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Abstract Results of chemical kinetics modeling in methane subjected to the microwave
plasma at atmospheric pressure are presented in this paper. The reaction mechanism is
based on the methane oxidation model without reactions involving nitrogen and oxygen.
For the numerical calculations OD and 1D models were created. 0D model uses Calori-
metric Bomb Reactor whereas 1D model is constructed either as Plug Flow Reactor or as a
chain of Plug Flow Reactor and Calorimetric Bomb Reactor. Both models explain
experimental results and show the most important reactions responsible for the methane
conversion and production of H,, C;H,, C,H, and C,Hg detected in the experiment. Main
conclusion is that the chemical reactions in our experiment proceed by a thermal process
and the products can be defined by considering thermodynamic equilibrium. Temperature
characterizing the methane pyrolysis is 1,500-2,000 K, but plasma temperature is in the
range of 4,000-5,700 K, which means that methane pyrolysis process is occurring outside
the plasma region in the swirl gas flowing around the plasma.

Keywords Pyrolysis - Modeling - Methane - Microwave plasma

Introduction

Microwave discharges at atmospheric pressure are efficient sources of reactive plasma,
which can be employed for gas processing such as decomposition of volatile organic
compounds, purification of noble gases, or hydrogen production from hydrocarbons, e.g.
methane [1, 2]. The microwave plasma source (MPS) developed in our lab [3-6] is an
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efficient apparatus for hydrogen production via hydrocarbons conversion. Although the
presented MPS draws a parallel to other known atmospheric pressure microwave discharges
such as a microwave torch [7] or a surfaguide-produced surface-wave discharge [8], which
is also a waveguide-based ones, it also draws some significant distinctions. As opposed to
the plasma torch, where a nozzle is an important field-shaping element, our MPS is noz-
zleless, and the plasma is not created at the tip of the nozzle but in the reduced-height
section region extending a few centimeters above and below it. The plasma region has
greater diameter than that in both aforementioned discharges, where it is up to several
millimeters. Obtaining plasma diameter up to 36 mm in gases used in our experiment
without plasma contraction and filamentation, which is expected for typical surface-wave
discharges [8, 9], is possible due to the high flow rate of the gas. In our MPS, the plasma
region resembles rather an elongated flame than a regular plasma column. Its length weakly
depends on microwave power, which is a behavior similar to that of torches and different
from that of surface-wave discharges. Our preliminary theoretical study suggests that in this
type of discharge the plasma is sustained by an electromagnetic wave. However, because the
wave-shaping region is relatively long comparing to the plasma length, a pure mode cannot
develop. A full description, either experimental or theoretical, of this type of high-
flow microwave discharge has not been performed yet. All modeling of the MPS was
limited to the physics of formation and changes in electrical field during the MPS operation
[10].

In this paper we present the chemical kinetics modeling related to methane pyrolysis in
the MPS. Experimental results were compared with the calculated ones. A set of 48
chemical reactions used in the model is presented in Table 1. It is based on the so called
“Leeds methane oxidation mechanism” [11, 12]. In spite the fact that we observed soot
formation in the experiment, we did not include the mechanism for its formation in the
table. The problem of the soot formation has been studied experimentally and numerically
for over 30 years and still is a challenge [13-16]. The important steps in soot formation
from gas-phase hydrocarbons are believed to be formation of the first aromatic ring,
formation of polycyclic aromatic hydrocarbons (PAHs), soot inception, and subsequently
soot growth. In our case the path leading to soot formation starts from formation of
acetylene which is considered as the principal intermediate species on the reaction path to
the first benzene ring. However, due to the complexity of PAHs reactions we resigned from
including them in our models.

In the model we did not include electron reactions either. From results presented by
Nowakowska et al. in [17] it appears that in our discharge the reduced electric field E/N is
of the 1 Td order and then electrons lose more than 90 % of their energy in inelastic
collisions (for vibrational excitations) so their energy is too low to cause direct dissociation
and ionization of gas molecules.

Numerical simulations of the plasma in methane were carried out using commercial
software Chemical Work Bench, version 4 with extended database, by Kintech Ltd.,
Moscow, Russia. The basic assumption is that pressure P = const.

Experimental Set-up
The MPS developed in our lab is presented schematically in Fig. 1. Details of the con-
struction can be found in Jasinski et al. [6]. Briefly, this MPS, operating at atmospheric

pressure and frequency 2.45 GHz, is based on a standard rectangular waveguide WR430
with a reduced-height section in the discharge region and two tapered sections on both
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Table 1 Chemical reactions used in the modeling of CH, pyrolysis in microwave plasma at atmospheric
pressure

No Reaction A n E Ref.
(mol cm ™ s") (kcal mol™")
R1 H, + CHx(S) & CH; + H 1.2e—10 0 0 [20]
R2 CH4; + C & CH + CH; 8.3e—11 0 24.015 [20]
R3 CH; + H < CH; + H, 2.19e—20 3 8.037 [21]
R4 CH;+ CH < C,H, + H 5.0e—11 0 —0.396 [20]
RS CH4 + CH, < CH; + CH; 7.14e—12 0 10.038 [20]
R6 CH,4 + CHx(S) & CH; + CH; 1.16e—10 0 0 [22]
R7 CH4 + C,H < CHj; + CH, 3.0e—12 0 0 [23]
R8 C,H, + C,H, & H,CCCCH + H 3.21le—15 0 57.84 [20]
R9 H, + C;H < CH, + H 1.79e—11 0 2.165 [24]
R10 C+ CH, & CGH+ H 8.3e—11 0 0 [25]
RI11 C+ CH; & CH, + H 8.3e—11 0 0 [26]
R12 H+H+M<&H, + M 5.15e—30 —1 0 [26]
RI13 H+H+H, < H, + H, 2.69e—31 —0.6 0 [20]
R14 H+CH< C+ H, 1.39e—11 0 0 [20]
RI15 H + CH, & CH + H, 1.0e—11 0 —1.78 [27]
R16 H + CHxS) & CH, + H 3.32e—10 0 0 [20]
R17 H+CH; +M & CHy + M 3.88e—24 —1.8 0 [20]
R18 H + CH; & CH, + H, 2.0e—11 0 0 [20]
R19 CH; + CH; & C,Hs + H 5.0e—11 0 13.51 [20]
R20 CH+ CH, & C,H, + H 6.64e—11 0 0 [20]
R21 CH+ CH; & C,H; + H 4.98e—11 0 0 [26]
R22 CH + C,H; & CH, + C,H, 8.3e—11 0 0 [26]
R23 CH, + CH, & C,H, + H, 2.0e—11 0 0.796 [26]
R24 CH, +CH, & CH, + H+ H 1.79e—10 0 0.796 [20]
R25 CH, + CH; & C,Hy + H 7.0e—11 0 0 [20]
R26 CH, + C,H; & C,H, + CH; 3.0e—11 0 0 [20]
R27 CHy(S) + M < CH, + M 2.5e—11 0 0 [21]
R28 CH; + CH; + M & C,Hg + M 1.0e—06 —7 2,763 [20]
R29 CH; + M&<CH,+H+M 4.83e—08 0 90.61 [24]
R30 CH + C,H; & CH, + C,H, 3.15e—11 0 0 [20]
R31 H,CCCCH+ M < CH, + H+ M 1.86e—08 0 46.51 [26]
R32 CH, +H+M < CH; + M 9.45e—30 0 1.47 [20]
R33 C;H; + CH < C,H + CH, 3.5e—10 0 —0.172 [20]
R34 C,H, + CH, & C3H, 2.0e—11 0 6.62 [20]
R35 C,H, + CHy(S) & H,CCCH + H 2.9e—10 0 0 [20]
R36 CH, + C;H < C4H, + H 1.49e-10 0 0 [20]
R37 CGH,+ M CH+H+M 1.89e—07 0 106.83 [20]
R38 C,Hys + H < CH; + H, 9.0e—10 0 14.9 [28]
R39 CH;+H+M <& CHs + M 3.72e—29 0 0.755 [20]
R40 C,Hs + CH < C;Hy + H 2.19e—10 0 —0.344 [20]
R41 C,H4 + CHx(S) & C3Hy 1.6e—10 0 0 [20]
R42 C,H4 + CH; < CH4 + C,H; 6.91e—12 0 11.128 [20]
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Table 1 continued

No Reaction A n E Ref.
(mol em™ s (kcal mol™")
R43 CH;+M < CH, + H, + M 1.65e—07 0 71.54 [20]
R44 CH; +M & CGH; + H+M 1.26e—06 0 96.58 [20]
R45 C,Hg + H < C,Hs + H, 2.41e—15 0 7.411 [20]
R46 C,Hg + CH < C,H, + CH; 1.79e—10 0 —0.263 [20]
R47 C,Hg + CH5(S) < CH; + C,H; 3.98e—10 0 0 [20]
R438 C,Hg + CH; < C,Hs + CH, 2.51e—31 6 6.046 [23]

Reaction rate constant k follows Arrhenius formula: k(T) = AT"exp(E/RT)

sides. The reduction of the height enables to obtain greater electric field intensity in the
discharge region, and the tapered sections ensure a smooth transition between the sections
of different heights. A movable short circuit (a microwave plunger) is a means of tuning.
The discharge takes place in a fused silica tube that is placed in a metallic tube. Both tubes
penetrate through the wider walls of the reduced-height section. The inner diameter of the
discharge tube is 26 mm and the plasma column diameter is about 20 mm. Methane is
delivered to the discharge region in the form of swirl with a flow rate of 50 dm®/min.
Microwave power absorbed by the plasma is 2, 3 and 4 kW.

0D Model
Model Description
For the OD modeling of chemical kinetics we used Calorimetric Bomb Reactor (CBR)

model with complete energy balance. The chemical composition and temperature evolu-
tion in the CBR are described on a self-consistent base using following equations:

e mass conservation equation for each component:

ot
e energy conservation law:
o= )
e equation of state:
v dt ,zN;hl 5 au, % e

where p is density, u—molecular weight of component, n—number of components,
Yi = p/p—mass fraction of component i; W—chemical production rate of the component
i; O—volume density of the external heat sources; N,—Avogadro number; 7—gas
temperature.
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Fig. 1 Schematic view of the experimental high-flow microwave plasma source (a) and 1D model
representation (b)

Total enthalpy of each component /; can be written in the form:
T
hi:h;’+/cp,~-dT 4)
To

where h?—formation enthalpy of the i-th component at the reference temperature; C,—
thermal capacity at a constant pressure; c, is the mass-weighted mean specific heat:

N
Cp = Z Yi-cpi (5)
=1

In our model we assume that plasma is represented as a gas of high temperature and
constant pressure. Calculations were made for initial temperatures ranging from 1,000 to
5,000 K with 100 K step and for residence time up to 1 s. Both, temperature and residence
time cover much wider range than in the experiment. As shown by Jasinski et al. [6] the
microwave plasma temperature in CH, is between 4,000 and 5,700 K, whereas residence
time in the volume of plasma represented by the cylinder seen in Fig. 1b and resulting from
the gas flow rate of 50 dm>/min is 0.037 s.

Results
Concentrations of all species included in the model can be presented as a function of
temperature and time. Of the 20 species modeled only CH,4, as a substrate, and 4 products,

i.e. Hy, C;H,, C,Hy and C,Hg, reach concentrations in experimentally measurable range.
The final concentrations depend very much on the initial gas temperature. In Fig. 2 it is
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Fig. 2 Concentrations of main species calculated using CBR model at residence time t = 1 s. Experimental
concentrations of CHy (Circle), Hy (Square), Co;H, (Traingle) and CoHy (Inverted Traingle) matching to
calculated temperatures 1500 K, 1700 K and 1900 K are marked

seen that methane concentration starts decreasing at 1,200 K and reaches almost zero at
4,000 K. At this temperature hydrogen concentration is at maximum of 78.8 %. Further
heating results in decomposition of molecular hydrogen into atoms.

Acetylene achieves the highest concentration of 16.4 % at 4,000 K and then slowly
drops down. Concentration of C,H, grows to 3.8 % at 2,200 K and decreases to almost
zero at 4,000 K. As for the C,Hg, it is quickly produced to the maximum of 0.052 %, then
drops down to 0.044 % at 1,700 K and remains constant up to 2,000 K. At higher tem-
perature ethylene is decomposed completely.

Comparison with experimental results marked in Fig. 2 shows good agreement at initial
temperatures of 1,500, 1,700 and 1,900 K. Those 3 sets of results matched at specific
temperatures correspond to the experimentally used microwave power of 2, 3 and 4 kW,
respectively. However, it must be pointed out that this agreement of numerical and
experimental results was found only at 1 s, which corresponds not to residence time in
plasma region (0.037 s) but rather to the total residence time in the system, i.e. from the
introduction of the gas into the reactor to the sampling port.

In our simulations we used the CBR model with complete energy balance which means
that during the chemical reactions temperature of the gas is changing and there are no heat
loses due to radiation. This is well seen in Fig. 3 showing also kinetics of CH4 and products
of its conversion when initial gas temperature is 1,800 K. The temperature drops in 1 s to
1,340 K due to transpiring reactions. The temperature drop means that overall process is
endothermic.

Significant changes in concentrations of CH, and main products start from 20 ps.
During 1 s methane decreases and hydrogen increases almost linearly, whereas acetylene
reaches plateau at 0.1 s. Ethylene and ethane are characterized by the first peak at 0.2 ms
followed by a slow decrease to the minimum at 22 ms and then their concentrations
increase again.

Since the residence time in the assumed cylinder of plasma and resulting from the
experimental gas flow is 37 ms the experimentally obtained concentrations of H,, CH,,
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Fig. 3 Concentrations of main species and gas temperature calculated using CBR model at the initial
plasma temperature 1,800 K. Experimental concentrations of CHy (Circle), Hy (Square), CoH, (Traingle)
and C,Hy (Inverted Traingle) are marked at residence time t = 0.037 s

C,H, and C,H, are marked in Fig. 3 at this time. As seen, most compounds match rela-
tively well to the calculations except for hydrogen concentration which is predicted to be
lower than measured.

1D Model
Model Description

Microwave plasma formed in our MPS can be represented simply by a cylinder filled
homogeneously with mixture of gases (Fig. 1b). It is assumed that the diameter and length
of the cylinder is 2 and 10 cm, respectively, according to experimental data.

Chemical reactions and flow parameters evolution in the Plug Flow Reactor (PFR) can
be described by the set of conservation laws equations of chemical hydrodynamics.
These equations for steady state conditions in the reactor can be written in the following
form:

e mass conservation equation:

d
Zpprus)=0 (6)
e momentum conservation law:
du 1 dP
- - . (7)
x p dx
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e energy conservation law:

d 2
p'”a(Zhi'YiJF%)_Q (8)

e mass conservation equations for each component:

ay, w;
uo— =t 9)
dx o
where x, u, s, P—position along the reactor, velocity, cross sectional area and pressure of
the gas flow, respectively. In this work it is assumed that pressure is constant in the PFR
and there are no heat loses.The system (7)—(10) uses ideal gas law:

n
Y;
P=p-R-T-) =~ (10)
i=1 i

where R—gas constant.
Total chemical reaction rate for each component can be written in the following form:

‘N, - Y, (11)

where M—number of chemical reactions which effect the concentration of the component
i Cji—number of the molecules generated or eliminated in the reaction i; k]"—rate coeffi-
cient of chemical reaction j; Bji—number of components which take part in the reaction
Jj for component i.

Results

Concentrations of methane and the main products obtained from the PFR model are
presented in Fig. 4 as a function of plasma length at initial temperature of 2,000 K. At such
a temperature experimental results match quite well the calculated values. Concentration
profiles of all main compounds are similar to those obtained from the CBR model, i.e.
decrease of CHy, increase of H,, increase of C,H, with the plateau, and maxima in
concentrations of C;H4 and C,Hg. It must be pointed out that matching experimental and
calculated values concerns the tip of the plasma cylindrical model. Temperature at that
locations is much lower than initial temperature, but still far from the experimental one. In
real conditions gas composition was diagnosed far away from the plasma when gas was
cooled rapidly down to about 300 Kusing heat exchanger.

1D Model with Post-Plasma Quenching

In the experiment [6] gas composition analysis was carried out not along the microwave
plasma or at its tip but far away, where processed gas was cold enough to be transported
with PTFE tubes to the FTIR spectrometer and gas chromatograph. Cooling of the gas
exiting the plasma was performed using an extensive heat exchanger placed 60 cm from
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Fig. 4 Concentrations of main species and gas temperature calculated using PFR model at the initial
plasma temperature 1,800 K. Experimental concentrations of CHy (Circle), H, (Square), C;H, (Traingle)
and C,Hy (Inverted Traingle) are marked at the plasma tip
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Fig. 5 Concentrations of main species and gas temperature calculated using PFR with CBR model at the
initial plasma temperature 1,800 K. Experimental concentrations of CHy (Circle), H, (Square), CoH,
(Traingle) and C,Hy4 (Inverted Traingle) are marked at quenching time t; = 0.38 s

the plasma tip. The quenching time, i.e. time in which gas is cooled down on its way from
the plasma tip through the heat exchanger, at the gas flow of 50 dm?/min through the tube
cross section, is 0.38 s. Thus, we modified the model of chemical kinetics by adding CBR
(OD) after PFR (1D) which simulates gas temperature drop from initial 1,800 K down to
600 K in 0.7 s.
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Simulated quenching reactions change the gas composition as seen in Fig. 5. In the case
of methane and hydrogen, quenching reactions stabilize their concentrations relatively
quickly, i.e. in about 0.5 s. Their further changes are insignificant. Small amount of
acetylene is formed in the first 20 ms and then decomposed. Concentration of ethylene
increases for about 0.35 s and then reaches plateau. Ethane is decomposed to very small
concentration below our experimental detection limit, so it is not presented in Fig. 5.

Experimental results concerning CH,, C,H, and C,H4 match well to the calculated
values. Only H, concentration is higher than predicted by the model. Taking into account
the fact that methane is the only source of hydrogen in the model, we can explain the
higher concentration of hydrogen measured in the experiment as a result of small amount
of water vapor entering somehow the plasma region and operating as a source of additional
portion of hydrogen. Evidence for that could be the imbalance of inlet hydrogen to the
outlet which is 2 %.

Discussion

Reaction mechanism used in the presented modeling was prepared from much larger
mechanism by thorough reduction of less important reactions. Thus, all 48 reactions
presented in the Table 1 are important. Removing even one reaction will have significant
impact on the results of the modeling. Here we discuss the flux of C and H atoms in the
proposed mechanism and contribution of reactions into decomposition of methane and
formation of by-products.

Formation of H-containing radicals starts from CH,4 and ends on C3H, and H,CCCCH.
Their final concentrations are very small. i.e. tens of ppm and ppb, respectively. However,
they are important, in particular H,CCCCH, for the formation of soot, which was observed
in the experiment. The majority of H atoms transforms into H,. Consequent measurable
products are C,H, and C,H,. Other species are short-living intermediates.

Exactly the same sequence of radicals formation concerns the flux of C atoms, which is
obvious since methane is the only substrate in the system. In that case C,H radical is
essential in the system. The C radical is neither the main nor final by-product of reactions,
which means that it is not directly responsible for the soot formation. In the course of the
mechanism preparation a reaction of C, formation (2C + M < C, + M) was added since
C, was detected spectroscopically in the experiment [6]. However, formation of C, in the
model and its contribution to C flux was so insignificant that finally we removed it from the
mechanism.

Main reactions contributing to methane conversion and hydrogen production are pre-
sented in Figs. 6 and 7. Since contribution of reactions is varying in time, the presented
state is at 37 ms, which is the experimental time used for comparing measured and cal-
culated concentrations.

Thermally activated dissociation of the first C—H bond in CH, molecule (R17) starts the
chain of reactions. H atoms originated from that reaction attack CH, causing formation of
H, (R3). This is the main reaction producing 74.6 % of H,. Three other reactions con-
tributing to the process of H, formation are R45, R43 and R38. Their contributions are
10.8, 7.1 and 6.8 %, respectively.

The same reaction R3 is also the main one responsible for the decomposition of 71.5 %
of CH,. The second important reaction is R17 converting 29.3 % of CH,. At the same time
in two reactions, R48 and R42, large part of methane, i.e. 31 %, is restored.
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Fig. 6 Contribution of reactions producing H,

Total production
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Fig. 7 Contribution of reactions decomposing and restoring CH,

As seen in Fig. 8 acetylene is involved in many reactions but is mainly produced by
dehydrogenation of C,H, in direct reaction R43 and indirectly through C,Hj radical in
reaction R32. As for ethylene (Fig. 9), it is formed in one reaction R39 but decomposed in
3 reactions working also as sources of acetylene (R43) and restoring methane (R42).

Comparing to plasma chemistry reviewed by Lee et al. [18] reactions paths predicted by
our model are typical for thermally activated ones. However, dehydrogenation of ethane
leading to ethylene and acetylene is not based on Kassel mechanism [19] in which primary
ethane is produced from CH, and CH,, not from CHj, and the final dehydrogenation
product is atomic carbon. In our case dehydrogenation stops on C,H, which is further
converted to soot precursors. This is, on the other hand, the pathway typical for methane
combustion model [12].
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Fig. 8 Contribution of reactions involving C,H,
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Fig. 9 Contribution of reactions involving CoHy

One can notice that temperature characterizing the methane pyrolysis in our models is
1,500-2,000 K whereas temperature of plasma is 4,000-5,700 K [6]. This discrepancy
means that the process is not occurring in the plasma region but in the swirl gas flowing

around the plasma. Thus, in the

experimental conditions just after introducing methane into

the quartz tube the plasma operates as a heating source with a very small gas exchange
towards the swirl and back. An evidence for that was observed as carbon black deposited

on the quartz tube in the form

of swirl below the plasma (negative values of distance in

Fig. 10). If the methane is processed in the plasma then deposition of carbon soot should
start above the point of plasma formation (marked as “0” in Fig. 10). Unfortunately, we
cannot perform carbon balance due to the deposition of the carbon black inside the whole
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Fig. 10 Visualization of the swirl: quartz tube covered with the soot after plasma processing of methane

system starting from the beginning of the quartz tube to the gas sampling port (just before
gas composition diagnostics).

Summary

Results of chemical kinetics modeling in methane subjected to the microwave plasma at
atmospheric pressure are presented in this report. The reaction mechanism is based on the
methane oxidation model developed by the group from Leeds, UK. For the numerical calcu-
lations 0D and 1D models were created. 0D model uses Calorimetric Bomb Reactor whereas 1D
model is constructed either as Plug Flow Reactor or as a chain of Plug Flow Reactor and
Calorimetric Bomb Reactor. Commercial software Chemical Workbench, Version 4, (Kintech
Laboratory, Moscow, Russia) with extended database has been used for the modeling. Both
models explain experimental results and show most important reactions responsible for the
methane conversion and production of compounds detected in the experiment. Main products
of methane pyrolysis measured and predicted by the model are H,, C,H, and C,H,.

The main conclusion is that chemical kinetics in our experiment is controlled by thermal
process and the products can be defined by considering thermodynamic equilibrium.
Temperature characterizing the methane pyrolysis is 1,500-2,000 K which means that the
process is not occurring in the plasma region where the temperature is 4,000-5,700 K but
in the swirl gas flowing around the plasma.
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