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Conversion of CH, with a N, microwave plasma (2.45 GHz) is studied. The experi-
ments cover the absorbed microwave power range 300-700 W with 17-62% of
methane in the gas mixture, with pressures of 1040 mbar and flow rates of 140-
650 ml-min~'. The yields of C, hydrocarbons and dihydrogen are analyzed by gas
chromatography. The distance of methane addition downstream of the plasma plays
an important role on the composition and the concentration of the products obtained.
This distance mainly determines the energy concentrated in the active species of
the plasma when they react with methane. Different behaviors for acetylene forma-
tion, on the one hand, and for ethane and ethene formation, on the other hand, have
been observed, and this finding allows us to propose a kinetic mechanism for the
decay of methane and for the formation of C; hydrocarbons.
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1. INTRODUCTION

Reaction of methane with a nitrogen plasma is the subject of a great
number of studies in various domains such as:

—simulation of Titan’s atmosphere!"?;
34).

—detoxification of gases generated by combustion®*;
—properties and reactions of CN radical®®;
—metal coating'®;

—conversion of natural gas.”

The plasmas involved in these experiments are usually cold plasmas
created either by microwave discharges,“> RF discharges,”” or by corona
discharges."
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Fig. 1. Experimental setup.

The aim of our study is the direct conversion of methane in C, hydrocar-
bons. The present paper reports experimental results concerning methane
transformation by means of a nitrogen microwave cold plasma and discusses
the possible kinetic mechanism that governs the methane decomposition and
the product formation on the basis of the comparison of kinetic constants
given in the literature and on the basis of experimental results.

In a previous paper,®” we have reported the experimental results
obtained by introducing methane into the post-discharge zone of air micro-
wave plasmas. A typical example is the following: the percentage of methane
consumed is 82% and the yields (moles product/moles methane consumed)
of acetylene, ethylene, ethane, hydrogen, and carbon monoxide are, respec-
tively, 13, 2, 2, 90, and 62%; the carbon balance is 96%. The deficit can be
attributed to formation of higher hydrocarbons and derivatives of hydro-
cyanic acid. An interesting feature is that, by choosing appropriate condi-
tions, no solid carbon nor carbon dioxide is obtained even at a high
conversion ratio. Now, we have simplified the reaction medium by using
nitrogen instead of air in an attempt to determine the main reactions leading
to product formation. Direct conversion of methane to C, hydrocarbons has
generated widespread interest because of important industrial applications.®

2. EXPERIMENTAL

The experimental setup is shown in Fig. 1. A microwave generator
(Thomson-CSF, 2.45 GHz, adjustable power up to 1500 W) is connected to
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a rectangular waveguide cavity of about 1 m length. Resonance is obtained
by adjusting the position of a sliding short located at the end of the cavity.
Stationary electromagnetic waves produce a plasma in a cylindrical reactor
crossing the cavity. The reactor is made of fused silica and its inner diameter
is 2.8 cm (0.d.=3 cm). The part of the reactor located in the waveguide is
small compared to the total volume of this last one. Thus, it is possible to
assume the perturbation induced by the reactor to be weak, so when properly
adjusted, the cavity could be operated in the empty cavity modes TEq ..
At low pressure a surface wave propagates along the reactor; when the
pressure rises (P> 30 torrs), a change of the propagation mode takes place
and the plasma moves off the walls to occupy the central part of the reactor.

Incident (I1;) and reflected (I1,) powers are measured by a powermeter
(HP 432A) connected to thermistors (HP 478A). Energy losses in the line
are supposed to be negligible, so the energy absorbed by the gas is
n=11,-1M,.

Methane is introduced into the plasma gas by means of five ports distri-
buted all around the reactor (Fig. 1). Another port is used to measure the
pressure P. The distance d separating the ports from the cavity can be
modified between 0.9 and 4 cm by moving the reactor. Some experiments
have been carried out with an axial injector (Fig. 1) so as to introduce
methane into the cavity, except that in this case, a weak carbon deposition
is observed on the reactor at the end of the discharge.

The pressure is measured by means of a baratron (MKS 122A). The
static leakage rate for the whole setup is about 0.08 mbar/min. Research
grade gases (99.995% minimum) are purchased from Air Liquide, and mass
Aowmeters (Alfagaz RDM 280) measure the gas flow rates F given in STP
conditions, i.e., 298 K and 1 bar.

With this device, the following parameters have been investigated: con-
sumption of methane a and of dinitrogen y, and yields of products Y.,
defined as follows:

a =100 (moles of methane consumed/moles of methane introduced)
y =100 (moles of dinitrogen consumed/moles of dinitrogen
introduced)
Y, = 100 (moles of X produced/moles of methane consumed)

For carbon or hydrogen balance, selectivities of products S, are obtained
as K- Y,, where K is equal to 2 for C, hydrocarbons and 0.5 for dihydrogen.
The experimental variables are:

—flow of methane/flow of dinitrogen (f);
—the distance between the ports of methane introduction and the cavity

(d);
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—the pressure (P);
—the microwave power absorbed (I);
—the gas flow (F).

Chemical analysis is performed by gas chromatography (Girdel 3000
with a thermal conductivity detector). Dinitrogen, methane, and dihydrogen
are separated by a silicagel column (6.40 mlong); ethane, ethylene, and
acetylene are separated by a shorter column (1.80 m long). Traces of propane
and butane are also detected. Nitriles and ammonia are trapped by silicagel
columns, so they cannot be analyzed.

3. RESULTS

The experimental results are shown in Figs. 2-6. An important point
is to determine if the chemical reactions occur as a consequence of the
temperature increase or of the active species generated by the discharge. The
effect of temperature on methane pyrolysis has been extensively studied.
Without a catalyst, no direct conversion is produced under 1000°C; for a
stoichiometric CH,/O, mixture, oxidation is detected at 550°C."”> We have
measured the temperature of the plasma at the point of mixing with methane,
by means of a Pt-10%Rh/Pt thermocouple coated with silica (Fig. 2). It is
in the range 300-800°C in the usual conditions; it is about 900°C only when
the maximum value of the microwave power is used. So it can be assumed
that the reactions occurring in this CHs/N, system are initiated by the active
species of the discharge.

From Figs. 3-6, it turns out that the main features are the following:

—acetylene and dihydrogen are not obtained if d is longer than 2 cm.
In the same way, acetylene was missing for d>2 cm in the work
previously mentioned and carried out with an air plasma®;

—yields of ethane and ethylene are very similar functions of the different
parameters;

—if the distance 4 is longer than 3.2 cm, C, hydrocarbons are not
obtained though methane is still consumed. It must be supposed that
HCN, nitriles, and NH; are formed as observed by Raulin ¢t al.""!
and Thomson et al.®

—as expected, dinitrogen decay hardly varies as a function of B since
the experimental conditions of the microwave discharge remain the
same while the flow of methane varies.

The distance d is a factor determining the time necessary for the active
species of the plasma to meet methane. This time of flight can be estimated
between 0 (when methane is introduced in the end of the luminous part of
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Fig. 2. Kinetic temperature of the gas versus incident power I1,. F=350 ml STP/min; P=
13.2 mbar; B=2/5. O, (J: pure dinitrogen plasma; @, B: dinitrogen plasma + methane. C:
center; W: near the wall.

the plasma) and 3ms (when d=32cm, P=10mbar, and F=140ml
STP-min™"). According to the lifetime of each active species, the composition
of the system is modified with d; so the distance d is also a factor determining
the nature of the products.

As suggested by the experimental results, three different zones for intro-
duction of methane must be considered:

—end of the plasma: all the chemically active species plus energetic
electrons are present; the electron temperature measured by means
of a floating double probe'” is of the order of 10° K (zone A);
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Fig. 3. Methane conversion a(%), dinitrogen decay y(%). and yields Y,.(%) versus methane/
dinitrogen ratio 8. Radial introduction; F=300-650 ml STP/min; d=09 cm; P=13.2 mbar:
M,=370W. ®:CH,, O:N,; ®:H,; A:C:H,; d: C;Hy; ¥v:C;H,.

—intermediate distances: (2-3 cm) corresponding to the beginning of
the post-discharge; energetic electrons have disappeared (zone B);
—attenuated post-discharge (4> 3 cm): the active species remaining are

those having long lifetimes (zone C).

As part of an applied study concerning conversion of methane,® we
have tried to obtain better acetylene yields by introducing methane into the
plasma and by increasing pressure. To reduce the distance d, it was necessary
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Fig. 4. Methane conversion a(%), dinitrogen decay y(%), and yields Y.(%) versus distance d
of methane addition after the cavity. Radial introduction; F=350 ml STP/min; 8=2/5; P=
13.2 mbar; I1,=370 W. @: CH,;; O: N,; B:H,; A: CH,; O: C;H¢; ¥: C:H,.

to use an axial introduction composed of a cylindrical tube with a pepperpot
ending, as shown in Fig. 1. In Figs. 6 and 7, C; hydrocarbon ratios (moles
of hydrocarbon formed/moles of methane introduced) are shown as a func-
tion of pressure and distance of methane introduction. Again, it appears that
acetylene behaves differently from the other two C, hydrocarbon behaviors.
Raising pressure or decreasing introduction distance leads to an increase of
acetylene production but has little influence on ethylene and ethane
production.

Below, we investigate the following on the basis of thermodynamic and
kinetic data:

—the active species of the plasma (discharge and post-discharge) and

the reactions between these species and methane;
—the reactions of formation of C, hydrocarbons and other products.
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Fig. 5. Methane conversion a(%), dinitrogen decay y(%), and yields Y ,(%) versus absorbed
microwave power I1. Radial introduction; F=350 ml STP/min; $=2/5; P=13.2 mbar; d=
09cm. ®:CH,; O:N,; B:H,; A:CH,; O: C;Hg; ¥: C,H,.

4. REACTION MECHANISM

In this section, we discuss the reactions considered relevant to explain
the decomposition of methane and C, hydrocarbon formation in the system
studied here. Table I shows rate constants involved in the following kinetic
scheme, and Table I shows standard enthalpies of formation of species that
might form during methane conversion processes. Thermodynamic data do
not govern the chemical mechanism and the rate law of methane conversion
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Fig. 6. Moles C, product/moles CH, introduced versus pressure P. Radial introduction; F=
140 ml STP/min; $=2/5,d=09cm; [T=290W. A: C,H,; O: C,H¢; ¥: C,H,.

but may provide some information. Due to the experimental results, some
global endothermal reactions can be taken into account, such as

2CH,=C,H,+3H,, AH°=376.5kJ
2CH4=C,H4+2H;, AH°=202.3 k]
2CH,=C;Hq¢+H,, AH°=65.1kJ

CH,;+0.5N,=HCN+ 1.5H,, AH°=210.0kJ
CH,;+N,=HCN+ NH;, AH°=164.1 kJ

Obviously, initiation of methane decomposition requires species with
an energy high enough to break a H-CHj; bond and a lifetime long enough
to be present when methane is introduced. Generally, these two conditions
are opposite and are fulfilled only by a few species. In the following section
we survey the main species of the nitrogen plasma fulfilling these conditions.



238 Oumghar et al.

10

moles CzH; / moles CHy4 introduced (%)

d (cm)

Fig. 7. Moles C,H,/moles CHy introduced versus distance d of methane addition after the
cavity using the axial introduction of methane. F=170 ml STP/min; $=7/10; P=25 mbar;
M=290 W.

4.1. Initiation Reactions

It is well known that molecular nitrogen subjected to the action of an
electrical discharge is very reactive chemically. This reactivity is mainly due
to vibrationally excited molecules in the ground electronic state ('S, , v),
electronically excited molecules in metastable states (AT, (&',
(a'Tl,), and N atoms in the ground state (*S) or in the metastable states
(*D) or (*P). Ions (mainly N*, N3, N7) and also electrons can account for
the reactivity of the medium."'"

Radiative species such as N,(CT1,), No(B’T1,), N5 (B°Z;) are respon-
sible for the greater part of the spectra of nitrogen; but due to their short
radiative lifetime their contribution to the chemical reactivity of discharged
nitrogen is not large.
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Table I. Kinetic Data

Temperature
k range
Number Reactants Products (ml - molecule™ - 5™ (K} Reference
1 CH,+e(e>10eV) — CH, (8y, Ss) k=/(T) 13
2a CHs+Ny(4,0=1) — products 1.5x 107" 14
2b — - CH, +HN, 17
3 CH,+Ny(X,v>20) —  CH;+H+N,
4 CHs+N - CH,+NH 1.7x 107" exp(—12000,T) 24
(estimated)
s CH, +Nj - products 1.3x107° 30
6 CH +N"* — products L1x107° 30
7 CH,+CH, = CH, k. =40x 1070 x T 300 2000 32
8 CH,+CH, - C:Hy+H» 1.7 x 107 exp(— 16000,/ T) 1500 2500 2
9 CH,+CH, — C.H? 1.7x107" 33
10 CH,+'CH, - C:H,+H 3ox107" 37
1 CH, +'CH, — C.H,+H 7.0x 107" 300 3000 23
12 CH,+CH — products 5.0x 107" exp(200/T) 200 700 23
13 C.H,+CH, — C,Hs+CH, 19x107" 300 800 23
14 C.H; + C;H; - C:He+CH, 24x 107" 300 1200 23
15 C:Ho+Ny(4, 0=1) — products 36x 10" 14
16 CaHo+ Nao(X, v) — products
17 C:H+H - C:Hs+H, 24x 107" x T' P exp(—3730/T) 300 -2000 23
18 CH:+CH, — C:Hs+H 1.3 107 exp(—13275/T) 1500- 3000 32
19 C;H,+CH; — CH,+C3Hs 2.5% 107 x T exp(—3043/T) 300 1500 23
20 CH. +CH. —  C,H:+Hs (or 2H) 2.0% 107" exp(—400/T) 300 3000 23
21 CH+CH — C:H: 20x107"° 38
22 CH,+C - CH,+H 83x10 " 24
23 CH,+CH - C:H,+H 6.6x107" 24
24 CH;+N - HCN +H, 1.4x10" 363 25
25 CH.,+N - HCN +H 8.3x 107" (estimated) 24
26 CH,+NH - HCN+2H 5.0% 107" (estimated) 24
27 CH+NH - HCN+H 8.3% 107" (estimated) 24
28 CH,+CN - HCN +CH, 7.0 107"3(T/298)* exp(16/T)  295- 700 19
29 H,+CN - HCN +H 5.0%x 107" x T?** exp(—1118/T) 40
30 Ni +H. — N-H'+H 1.8x107° 30
31 NI +H - N.H" 36
32 NoH' +e — NH+H 36
33 Nean +H - NHais) 35
34 H+CH, - H,+CH, 22x 107 x T % exp(—4045/T) 300 2500 23
35 C;H<+CH; il CiHy k,=47%107" 300 800 23
36 C,H; + CH; a CsHyo k,=19x107" 300 1200 23
37 CH;+N — H.CN+H 1.3x107" 363 25
38 H,CN+N — HCN +NH 6.7x107" 363 25
39 CH +NH, — HCN +2H 5.0x 107" (estimated) 24
40 CH,+N; — products <i0™' 37
41 CH+N, - products 1.7x 107" exp(975/T) 297 675 41
42 CH,+N(’D) - products 1.5% 107" 300 27
43 C+N, - CN+N 1.1 x 107" exp(—23000/T) 40
44 CH+N - CN+H 21x107" 26
45 CH,+N - CH+H, 1.6x107" 42
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Enthalpy of forma-  Reference
Atoms, ions, tion (1l bar, 298 K),

Molecules radicals kJ/mole
N3 1509.5 4
CH4(S3) 1128.8 12
CH4(Sy) 926.2 12

Ny(X, v) 0-945.4
C,(gas) 837.7 44
C(gas) 717.7 44
N;(A4, v=0) 598.2 14
CH 594.1 44
N 472.7 44
CN 435.1 44
CH, 386.4 44
NH 376.6 44
C,H, 226.7 44
H 218.0 44
NH, 190.4 44
CH, 145.7 44
HCN 135.1 44
N,H, 954 44
C,H, 52.5 44
C(solid), H, 0

NH;, -459 44
CH, —74.9 44
C,H, —84.7 44

Now we will examine the species with sufficient energy, concentration,
and lifetime to induce the decomposition of methane.

4.1.1. Electrons

The study of electron-methane collisions by Nectoux et al.'? points
out that electronically excited methane S, (9.6 and 10.4 eV) and S, (11.7 V)
are the precursors of the products due to an electron collision to give CHj,

CH,, CH, and C according to the following reactions:
e(e>10eV)+CH,

CH4(S5,,S;) —

- CH4(S| ) Sz) +e

CH;+H
CH,+H+H
CH,;+H,
CH+H,+H
C+H,+H,

(1)
(1a)
(1b)
(lc)
(1d)
(le)
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For collision of methane with species, such as electrons, it is possible to
assume an activation energy of about 9.6 eV ; when a species is able to react
with methane via a transition state, the activation energy may be appreciably
lower.

Cross-sections for dissociation of methane by electron collisions have
been reviewed by Morgan."'> With these data we have computed the corre-
sponding rate constant as a function of electron temperature (Fig. 8). It turns
out that when methane is introduced near or into the discharge, electrons can
participate in initiation of the reaction. As, upon increase of the injection
distance, electron temperature and density rapidly decrease, collisions with
electrons will be of lesser importance in the chemical reactivity of the system.

4.1.2. Metastable Ny(A)

The metastable N»(A4) is produced in the discharge by collisions with
electrons and also radiatively from the B'Il, state. In its zero vibrational
level, this metastable molecule is 6.2 eV above the ground state, and its
radiative lifetime is about 2 5.'¥ Thus, this species is able to break the bonds
of many organic molecules. Golde et al."'> have investigated the quenching
of vibrational states (v= 0 to v =6) of N;(A4) by methane; they have observed
the presence of hydrogen as a consequence of quenching. Thus, the metast-
able molecule N»(A) is a possible candidate for initiation of decomposition
of methane:

CH4+Ny(4,v) = CH;+H+N, (2a)
CH4+N,(4,v) = CH;+HN, (2b)
Reaction (2a) has also been pointed out by Wright et al."® in studies

dealing with active nitrogen. Reaction (2b) needs about the same energy as
(2a), but reaction (2b) gives the radical HN, which has a very short lifetime,
greatly limiting its role in the mechanism."'”

4.1.3. Dinitrogen N,(X, v)

In dinitrogen, large transfer rates of e-v processes during elcctron-
molecule collisions populate the vibrational levels, and large vibrational
transfer rates (v-v processes) are associated with unusually low vibrational-
translational transfer rates (v-¢ proccsses)."s"g) Moreover, vibrational states
for a homonuclear molecule are metastable. Thus, in dinitrogen, the popula-
tion of the 46 vibrational levels is important, and they have a long lifetime.
As these vibrational levels are not easily quenched on the wall, it is possible
to find these active species far in the post-discharge.?” The dissociation
energy of a -C-H bond in methane is 4.5 eV and this energy tallies with
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vibrational levels for v=20. As an example, Capitelli et al.""® have calculated
a concentration of about 2 x 10" molecule/ml for v between 20 and 40
for a pressure of about 4 mbar, a gas temperature of 1000 K, an electron
temperature of 20,000 K, and after a time of 1 ms. Thus, the following
reaction can be retained as initiation reaction:

CH4+No(X,v>20) — CH;+H+N; 3)
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4.1.4. Metastable N,(a') and N»(a)

The energies of these states are, respectively, 8.52 and 8.67 eV, with
lifetimes of about 13 to 500 us for (a')*" and 80 us for (a).*® Thus, these
states have an energy high enough to break a H,C-H bond. Rate constants
for quenching of Ny(a’) and N,(a) by methane have been measured.®?
Dissociation of methane is a probable way of quenching, as for quenching
of N»(A). Concentrations of these species in a microwave plasma are not
known, but we can assume that [N,(a')] or [Nj(a)] « [N2(4)], so it appears
that their chemical reactivity is negligible regarding N,(A4) chemical
reactivity.

4.1.5. Nitrogen Atoms N(*S), N(°D), and N(°P)

Dinitrogen dissociation in a microwave discharge reaches a few
percent.”” Ground-state atoms have a low recombination rate constant in
the gas phase in our experimental conditions (relatively high temperature
and low pressure)*” and a low recombination coefficient on silica.*” Thus,
under these conditions, they may survive for a long time after the discharge;
their presence in the afterglow and their chemical reactivity have been dem-
onstrated for some time."'" However, the rate constant of the following
reaction is low**:

CH,+N(*S) — CH;+NH 4)

so N(*S) does not participate to a great extent in the initiation of the reaction
but exhibits high rate constants with CH, radicals,****?* and consequently
N(*S) may play an important role in product formation.

In contrast, N(°D) shows a higher rate constant of reaction with
methane (Table 1)**”?® but a concentration several orders of magnitude
lower than N(*S); as an example, in a positive column the ratio
[CD)+ (PP))/[(*S)] is about 1072 N(°P) atoms are less reactive than
N(’D),?” so the chemical contribution of nitrogen atoms would be negligible
for initiation reactions.

4.1.6. Ions

Ion reactivity 1s important with methane since the following reactions
have high rate constants"*”:

CH,+N; — N,+CH;7+H 5
CH,+N* — CH;j +NH (6)

These reactions can take place when methane is introduced into or very near
the discharge, but it is necessary to remember that ion concentrations are



244 Oumghar et al.

about 10" or 10'* molecule/ml; so their role cannot be important in this
system. Moreover, Hiraoka et al.®" have shown that in an rf discharge the
formation of the main products arising from methane decomposition pro-
ceeds by a radical mechanism rather than an ionic one. We may thus con-
clude that the main species for initiation reactions are electrons, N>(A4) and
Nz(X s D).

4.2. Product Formation

In this section, we investigate the main reactions that can lead to prod-
ucts under our experimental conditions.

4.2.1. Ethane

According to the literature,*® the main reaction leading to ethane, with
participation of primary radicals coming from methane, is the recombination
of two methyl radicals:

M

CH;+CH; — C,H; @)

This reaction shows a rate constant of a reasonable order of magnitude
under our experimental conditions (Table I).

Ethane can be dissociated, in the same way as methane, to produce
ethyl radicals, which in turn give ethane through reaction (14), as explained
further.

4.2.2. Ethylene.

Several reactions can lead to ethylene:

CH;+CH; — CH,+H, (8)
CH,+CH, — C,H} 9
CH;+'CH, — C,H,+H (10)
CH,+°CH, — C,H,+H (11)
CH,+CH — C,H,+H (12)
C.H;+CH; — C,H,+CH, (13)
C,H;s+C,H; — C,H+C,H, (14)

The rate constant of reaction (8) is very small under our experimental
conditions compared to reaction (7). Recombination of two methylene rad-
icals CH, leads preferably to acetylene formation [reaction (20)]. Indeed,
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Mackie and Doolan®® have estimated ko(ks < ko) and Braun ez al.** have
concluded that reaction (9) is negligible in a study of CH, reactions. Thus,
the main reactions in ethylene formation are reactions (10)-(14).

Ethyl radicals can result from ethane decomposition by electron impact
or by active nitrogen'"'*'® through reactions such as

C2H6+N2(A) - C2H5+H+N2 (15)
C2H6+N2(X, U) - C2H5+H+N2 (16)

It is possible that N>(X, v) may play the same role as N;(4) in the dissocia-
tion of ethane when v is high enough.

On the contrary, the following reactions seem unlikely because their
rate constants are too low:

C:Hg+H — C,Hs+H, (17)
CH3+CH3 — C,H;+H (18)
C2H6+CH3 — C,Hs;+CH, (19)

4.2.3. Acetylene
The main reaction leading to acetylene is
CH,+ CH, — C,H,+ H, (or 2H) (20)
Braun er al.®* have also considered CH radical recombination :
CH+CH — C,H, 20

The reactions below can also be taken into account; high rate constants
have been estimated:

CH;+C — CH,+H (22)
CH,+CH — CH,+H (23)

4.24. HCN and NH;

Many reactions involving CH,4 or CH, radicals can account for HCN
formation in the three reaction zones (see Table I); the main ones are

CH;+N — HCN+H; (or 2H) " (24)
CH,+N — HCN+H (25)
CH,+NH — HCN+2H (26)

CH+NH — HCN+H 27
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CH,+CN — HCN+CH;, (28)
H,+CN — HCN+H (29)

NH; formation has been studied in discharges by Venugopalan et al.**

and also by Uyama er al.*®’; NH radicals are considered ammonia precur-
sors. These radicals are mainly formed in the discharge through the following
reactions:

N;+H, —» N,H"+H (30)
N7 +H — N,H* (31)
N,H*+e¢ — NH+H (32)

In the post-discharge, under our experimental conditions, N or H atoms do
not recombine in the gas phase but on the wall. N atoms absorbed on the
wall combine with hydrogen from the gas phase or from the surface to form
successively NH and NH,"":

N(ads)+H — NH(ads) (33)

HCN and NH; probably explain the deficit observed in carbon and
hydrogen balances. Moreover, NH, formation can explain why there is no
molecular hydrogen in zones B and C while hydrogen atoms are produced
in these zones by several reactions.

5. DISCUSSION

Comparison of the reactions examined above with the experimental
results allows us to point out some important features of the chemical mecha-
nism of the methane-nitrogen cold plasma. A schematic mechanism would
be the following:

CH,; — C.H, — C-H; = C,H, — - --
v
CH, + plasma ¢ 30)
N
CH,,CH,C — CH, — - -

It is clear that C, hydrocarbons decompose when in contact with active
species of the plasma as they are more reactive than methane. Path b needs
more energetic conditions than path « and is not active when methane is
added far from the cavity (zones B and C, d>1 cm).

—C;H, and C;H,4 experimentally show a similar behavior, different
from the behavior of C,H.. However, if we consider reactions (7)-(12),
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and (20)-(23) between primary radicals obtained from methane, ethane is
produced via CH; [reaction (7)] while ethylene and acetylene come from C,
CH, and CH; radicals {reactions (8)-(12) for ethylene and reactions (20)-
(23) for acetylene]. To explain this apparent discrepancy, we suggest that
ethylene is mainly obtained via reactions (8) and (19) involving secondary
C»Hs radicals produced by dissociation of C,Hg and that nath c¢ is of less
importance than path a;

—Since ethane is not detected in zone C, it must be supposed that the
rate of reaction (7), (k - [methyl]’[M]), is low in comparison with the rate of
reaction (37), (ki7 - [methyl] - [N]), into the far post-discharge. This would
indicate that in this zone atomic nitrogen concentration [N] is still important.

—Dihydrogen is not observed in zones B and C, although several
reactions previously quoted lead to H atoms. This experimental feature can
be explained by reactions of atomic hydrogen on the wall with adsorbed N
atoms [reaction (33)]; the reaction in the gas phase with methane [reaction
(34) in Table I] shows a low rate constant in our experimental conditions.

—It is interesting to notice that propane and butane have been detected
in very low concentrations in this work. The following reactions [competing
with reactions (8) and (19)] can explain their formation:

M
C,Hs+CH; — C;Hjy (35)
M

CHs+ C,Hs — C/Hy, (36)

6. CONCLUSION

Conversion of methane to C, hydrocarbons has important industrial
applications. For this purpose, we study the valorization of methane into a
dinitrogen cold plasma. Our experiments indicate that the activation of
methane by energetic electrons is necessary for acetylene formation, so the
valorization of methane into the near post-discharge, where carbon deposi-
tion is weak, is an interesting way of conversion. In this study, we obtain
15% of acetylene in comparison with methane introduced (Fig. 7).

Results show that it is necessary to distinguish three main kinetic mecha-
nisms corresponding to the three zones A, B, and C where mcthane
undergoes a conversion into the end of the discharge or into the post-
discharge of a dinitrogen plasma:

—zone A: Energetic electrons allow the formation of CH,, CH, and
C radicals [reaction (1)], so the formation of acetylene is observed
[reactions (20)-(23)], while active dinitrogen produces methyl rad-
icals [reactions (2a) and (3)], so ethane and ethylene are obtained
[reactions (7), (10)-(16)], with some traces of propane [reaction (35)]
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and butane [reaction (36)]. Methanenitrile HCN is formed by
reactions (24)-(29) and (37)-(38), and ammonia via reactions (30)-
(33). Dihydrogen is mainly observed in this zone.

—zone B: The electron temperature is too low, so acetylene is not
produced. Only active dinitrogen reacts with methane [reactions (2a)
and (3)]. so we observe the formation of ethane and ethylene
{reactions (7) and (13)-(16)], of propane [reaction (35)], and of but-
ane [reaction (36)]. HCN is obtained by reactions (24), (28), (37),
and (38) and NH; via reaction (33).

—zone C: In this zone, neither hydrocarbons nor dihydrogen are
detected, but a consumption of methane and of dinitrogen is observed
[reactions (2a), (3), (24), (28), (33), (37), and (38)].

This microwave cold plasma technique developed for direct conversion

of methane to C, compounds and particularly to acetylene has been

patente

d (45)
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