Rough estimation of the concentration ratio
(H:CCH;]:[H,CCD;1:[D,CCD;4] at low meth-
ane conversion was determined by IR spectros-
copy as 1.7:2.7:1 respectively, and it reflects a
kinetic isotope effect in methyl radical formation.

The concentration ratio dy:a-d;:dg of the eth-
anes was calculated also based on kinetic isotope

Table 4

IR spectra of gaseous and solid labelled (HD )ethylenes and (HD.)ethanes, cm ~

dp dg dpdy d,

A

% TRANSMIT TANCE

900 800 700

WAVENUMBER (cm™)

Fig. 6. IR spectra of (H-D)ethylenes: (A) gaseous, 25% methane
conversion; (B) sample A in solid state at — 190°C; (C) gaseous,
3% methane conversion; (D) sample C in solid state at — 190°C.

effect, ky/kp (1.2-1.5) in methyl radical forma-
tion and statistical distributions of isotopic ethanes

1

Ethylenes @ v,, C-H(D) bending v,, C-H(D) out-of-plane Ethanes # v CCH(D) bending
gas solid gas solid gas solid
C,H, d, 1444 1438 949 947 C,H¢ d, 821 819
C,H,D d, 1403 1396 807 808 C,HD d, 715 714
806 805
H,CCD, a-d, 1384 1378 742 753 trans-(CH,D), ds 791
cis-(CHD), d, 1342 1336 842 852 gauche (CH,D), d, 715 716
805 803
trans-(CHD), d, 1300 1295 727 735 H,CCD, a-d; 685 680
676
C,HD, ds 1290 1283 724 726 trans-(CHD,), d, 635 631
720 720
C,D, d, 1078 1073 720 721 gauche (CHD,), d, 618 620
651
C,HD; ds 599 599
631 631
C,D, de 594 594
592

v gas, calculated theoretically [ 13,14]; » solid, determined experimentally in this work.

& Number of deuterium atoms in molecule.
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Table §
Concentration ratio [ D;CCD;]:[H;CCD;]:[H,CCH;) versus value
of kinetic isotope effect (ky/kp) in methyl radical formation

ku/ kp D,CCD;s H,CCD, H,CCH;
1.2 1 2.53 1.57
1.3 1 2.7 1.86
1.4 1 2.94 2.15
1.5 1 3.16 247

at given KIE within the framework of collision
theory. We assumed that every collision of CH;
and CD; radicals results in ethane formation with
activation energy close to zero. The number of
collisions Z per volume unit per time unit was
estimated from the following equations [16]:

CH; - - - CH;
Znn=md*(4KT/ 7m)V2(N/V)?  CD; - - - CD;
Znp = md?(8kT/ m) > (N,N/V?) CH; - - - CD;

The data calculated are shown in Table 5. The
comparison between the experimental and the cal-
culated data shows that the distribution of
(HD)ethanes in products at low methane conver-
sion corresponds to the value of ky/kp=1.3.

4. Discussion

The activity and selectivity of the catalysts
based on natural manganese minerals in the reac-
tion of the oxidative coupling of methane are very
close to those prepared with synthetic manganese
oxide catalysts [4-7,12] at high manganese oxide
content (20-25 wt%). It confirms to the so-called
‘Boreskov’ rule, which states that independently
of the preparation method of the catalyst, at high
temperature, the catalyst properties in stationary
state depend, mainly, on the composition. The
overall mechanism of methane activation reaction
is probably similar for both synthetic modified
MnO, catalyst and NMM catalyst.

The mechanism of the methane oxidative cou-
pling is currently under consideration, especially
as far as the nature of primary intermediate species
and C, hydrocarbons is concerned [1-3,17]. At
present, a few reaction routes for oxidative cou-

pung of CH, to C, hydrocarbons are under con-
sideration. They involve CH; and CH, radicals as
primary species [1].

To obtain the information about the primary C,
hydrocarbons, the products of the oxidative cou-
pling of CH, +CD, equimolecular mixture [18]
over NMM catalysts were studied. For the first
time conversion of CH,+ CD, mixture in OCM
reaction was studied in the seminal work of Nelson
and Cant [19]. They have studied the mixture of
gaseous (HD)C, products in OCM reaction over
Li/MgO, SrCO; and Sm,0; catalysts and have
showed that the participation of methylene radi-
cals in this systems is not significant.

To avoid some ambiguity in the quantitative
estimation of gaseous (HD)ethanes amounts by
IR spectroscopy we used for the first time the
cryospectroscopic technique to determine the
composition and the structure of (HD)ethanes
and (HD)ethylenes separately [20].

If CH; radicals are produced on the surface of
the catalyst and then released into the gas phase,
they dimerize to yield ethane as the primary C,
product. If ethylene is produced by gas-phase con-
version of ethane, in this case the formation of C,
products may be described by the reaction
sequence (Scheme 1) and relative concentrations
of dy, a-d, and d, ethylenes would not be signifi-
cantly different from that of the ethanes [19].

If, along with CHj; radicals, carbene species
CH, are produced on the surface of the catalyst
and methylene species are released to the gas
phase, then the whole set of (HD)ethanes arises
in gas phase, as shown in Scheme 2.

The data obtained show that at low conversion
of the equimolecular mixture CH, + CD, over the
natural manganese mineral catalyst only three iso-
topic ethanes: dy, a-d;, d¢ and three isotopic eth-
ylenes: d,, a-d,, d, were produced with the very

CH, + CD, _cat0x o CH, + CDy
HaCCH3s —» H2CCH2 (1)
CH; + CDy <H3CCD:§ ~» H2CCD:2
D3CCD3 ~—» D2CCD2
Scheme 1.
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CHa + CD4 ._2at0x . CHy + CD;” + CH, + CD,
CH2 + CDa

—~ CH,D* + CDjy"
CDz + CHs ———= CHD," + CHy-

CHj* HaC-CHa do
HaC-CH2D di
H3C-CHD:2 dz
CH2D" H2DC-CH2D dz (2)
- H2DC-CHD:2 ds
HaC-CDs a-ds
CHD," HD2C-CHD2 da
H2DC-CDz da
HD2C-CDs ds
CDy" D3C-CD3 ds
Scheme 2.
v D
HsC-CDa  ——+ H-C~C-D ———& H20=CD2
H: D
Scheme 3.

close distribution of respective deuterated mole-

cules.

This fact suggests that:

(i) ethane is the primary product, and the result
of the recombination of methyl radicals in
gas phase;

(i1) probably, ethylene is produced by gas-phase
conversion of ethane and/or oxidative
remote of two hydrogen atoms on the surface
(Scheme 3). (However, the this supposition
is less reliable, since in this case H-D
exchange and appearance of different
(HD)ethanes are more probable.);

(iii) no evidence of carbene species CH,(CD,)
was detected in the gas phase.

At high methane conversion (more prolonged
residence time) all (HD)ethanes and
(HD)ethylenes were detected. It may be con-
nected with the following:

(i) CH, (CD,) species can be formed on the
surface and then released to the gas phase.

(ii) at high residence time, substantial secondary
H-D exchange between the hydrocarbons
takes place.

5. Conclusions

Natural manganese minerals are interesting
materials which can be used as starting material
for the preparation of selective catalysts for the
oxidative coupling of methane. These catalysts
possess high temperature stability and long sta-
bility in the OCM reaction. IR and ESCA studies
show that in NMM catalysts the manganese oxi-
dation state is strongly modified to low oxidation
states when the materials are treated under hydro-
carbon atmosphere.

Investigation of the oxidative coupling of a
CH, + CD, equimolecular mixture over catalysts
based on natural manganese minerals shows that
at low methane conversion, (HD )ethanes are the
primary products of dimerization of CH, and CD,
radicals in gas phase.

An IR cryospectroscopic method was devel-
oped for analysis of frozen (HD)C, products of
oxidative coupling of CH, + CD, mixture and was
applied for the first time to study the composition
and structure of all (HD)C, hydrocarbons formed
in the OCM reaction.
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