/
oo Resmurch
0.00 Publishing

Green and Sustainable Chemistry, 2018, 8, 1-18
http://www.scirp.org/journal/gsc

ISSN Online: 2160-696X

ISSN Print: 2160-6951

Surface Species Formed during Methane
Oxidation over Some Rare Earth Elements

Oxides

Mohammad Ateeq Al-Dosari

National Nanotechnology Research Center, King Abdul Aziz City for Science and Technology (KACST), Riyadh, KSA

Email: aldosari@kacst.edu.sa

How to cite this paper: Al-Dosari, M.A.
(2018) Surface Species Formed during
Methane Oxidation over Some Rare Earth
Elements Oxides. Green and Sustainable
Chemistry, 8, 1-18.

https://doi.org/10.4236/gsc.2018.81001

Received: November 6, 2017
Accepted: December 25, 2017
Published: December 28, 2017

Copyright © 2018 by author and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

This study has compared the ability of paramagnetic element oxides Ze. Pr,
Eu, Yb in catalyst oxidation of methane. These have been prepared by preci-
pitation, and then calcined at 600°C to get M,0;. Methane was then passed
through a disk in KBr, and the reactions were conducted at room tempera-
ture; 200°C and then 300°C. The reaction products were then identified by
E.T.LR spectroscopy. It was observed that these oxides have extracted the
protons from methane and the CH;" radicals were evidently formed. This fo-
cused radical react further to give CH,0, C,H, and the formation of Propionic
acid is reported as one of the catalytic reaction products. The study also indi-
cated the presence of aromatic products and in some instances, phenol was
identified. Thereafter, the mechanism of the reaction was envisaged. For all
the catalysts the conversion increases relatively with increasing the reaction
temperature. The study can deduce that these oxides have the same ability as
those of high paramagnetic properties to extract the proton, but the products
are trapped and react further on the surface of the oxide.

Keywords

Oxidative Coupling of Methane, Partial Oxidation, Lanthanide Oxides, I.R.
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1. Introduction

Due to the noticeable decrease of oil reserves and high oil prices globally, and
protecting the Earth from the gaseous pollutants and global warming, attention
has been directed to search for alternatives to oil, primarily natural gas (me-

thane) to produce chemicals and fuels cleaner and more environmental-friendly
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and economic value added, to maintain global economic growth and fuel sup-
plies, through research and development programs designed to convert methane
to hydrocarbons, an economically feasible ways that directly or indirectly as a
process of oxidative coupling of methane (OCM) [1]-[6].

It is industrially important to convert alkanes C,-C, to oxygenated com-
pounds, which can be used as raw materials for industries. Despite the fact that
these transformations favored heat, the problem of industries lies in finding the
appropriate operational conditions to generate intermediates containing active
and strong C-H or C-C bonds, compared to oxidation of the alkanes to carbon
dioxide CO, and water H,O.

The oxidative coupling of methane (OCM) is one of the most important reac-
tions in relation to chemical utilization of natural gas. Since pioneering works of
Keller et al [7], many studies have been made to find an efficient catalyst. In this
area, catalysts based upon lanthanide oxide have been shown to have signific-
ance, but as yet largely unrealized potential for catalyzing the oxidation of me-
thane [8]-[17].

However, it has been found in a series of catalytic oxidation that the catalytic
activity of the lanthanide oxides significantly differs from each other. Sazonov et
al. [18] compared the catalytic activity in the oxidation of hydrogen and propyl-
ene with that of the isotopic exchange of oxygen, and suggested that the catalytic
activity depends on the binding energy of oxygen to the surface and on the val-
ance of the lanthanide ions. Others suggested that the catalytic activity of the
lanthanide oxides depends on the electronic configuration of the inner 4f sub-
shell [19].

Considerable progress has been made in understanding the mode by which
methane is activated for the oxidative addition to metal centers and for the gen-
eration of methyl radicals CH;’, that are formed at the surface of the catalyst
[20]. Which eventually changes at high temperature to both oxygen compounds
(methanol and formaldehyde), and to higher hydrocarbons (mainly ethane,
ethylene) [21] [22] [23] [24].

Wang et al. [25] reported that methane could be transformed to benzene on
transition metal ions supported by HZSM-5 catalysts under non-oxidative con-
dition. This study as Keller ef al. and Driscoll et al. [7] [26] proposed a mechan-
ism for the oxidative coupling of CH, over metal oxides, in which methyl radi-
cals CH;" formed into the gas phase through a surface reaction coupled on the
surface to form ethane. While the formation of the surface-generated methyl
radicals is an accepted part of both mechanisms, it remains to be demonstrated
whether subsequent surface reactions or gas-phase reactions of the methyl radi-
cals constitute the major pathway for the oxidative coupling of methane.

Wu et al [27], suggested that, Lanthana, gave a methane conversion with a
high selection toward C,*, and an oxide interaction provided the formation of

additional oxygen vacancies which exhibited higher selectivity to C,H,. Several
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papers [28] [29] [30], examined the abilities of the lanthanide oxides to catalyze
the oxidative coupling of CH, to form C,H; and C,H, Scheme 1.

There is no conclusive evidence of any duplication of methyl free radicals on
the surface of heterogeneous or heterogeneous catalysts that lead to C,H, and
C,H,, but it is expected that this may be due to the formation of methyl free rad-
icals in the gas phase on the catalyst surface, later mating C,H,, or enter into a
series of successive surface reactions that eventually lead to full oxidation [31]
[32] [33] [34].

Methyl radicals react extensively with the lanthanide-metal oxides CeO,,
Pr,O,,, and Tb,O, which have multiple cationic oxidation states [35] [36]. By
contrast, the oxides La,O,;, Nd,O;, Sm,0;, Eu,0;, and Yb,0, react with CH,’
radicals to only a small extent. Consistent with this observation, the former
group of oxides is ineffective in the generation of CH;’ radicals which emanate
into the gas phase.

Catalytic studies with a series of rare earth oxides have been undertaken to
observe the effect of periodic trends in basicity and cationic 4f-electron configu-
ration. It is known that high surface basicity of catalyst is necessary to enhance
the C, selectivity and improve the catalytic performance of the metal oxides, for
oxidative coupling of methane (OCM) [37]-[42]. The catalytic activity of lantha-
nide oxides for oxidative coupling of methane showed maxima at Sm, Gd, and
Ho oxides. A different activity pattern was ascribed to the difference in the sam-
ple source and in the pretreatment of samples [43].

The importance of the specific surface area of the catalyst was pointed out in
oxidative coupling of methane. Tagawa et al [44] demonstrated that, an
amorphous LnAlO, catalyst shows a high activity for the C, hydrocarbon forma-
tion. The active sites were concluded to be formed on the surface of an amorph-
ous phase, because the catalytic activity decreased with the growth of the crystal-
line perovskite phase [45].

The C, hydrocarbon formation rate is proportional to the increase in lantha-
nide ionization potentials. This suggests that the basicity of the lanthanide, or
the tendency to lose anions, is closely related to the formation of the active sites
on the catalyst surface [46] [47] [48] [49]. Temperature-programmed adsorption

studies on a series of catalysts indicated that oxygen molecules were
H H H
0

-H
0 _

AVAYEERNVAYAY

HsC HiC-

+2 CHg.

2CHy ——» CyHg

Scheme 1. Surface generated gas-phase CH;’ radical.
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desorbed from the catalyst during the heating with reaction temperature, and
two kinds of oxygen adsorption sites were characteristic of the active amorphous
catalysts, Which is thought to be responsible for the coupling reaction [50].

In the oxidative coupling of methane reaction catalyzed by metal oxide, the
transfer of oxygen to the surface from bulk or gas phase is very important in its
catalytic activity, because the abstraction of hydrogen from methane is caused by
an oxygen ion present on the surface of metal oxide catalyst [51] [52] [53].
However, an OCM catalyst acts not only as the radical initiator but also as the
radical quencher.

In this study, we will try to identify the species formed on the surface of the
catalyst during the coupling reaction, leading to products with added economic

value.

2. Experimental Methods

2.1. Materials and Catalyst Preparation
2.1.1. Materials

Main materials used in the experiment were of high purity:

e Methane gas CH, (99.95%) Air products England.

e Praseodymium Chloride (99.9%).

e Europium Chloride (99.9%).

e Ytterbium Nitrate (99.9%) (Oxidized).

¢ Distilled water.

¢ Ammonium solution (sp. gr. 0.91 gm/ml, about 25% NH,) BDH Analar BDH
chemicals Itd. Poole, England.

e Hydrochloric acid (sp. gr. 1.18 gm/ml, about 36% HCI) BDH Laboratory

Reagents.

2.1.2. Equipment

e  Thermolyne (a subsidiary of Syron) Type 1500 Furnace.

e Disc maker (Perkin Elmer) Pressurized up to 15 Tons/cm?.
e F.T.LR Spectrophotometer (Perkin Elmer) Model 1600.

e  Vacuum line.

Oxides of transition metals (rare earth) would be prepared as described in the
literature in pure forms. However, mixed oxides would be prepared by
co-precipitation of the appropriate mixture of metal chlorides or nitrates by al-
kaline solutions. This method (co-precipitation) is often used to prepare oxidic
or sulfidic catalysts. A solution of a metal salt (often the nitrate) is combined
with an ammonium salt of a suitable anion to precipitate the metal ion as hy-
droxide, sulfide, oxalate, carbonate... etc. Upon heating to high temperatures
(calcinations) the compounds are decomposed to give correspondent metal
oxides. Simultaneous addition of the metal salt and the precipitating agent to the
precipitation flask gives a more uniform catalyst composition than the sequential

addition of the components [54].
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Accordingly, about 5 grams of chlorides or nitrates of lanthanide (rare earth)
metals were accurately weighed, and dissolved in a minimal volume of distilled
water. Few drops of HCI (1IN, pH = 6 - 6.5) were added to the chloride solution,
which was slightly cloudy, in order to render such solution completely clear.
Lanthanide hydroxides were precipitated by addition of a slightly stoichiometric
excess of a dilute aqueous ammonia solution or sodium hydroxide. The resulting
gelatinous suspension was allowed 24 hours for coagulation and settling of the
precipitate. Before filtration of the resulting precipitate, the mixture was heated
to boiling for one hour to change the form of precipitate from gelatinous to a
finely powdered granular form.

Filtration was performed on a Buchner funnel (No. 5) under vacuum for 20
hrs, the filter cake was washed with boiling distilled water (5 x 5 ml), collected
and dried in an oven at 600°C for 20 hrs.

Ultimately, lanthanide oxides were obtained and the brittle Praseodymium
oxide color was changed from pale green to dark brown. Remaining oxides were
fluffy porous and changed from white to light yellow. Yield: 3 grams (60%).

A sample of the metal oxide (0.025 gm) was thoroughly milled into a fine
powder with 10 times its weight of KBr. The resultant powder was pressed into a
disc using a disc maker, and a pressure equivalent to 10 ton load.

The resulting disc was exposed to a gas stream of hydrocarbons (e.g. methane
gas) (22 x 10 cm’/min, 1.2 atoms), with intervals of one hour each at a thermal
gradient starting from ambient temperature to about 185°C - 195°C, 200°C -
215°C and 250°C - 260°C, temperature control was done manually.

The infrared spectrum of the lanthanide oxide disc was measured before
changing the temperature, to elucidate any reaction that could occur, between
the metal oxide and methane, during the flow of methane over the metal oxide

(catalyst), as follows:

2.1.3. At 25°C (Ambient Temperature)

The disc was heated to 110°C to evaporate any water vapor that may be present
on the surface of the disc. After cooling to ambient temperature the infrared
spectrum was measured, to ensure the absence of water or any other adsorbed
substances on the surface of the disc. Methane gas was passed over the sample
for one hour, and the infrared spectrum of the disc was measured (by F.T.LR.
Spectrophotometer (Perkin Elmer) model 1600). The spectrum showed that the
disc contained new species. A sample of the expected species (e.g. phenol) was
grinded with the same weight of the metal oxide and potassium bromide and
measurement of the infrared spectrum was repeated. The two spectra were
compared and both proved to contain the same species indicating that the reac-

tion product consisted of phenol.

2.1.4. At Other Temperatures
The reaction disc was heated to a temperature higher than the boiling point of

the expected species (t > 185°C), grinded, pressed under the same pressure and
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the spectrum was remeasured to assure the absence of any reaction species. The
gas was passed over the disc for one hour, at 185°C - 195°C, and after cooling at
room temperature, the I.R. spectrum was measured. The process was repeated at
200°C - 215°C and 250°C - 260°C and the resulting spectra showed that at tem-
perature lesser than the boiling point (t > 185°C) of expected species the same

products were produced.

3. Results and Discussion

In a separate set of experiments, methane has been adsorbed on the surface of
the three oxides (Pr,0;, Eu,0;, Yb,0;) at room temperature, and at elevated
temperatures respectively, at a pressure of ca 1.2 atm. for one hour. The F.T.I.R
spectra of each disc have been recorded after evacuation at room temperature.
The spectra are presented in Figures 1-4.

A close investigation of the spectra indicates that the three oxides are relative-
ly similar in behavior under the specified comparable conditions. Hence, anyone
could be used as a prototype of the other two oxides. This would give a compar-
ative study that could be used as the basis of a generalized phenomenon.

The infrared spectrum region between 4000 and 200 cm™ can roughly be di-
vided into deferent regions:

1) The X-H stretch region (4000 - 2500 cm™"), where strong contributions of
OH, NH, CH and SH stretch vibrations are observed.

2) The triple bond region (2500 - 2000 cm™'), where contributions from gas
phase CO (2143 cm™) and linearly adsorbed CO (2000 - 2200 cm™) are seen.

3) The double region (2000 - 1500 cm™), where in catalytic studies bridge

C-O0
1100-1050

47.48_ c=C
%T 1600-1400

0-C=0
1 2350
A =CH,
e 730-650

\

OH
3700-3500

1720-1710

2.44 T T T T T T v
4500 4000 3500 3000 2500 2000 1500 1000 cm?! 500

T

Figure 1. Infrared absorption spectra of surface species, between 4000 and 200 cm™
formed by adsorption of methane over Pr,0;, Eu,0, and Yb,O, at Room Temperature.
These have been prepared by precipitation, and then calcined at 600°C to get M,0;. Me-
thane was then passed through a disk in KBr. at room temperature, and at elevated tem-
peratures respectively, at a pressure of ca 1.2 atm. and for one hour.
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Figure 2. Infrared absorption spectra of surface species, between 4000 and 200 cm™
formed by adsorption of methane over Pr,0,, Eu,0; and Yb,O,; at 185°C - 195°C. These
have been prepared by precipitation, and then calcined at 600°C to get M,0,. Methane
was then passed through a disk in KBr. at room temperature, and at elevated tempera-
tures respectively, at a pressure of ca 1.2 atm. and for one hour.

7651 AROMATIC

%T o=c=0
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350 T =
CH2 - CH3 1600-1400
2980 - 2930 Lo
—

OH
3700 - 3500
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4 730 - 650
EU203
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s 1830 - 1800
31.04 T T = T T T T 1

4500 4000 3500 3000 2500 2000 1500 1000 cm™ 500

Figure 3. Infrared absorption spectra of surface species, between 4000 and 200 cm™
formed by adsorption of methane over Pr,0,, Eu,0; and Yb,O, at 200°C - 215°C. These
have been prepared by precipitation, and then calcined at 600°C to get M,0,. Methane
was then passed through a disk in KBr. at room temperature, and at elevated tempera-
tures respectively, at a pressure of ca 1.2 atm for one hour.

bonded CO, as well as carbonyl groups in adsorbed molecules (around 1700
cm™).

4) The fingerprint region (1500 - 500 cm™"), where all single bonds between
carbon and elements such as nitrogen, oxygen, sulphur and halogens are ad-
sorbed.

5) The M-X or metal-adsorbate region (around 450 - 200 cm™"), where the
metal-carbon, metal-oxygen and metal-nitrogen stretch frequencies in the spec-

tra of adsorbed species are observed.
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Figure 4. Infrared absorption spectra of surface species, between 4000 and 200 cm™
formed by adsorption of methane over Pr,0,, Eu,0; and Yb,0, at 250°C - 260°C. These
have been prepared by precipitation, and then calcined at 600°C to get M,0,. Methane
was then passed through a disk in KBr. at room temperature, and at elevated tempera-
tures respectively, at a pressure of ca 1.2 atm. for one hour.

3.1.4000 - 3000 cm-1 Region

In the segment 4000 - 3000 cm ', several infrared bands show up. Mainly, we can
see the following bands:

Free (OH) group absorbed at 3750 cm™', while with bonded (OH) group, vi-
brates at 3650 cm™'. However, to distinguish between the (OH) group and (H,O)
molecule adsorbed on the surface of the oxide, we should look at the 3880 - 3300
cm™' region; where (OH) stretch of water absorbs at 3450 cm™ and shows
marked evidence of hydrogen bonding [55] [56].

Methane adsorbed on Al,O, shows the following bands in the region under
consideration [57], 3785, 3740, 3710 cm™ and it is indicative that the band at
3785 cm™ is due to hydrogen bonding. However, it is worthy to mention that
band at 3750 cm™" (width of 15 cm™) is due to (O-H) stretch of the free hydroxyl
group and the lower shift is due to hydrogen bonding. For example, in silica we
get a band at 3770 cm™ assigned to free (O-H) and a broadband at 3450 cm™
due to hydrogen bonding.

In alkylation of hydroxylated surfaces the band at 3750 cm™ decreases and
bands at 2965 and 2862 cm™" increases. The shift in the 3750 cm™ band due to
the hydrogen bonding is exemplified by the following two examples (Table 1).

The infrared spectra of all the oxides show, invariably, and at all elevated
temperatures, sharp adsorption bands at: 3882, 3835, 3741, 3612, 3448 cm™,
which according to our above discussion is a conclusive evidence of the presence
of free and hydrogen bonded hydroxyl groups. The band at 3448 cm™ is assign-
able to (OH) stretch of water and also shows marked evidence of hydrogen
bonding. Hence, one could envisage the following mechanism:

1) Formation of H-bonded hydroxyl group on the surface of the oxide
(Scheme 2).
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Table 1. The shift in the 3750 cm™ band due to the hydrogen bonding.

H-bonding with Frequency of (OH) cm™ Displacement cm™
Oxygen 3737 13
Methane 3717 33
HsC-H  HsC-H HsC-H  HsC-H HsC-H  Hs;C-H

YAVAVAVA AVA
M M M M M M M M
Scheme 2. Formation of H-bonded hydroxyl group on the surface of the oxide.

2) Formation of a free hydroxyl group and CH;" radicals (Scheme 3).

3) Formation of free and hydrogen bonded water (Scheme 4 and Scheme 5).

In the same infrared spectral region of 4000 - 3000 cm™', we expected to see
the following stretching frequencies, — CH, at 3030 cm™, = CH at 3300
cm™". However, such bands have not been observed and hence have been ex-
cluded as part of the reaction products under these conditions of reaction.

When we consider the 3000 - 2500 cm ™' region we find the following possible
absorptions: The (-CH,) group give rise to a symmetrical (C-H) stretch invaria-
bly falling between 2850 - 2890 cm™, and an asymmetrical stretching frequency
at 2940 - 2980 cm™' [56]. On the other hand the (-CH,-) group gives rise to a
band at 2930 cm™' assigned to the asymmetrical (C-H) stretch and another at
2860 cm™ assigned to the symmetrical stretch [58].

The results shown by different oxides exhibit bands at 2965, 2961 and 2855
cm™ [59]. These have been assigned to an alkoxy group formation as indicated
by the mechanism shown by Scheme 5. The specifications of such an alkoxy

group will be given later in the discussion.

3.2.2500 - 2000 cm-* Region

The infrared absorption bands anticipated at the 2500 - 2000 cm™' region are:
e The (O=C=0) asymmetrical stretch at ~2330 cm™" [60],

e The (-C=C-) stretch,

Terminal (-C=C-) shows weak band 2140 - 2050 cm™.

Non-terminal shows at 2300 - 2050 cm™.

o O O

An unsymmetrical disubstituted acetylenes exhibit infrared band at 2260 -

2190 cm™ variable intensity.

e The stretching bands of (-C=C-) are absent in symmetrically disubstituted
acetylenes (alkynes) or acetylene.

e The intensity of the (-C=C-) stretching bands is increased by conjugation

with a carbonyl group.

The infrared spectra of the absorbed methane show strong L.R. absorption
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HsC-H  HsC-H H H

]
AYAVYEERVAYAY

Scheme 3. Formation of free hydroxyl group.

+ 2CH5

/N

Hydrogen bonded

HO+MOH —

Scheme 4. Formation of hydrogen bonded.

CHy*+ OH ———— CH;0H

CH:OH+MOH — CH3

CH3

O +H,O
’ Free water

M

Scheme 5. Formation of free water.

bands at 2355 and 2331 cm™' which have been assigned to an asymmetrically
disubstituted alkyne conjugated to a carbonyl group. Doubling the frequency is
an indication of conjugated (-C=C-) groups [61] [62] [63].

The mechanism of formation of the alkyne entity is envisaged to take place
through ethylene formation as is represented by the following:

1) First possibility is the dissociation of the alkoxy group into (CO,) and (CO)
which in turn form surface carbon (C,) and oxygen leading to the formation of
the acetylenic surface species [64] (Scheme 6).

2) Moreover, the =C-H vibration stretch at 3000 cm™" region has not been
observed which rule out such a schematic mechanism.

Iii formation of ethylene according to the following mechanism [65] [66]
(Scheme 7).

Ethylene could also be formed by the reaction of (CH;") radicals with the sur-
face to form carbon radicals which then combines to yield (C,H,). The latter is
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H,O
O —— €0, 0 — C,+0, — =CH

M

Scheme 6. Dissociation of alkoxy group.

2CHy ——» C;Hg

CH3. +CHg — » CHs+ C2H5.

CoHs+0; ——  » C,Hs +HO,

Scheme 7. Formation of ethylene.

dehydrogenated to form an alkyl acetylide surface species, e.g. (Scheme 8).

It is worth noting that ethylene adsorbs irreversibly on clear platinum with
dissociation into an acetylenic species and mobile hydrogen [67].

Also, ethylene is reported to dehydrogenate upon adsorption on platinum
(III) surface, transforming into a stable acetylenic structure [68]. Further, struc-
tural evidence has been reported for the formation of the ethyldyne group on
platinum (III) [69].

3.3.2000 - 1800 cm-* Region

In the 2000 - 1800 cm™ spectral region, very weak absorption at 1989, 1942,
1919, 1889, 1866, and 1830 cm™" was observed. In this area, combination and
overtone bands appear. Their pattern is characteristic of the substitution pattern
of the ring, e.g. indication of the monosubstituted ring.

However, no assignments have been attempted and the bands could be consi-
dered either as:

1) Combination and overtones,
or

2) Noise

3.4.1800- 1100 cm-1 Region

The 1800 - 1100 cm™' region of the spectra is a wide range and within its range
many absorption bands of different compounds and structures appear, e.g. oxa-
lates, carbonates, nitrates, aldehydes, ketones, alcohols and aromatic hydrocar-
bons, etc.

Table 2 presents the infrared absorption bands in the spectral region con-

cerned with tentative group assignments.
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2CHy ——— % (CHa3),C=C: + 2H"
(CH3)2CECI + CH3.
3CH.+ Oy

CH3)3C-CECZ +3H"

Scheme 8. Dehydrogenation of C,H,.

Table 2. L.R. absorption bands and tentative assignments.

Absorption bands cm™ Group Assignment (tentative)
1795
= C-C =, C=0 stretch, (Carbonyl Carboxylic acids)
1772
1736 v (C=0) stretch,
1695 (carboxylic acid, Saturated aliphatic aldehydes, Ketones)
1648 C=C stretch, alkenes
1537 v,, COO (Carboxylate ions)
1513 C-C stretch (in ring), aromatics
1460 CHj; or CH, (Methyl bend or scissoring)
1425 v,, COO, O-H bending
1396 CH,; or CH,
1337 CH, adjacent to -C=C-, or O-H bending of Alcohols and
Phenols
1313 C-O stretch, alcohols, carboxylic acids, esters, ethers.
1266 C-0O, O-H (H bonded)
1166 CH, wag.
1114 C-O Stretch, Alcohol, Ethers, Esters.
1067 C-C, or -C=C\=C- (Allenes)
1031 Methoxy-metal, or Polydentate Carbonates

The LR. band at 1742 cm™ has been tentatively assigned to (C=0) stretch
and the 1402 cm™ band is assigned to the CH, scissors mode of the methylene
group. The 1337 cm™ and 1313 cm™ bands are due to CH, deformation. The
bands at 1460 and 1390 cm™ have been tentatively assigned to d,; (CH,) and &,
(CH,) of a t-butyl group [56] [70] [71] [72].

3.5. Below 1100 cm-1 Region

In the region of the spectra below 1100 cm™" several weak bands appear, mainly
the band at 667 and 508 cm™". The former band at 667 cm™' could be assigned to
chemisorbed CO,, while the later band at 508 cm™ might tentatively be assigned
to [Ln -O-] stretch.
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Upon evacuation at higher temperatures, the v,,(-C=C-) and 667 cm™" ab-
sorption bands diminish, while 2965, 2961, 2855 cm™ increases, and the (OH)
stretching vibration at ~3450 cm™ builds up. The 1740 cm™ disappears and the
strong bands in the 1550 - 1000 cm™ appear.

The complement of such results could be integrated and interpreted in terms
of formation of several independent species resulting from the breakdown of the
originally formed surface species.

Evidence of ring formation has been found in the 667 and 880 cm™ bands
which are assigned to out of plane (C-H) band in the mono-substituted benzene
ring, while the bands in the 1000 cm™ region could be assigned to (C-H) in the
plane band. However, the (-C=C-) stretches could be assigned to the bands at
1513, 1537 and 1551 cm™.

Mono-substitution of the benzene ring (formation of aromatic compounds) is
further indicated by the 1800 - 2000 cm™" weak absorption bands.

A methylene group could be seen, and the band at 1402 cm™ is tentatively as-
signed to the (CH,) scissors mode of the methylene group, while the 1337 cm™
and the 1313 cm™ bands are due to (CH,) deformation.

4. Conclusion

This study showed that the oxidative Coupling of methane (OCM) occurs
through homogeneous and heterogeneous catalysis reactions that begin by ex-
tracting hydrogen of methane in gas phase by activated oxygen on the surface of
the catalyst and get methyl radical CH,". On the other hand (together with H,0O
co-production), mainly for the production of ethylene C,H,, and the formation
of ethylene C,H, through both heterogeneous and heterogeneous reactions,
while Oxygenated carbon products from COy (e, CO, and CO) consist mainly
of oxidation of those gaseous phases of hydrocarbons on the catalyst surface. For
all the catalysts the conversion increases relatively with increasing the reaction

temperature.
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