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overview of CH4—CO, reforming by cold plasmas and thermal plasma. The evaluations for their
performances and the key factors in different plasmas are given. In particular, the attention is focused on

Keywords: how to achieve higher conversions at high feed-gas flow rate, so as to lessen the energy consumption in
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Carbon dioxide the process by plasma to meet the requirements of industrial application. To obtain the aim, three key
Plasma factors, electron density, plasma temperature and reactor configuration related to the process are
Synthesis gas emphasized. Considering the current status of CH4—CO, reforming by plasma, there is an opportunity to
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1. Introduction chemicals and environmentally clean fuels, such as ammonia,

methanol (MeOH), acetic acid, methyl formate, dimethyl ether
Synthesis gas (or “syngas”), a mixture of carbon monoxide and (DME), synthetic gasoline, and diesel [1]. Generally, it is required for
hydrogen, is an important intermediate for various synthesizing various Hy/CO ratios of syngas to synthesize different products. For
example, H,/CO ratio of 2/1 is needed to synthesize methanol, and

1/1 to synthesize acetic acid or methyl formate.
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significant quantities of synthesis gas are being made from coal [2],
nature gas is the largest source of synthesis gas at present and its
use for this purpose is growing because of its lowest cost routes and
environment-friendship [3].

There are several technologies available for synthesis gas
production depending on natural gas, such as steam reforming of
CHy4, partial oxidation of CH4, CO, reforming of CH4 and a combi-
nation of them, which result in different H/CO ratio. The tradi-
tional and potential industrial process for synthesis gas production
has been steam reforming of methane (1), which is so called wet
reforming and makes syngas with Hy/CO of about 3 or higher.
Steam reforming of methane is suitable for synthesizing ammonia,
but results in redundant hydrogen for methanol synthesis and
many other synthesis processes. Meanwhile, it needs at least 1 mol
methane to form 1 mol CO in this reforming reaction.

CH4 + H,0—>CO +3H, AH = 206k]/mol (1)

Since the continuous decrease of petroleum resources and the
emphasis on the environmental situation, as well as the chemical
energy transmission [4—6], much of the forward-looking consid-
eration of synthesis gas production has been focused on CH4—CO,
reforming (also called dry reforming) during the past decade.

CH4 + CO, —2C0 +2H, AH = 247k]/mol 2)

CH4—CO, reforming becomes more attractive because it not
only lessens methane consumption but also makes use of carbon
dioxide. Stoichiometrically, reaction (2) shows that it could save
half of the methane required to obtain the same amount of CO
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Fig. 1. Schematic diagram of the corona discharge reactor.

compared with steam reforming and partial oxidation, since CO; is
also a carbon source in the reforming process. Though CH4—CO;
reforming results in Hp/CO ratio equaling 1/1, the H»/CO ratio can be
relatively easily controlled by adjusting the CH4/CO; ratio in the
feed. Therefore, the synthesis gas from CH4—CO; reforming can not
only be used in synthesis of acetic acid or methyl formate, but also
meet H,/CO ratio required by various products process when
combining with steam reforming of CH4 process. Besides, CH4—CO
reforming is more befitting for high CO,-containing natural gases,
biogases and coal bed methane [7,8].

However, CH4—CO; reforming reaction is a highly endothermic
reaction; it usually needs special methods to achieve a considerable
reaction rate to meet industrial requirements. Catalytic and plasma
technology are considered to be potential. Nevertheless, these
techniques have not been practically commercialized so far.

Catalytic CH4—CO, reforming was investigated as early as 1888
[9] and was thoroughly explored by Fischer and Tropsch in 1928
[10]. A. T. Ashcroft et al. [11] and M. C. ]. Bradford et al. [9]
emphasized its environmental significance. In catalytic reaction
process, the mixture of CH4—CO, is fed into a tubiform fixed-bed
reactor filled with catalysts, and the thermal energy required for
the reaction is supplied by combustion of natural gas outside the
reactor. Though the reactor for CH4—CO, reforming can be used
with reference to that of steam reforming of CHy the greatest
barrier to transfer catalytic CH4—CO, reforming process from
laboratory to the industrial scale is carbon deposition on catalyst
surface which leads to the deactivation of the catalysts [12—14].
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Fig. 2. Schematic diagram of the DBD reactor.
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CH4—CO, reforming by plasma was demonstrated first in
a controlled-arc in 1986 [15,16]. Compared with the catalytic
reaction, CH4—CO, reforming by plasma with its electron-induced
chemistry and thermo-chemical reactions can obtain high conver-
sions and selectivity without catalyst, and without concern about
carbon deposition. Therefore, it has drawn increasing attentions in
the past ten years though the energy use now is still a problem.

Based on our knowledge of CH4—CO, reforming to synthesis gas
by plasma, this paper summarizes the development in this field.
The aim is to find a way to resolve the key problems, which are how
to achieve high conversions at higher feed-gas flow rate, and obtain
high energy efficiency in the process, so as to meet the requirement
of industrial application.

2. Evaluation of plasma technologies for CH4—CO, reforming

There has been much enthusiasm for CH4—CO, reforming in
terms of global CO, emission restriction. However, the reforming
process demands on energy. In plasma process, the energy is
provided by electricity, and production of electricity will release
COo. In response to plasma technologies for CH4—CO, reforming,
one of the most important things is to estimate the amount of CO,
released in the whole process, and compare it with conventional
steam reforming of CHa.

ECE

_ Ncy, X XcH, X 2 x SHZ X LHVH2 + (nCH4 X XcH, + Nco, X XCOZ)

Energy conversion efficiency (ECE)

ny, X LHVH2 + Nco X LHVCO

ECE = .
P+ Ny, x LHVy,

(4)

Where, n; refers to the moles of the product i (mol); n'CH4 the moles
of methane converted (mol); P the input power of plasma in kW;
LHV [17] the lower heating value of substance in kj/mol. ECE
expresses the lower heating value (LHV) of synthesis gas produced
in the reforming process divided by the input energy, which is the
summation of the input power of plasma and the LHV of methane
converted. According the definition of (4), the ECE in the reforming
process is less than 1, the larger ECE is, the lower energy
consumption of the reforming process is, and the desirable value is
equal to 1.

SE and ECE appear to be good indicators for describing
reforming process. These two parameters can be calculated with
conversion and selectivity of the different plasma reforming
processes in order to compare their different performances.

SE = P
(nc].h X XcH, + Nco, X Xcoz) X Sco +nCH4 X XcH, X 2 x st
(5)
X SCO X LHVCO (6)

P+ Ncy, X XcH, X LHVCH4

AsshowninEq.(2),itrequires at least 123.5 k] energy and 0.5 mol
methane to remove 0.5 mol CO; to get 1 mol CO. In plasma reforming
process, considering electricity is from combustion of methane
(combustion value of 890 kJ/mol), 42% of combustion energy
converts to electricity, 67% of electric energy is utilized by the
reforming reaction, to get 1 mol CO, it would burnt 0.5 mol of
methane and 0.5 mol CO, released at power plant. However, these
CO2 would be balanced by that removed during the reforming
process. The similar discussion is for steam reforming of CHy in Eq.
(1), where it requires at least 206 k] energy and 1 mol methane to
obtain 1 mol CO. If 70% of caloric from burning of natural gas outside
the tubular reactor is utilized by the reforming reaction, it would
burn 0.33 mol of methane and 0.33 mol CO; released. In one word, to
obtain 1 mol CO in CH4—CO; reforming by plasma process, it
expends 1 mol of methane without CO; released; in steam reforming
of CHg, it expends 1.33 mol of methane and 0.33 mol of CO; released.

Reforming reaction (2) is not only a process of substance
conversion, but a process of energy conversion, it is important that
the novel technology for CH4—CO; reforming should be with high
conversions, large treatment capacity and easy to enlarge. In order
to discuss in convenience, specific energy (3) and energy conver-
sion efficiency (4) are defined as below.

Specific energy (SE)

P
SE= — (3)
[CO + HZ]produced

where, P refers to the input power of plasma in kW,
[CO + Ha]produced refers to moles of (CO + Hp) produced per second
(mol/s). SE expresses the energy consumption for producing 1 mol
of (CO + Hy). The larger SE is, the higher energy consumption of the
reforming process is. The standard enthalpy change of CH4—CO,
reforming reaction is 247 kJ/mol, which means that the minimum
specific energy to produce 1 mol (CO + Hj) is equal to 61.75 kJ/mol.

where, n; refers to the moles of i component (mol); x; and S; are
conversion and selectivity of i component, respectively.

3. Plasma technologies for CH4—CO; reforming
3.1. Plasma

Plasma is a more or less ionized gas produced mainly by electric
field, which consists of a mixture of electrons, ions, neutral parti-
cles, and so on. The term of plasma was first introduced by Irving
Langmuir in 1928 [18,19]. Since the mass of ions and neutral
particles are much larger than that of electrons in plasma, electrons
are called light particles, while ions and neutral particles are called
heavy particles.

Fig. 3. The pattern of discharge imprint on dielectric surface [31].
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a

Fig. 4. (a) Schematic diagram of microwave discharge setup. (b) Close-up view of the set quartz reactor-jacket [49]. 1. Input power control; 2. Microwave generator or magnetron; 3.
Manual 2-stub unit; 4. resonance cavity; 5. Optical pyrometer; 6. Water sink; 7. Reflected power control; 8. Transmitted power control; 9. Inflow gas line; 10. Set quartz reactor-
jacket and catalyst/microwave receptor; 11. Outflow gas line; 12. Quartz reactor; 13. Quartz jacket; 14. Porous plate; 15. Catalyst and microwave receptor bed; 16. Microwave

radiation; 17. Waveguide.

Depending on the energy density level, temperature and elec-
tron density, plasma applied for CH4—CO, reforming is classified as
thermodynamic non-equilibrium plasma and thermodynamic
equilibrium plasma. The thermodynamic non-equilibrium plasma
is also called cold plasma, in which the thermal kinetic energy of
electrons is much larger than that of heavy particles; the weighted-
average temperature of plasma is near room temperature [20]. The
chemical reaction in cold plasma is mainly induced by energetic
electrons. Due to action of electric field, electrons are accelerated
and energized. Through electron-impact dissociation, excitation
and ionization of gas molecules, the energetic electrons transfer
their energy to the gas molecules upon inelastic collision, and
excited species, free radicals, ions, as well as additional electrons
are produced [14], then the desired plasma chemical reactions take
place. The thermodynamic equilibrium plasma is simply called
thermal plasma, in which the temperature of heavy particle is close
to that of electrons at the range of thousands K. Because the elec-
tron density in thermal plasma is higher than that in cold plasma,
by large amount of impact between electrons and heavy particles,
the electron energy from electric field goes into heating heavy
particles to achieve the thermodynamic equilibrium in electrons
and heavy particles. The chemical reactions in thermal plasma are
both electron-induced reactions and thermo-chemical reactions.

3.2. CH4—CO; reforming by cold plasma

Several kinds of cold plasmas have been tested in CH4—CO,
reforming, such as corona discharge, dielectric barrier discharge

Fig. 5. Atmospheric pressure glow discharge phenomena [52].

(DBD), microwave discharge, atmospheric pressure glow discharge
(APGD) and gliding arc discharge. Due to different discharge modes,
the electron temperature of cold plasmas can vary from 1 to 10 eV
while the temperature of heavy particles is in the range of hundreds
K; the local electron density is in the range of 10"°—10%° m~3.

Generally, cold plasmas are inhomogeneous in discharge space
which results in limited reaction region. So the conversions and the
treatment capacity are restricted. For increasing reaction conver-
sion rate, catalytic process may be introduced in CH4—CO,
reforming by cold plasma. There are two ways to introduce cata-
lysts in cold plasma; one is to place catalysts in the discharge space,
and the other after the discharge space.

3.2.1. Corona discharge

Corona discharge (Fig. 1) is an inhomogeneous discharge with
low current density [21]. It could be generated at atmospheric
pressure and has high electric field intensity for ionizing or
decomposing feed-gas particles. Corona discharge usually involves
two asymmetric electrodes; one high curvature, such as a small
diameter wire or even a sharp tip, and the other low curvature, such
as a plate or a cylinder. When a voltage applied exceeds a certain
value, the electric breakdown is caused near the high curvature
electrode locally, and the corona discharge is brought on. The
electron temperature of corona plasma is in the range of 3.5—5 eV
while the gas temperature is less than 400 K and the electron
density is about 10°—10"" m—3 [22]. However, high electron
density mainly occupies the region around the high curvature
electrode.

CH4—CO, reforming was carried out by corona discharge
[23—25]. When the discharge power was 46.3 W, flow rate of feed
gases was 43 mL/min and the mole ratio of CH4/CO, was 1:1, the
conversions of CHy and CO; were 62.4% and 47.8%, and the

Fig. 6. Schematic diagram of APGD plasma jet [59].
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selectivity of CO and H; was 66.8% and 70% [23], while the ECE was
13% and SE was 1798 kJ/mol, respectively.

Corona discharge has been tested with combination of catalysts
for CH4—CO, reforming by Chang-jun Liu et al. [26,27]. Under the
conditions of corona discharge power 8.4 W, zeolites catalystof 0.1 g
held on the lower plate electrode, total flow rate of 25 mL/min and
CH4/CO; of 1/1 [26], the conversions of CH4 and CO, were 56.3% and
22.8%, respectively; the selectivity of CO, C;H;, C;H4 and CyHg was
9.1%, 15.0%, 1.9% and 1.8%, respectively. Since the products were
complex, it was difficult to estimate the ECE and SE by Eq. (5) and (6).

Since corona discharge is characterized of localized breakdown
which restricts the available reaction volume, it is difficult to ach-
ieve a large treatment capacity in CH4—CO; reforming by corona
discharge.

3.2.2. Dielectric barrier discharge (DBD)
DBD (Fig. 2), also called silent discharge, was first reported by
Siemens in 1857 [28,29]. Its main application is production of

GAB

ozone. DBD typically involves two planar electrodes. The two
electrodes are placed parallelly with a gap of several millimeters,
and at least one electrode is covered by dielectric with a thickness
of one or 2 mm. The dielectric can be made from glass, quartz,
ceramics, polymers or other materials of low dielectric loss and
high breakdown strength [22]. It is the use of dielectric in the
discharge gap that restricts electric currents and prevents the
formation of spark and arc [30]. DBD is also an inhomogeneous
discharge at atmospheric pressure and requires alternating volt-
ages for its operation. The discharge is characterized by many
micro-discharge filar channels of 0.1-0.2 mm in diameter (Fig. 3
[31]). The number of micro-discharge channels is proportional to
the voltage applied on the electrodes, and the distance among filar
channels is about several millimeters. The activation of reactant is
mainly induced in the micro-discharge channels, in which the
electron temperature is in the range of 1-10 eV [32,33] while the
gas temperature in the gap is only hundreds K. Though the electron
density in the micro-discharge channels is about 10'8—10%' m—3

3000-4000C

CATHODE

GAS

Fig. 8. Schematic diagram of DC thermal plasma torch [63].
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Fig. 9. Schematic diagram of experimental setup with single-anode thermal plasma
[66]. 1. plasma generator; 2. feed inlet ring; 3. adiabatic fixed-bed reactor; 4. cooling
system; 5. DC power supply; 6. gas chromatograph.

[34,35], the average electron density in the gap volume is still much
lower.

DBD was employed to CH4—CO,, reforming by several researchers
[36—43]. However, the selectivity of syngas is reported low and
products are usually complex, moreover the conversion of reactants
is low in most cases. Q. Wang et al. [43] investigated conversion of
CH4 and CO; in a coaxial DBD reactor. The main products were
syngas, but C;Hg and trace amount of other hydrocarbons were also
formed. The conversion of CH4 and CO; and also the selectivity of CO
and Hj increased with the increasing input power, while the selec-
tivity of C;Hg decreased sharply. When the input power was 107.4 W,
discharge gap of 1.95 mm, electrode length of 20 cm, total feed flux
of 20 mL/min and CH,4/CO; of 1/1, the conversions of CH4 and CO;
were 72.8% and 44.4%, the selectivity of CO, H, and C;Hg was about
82%, 70% and 8.8%, respectively, while the corresponding ECE and SE
were 4% and 7289 kJ/mol, respectively.

DBD was also investigated with combination of various catalysts
for CH4—CO, reforming due to its high electron density in the
micro-discharge channels. Hyung Keun Song et al. [44] reported
CH4—CO, reforming by DBD over Ni/y-Al,03 catalyst. Catalysts
were packed in the bottom of plasma region. The main products
were CO, Hp, CGoHg, C3Hg and C4Hqp. Compared with reactions
without catalysts, CH4 conversion decreased from 57.63% to 55.71%,

and CO; conversion increased from 30.95% to 33.48% at the
discharge power of 130 W, total flow rate of 30 mL/min and the
CH4/CO; ratio of 1.

There may be two reasons why the reaction performances
weren't changed significantly by the combination of plasma and
catalysts in DBD. When catalysts are put in the discharge zone, the
electron density in discharge space would decrease with
the charged particles recombination on catalysts according to the
theory of plasma sheath, a uniform filar discharge is difficult to
achieve. What is more, DBD without assisted heat can not provide
enough gas temperature for catalytic activity [45—48].

The reasons why hydrocarbons occur in DBD process may be due
to the intrinsic characteristics of DBD. The molecules of CHy4 are easily
cracked into CHy radicals in the filar channel with high electron
energy and electron density. These radicals diffuse rapidly out of the
channel into free-discharge region. This process seems a quench. In
free-discharge region, the radicals couple to form hydrocarbons.

3.2.3. Microwave discharge

Microwave discharge plasma can be operated at a frequency
range of GHz and a wide pressure range. The microwave plasma
reactor involves a microwave generator, waveguides, a resonance
cavity inserted a quartz tube where the reactants are led into and
the plasma is generated as shown in Fig. 4. At atmospheric pressure,
microwave discharge has larger discharge space and better
discharge uniformity than that of corona discharge and DBD; the
electron temperature is approximately 0.4—0.6 eV while the heavy
particle temperature is around 2000 K [13].

Atmospheric pressure microwave discharge (Fig. 4) is also
considered for CH4—CO, reforming [49—51]. The products by
pulsed microwave plasma [50] included synthesis gas, Co;H, and
CoHg. Under the conditions of flow rate of 200 mL/min (CHg/
CO,=1.5:1), peak microwave power of 120 W and pulsed duty
factor of 100/100 ms, conversions of CH4 and CO, were 70.8% and
68.8%, and the selectivity of CO, CoH,, CoHy was 75%,17.8% and 4.1%,
respectively, free of carbon deposition, and the ECE and SE were
47% and 307 kJ/mol, respectively. Here, the appearance of hydro-
carbons was due to the excessive CHy in feed.

CH4—CO, reforming by microwave discharge shows higher
conversions and selectivity, larger treatment capacity, as well as
higher energy efficiency, which benefit from its larger discharge
space and better discharge uniformity. The chemical reaction in
microwave plasma is induced by energetic electrons and high gas
temperature. However, the equipment of microwave discharge is
more complicated and bulky, it is difficult to obtain large equip-
ment suited for industrial requirements.
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Fig. 10. Effect of total flux on performance of single-anode thermal plasma with or without catalysts.
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Fig. 11. Schematic diagram of experimental setup with binode thermal plasma [67]. 1. Ar; 2. CHy; 3. CO»; 4. gas inlet [; 5. gas inlet II; 6. gas inlet III; 7. DC power supply; 8. cathode;
9. plasma generator; 10. the first anode; 11. contactor; 12. the second anode; 13. graphite tube reactor; 14. collector; 15. gas outlet (Mode I is to introduce the feed gas, mixture of
CH,4/CO,, only into the gas inlet II; Mode II is to keep the same state, and introduce another part of feed gases into the plasma jet from the exit of plasma generator (gas inlet III)).

3.2.4. Atmospheric pressure glow discharge (APGD)

The term “glow” indicates that the plasma of the discharge is
luminous in contrast to the relatively low-power dark discharge
[18]. Glow discharge can operate over a wide pressure range.
Atmospheric pressure glow discharge (APGD) is an arc-like
discharge as shown in Fig. 5 [52], obtained by applying a few
hundred volts to a few kilovolts between the two electrodes [53]
with a ballast circuit to avoid the transition of glow to arc. The
electron temperature of APGD is in the range of 1-2 eV while the
gas temperature and the electron density are about 2000 K and
108—10' m—3 [54,55], respectively.

APGD has been applied to CH4—CO, reforming [12,55—59]. A. M.
Ghorbanzadeh et al. [57] reported CH4—CO; reforming by pulsed
plasma. The products mainly consisted of syngas and C, hydro-
carbons. At discharge power of 23 W, frequency of 4 kHz, feed-gas
flow rate of 120 mL/min and CH4/CO; of 1:1, the conversions of CHg
and CO, were 61% and 50%, and the selectivity of H,, CO, C;H; and
CH4 was about 77.5%, 63%, 15% and 9%, respectively, while the ECE
and SE were 44% and 313 kJ/mol, respectively. This process is more
advantageous in energy conversion efficiency which benefits from
higher electron density.
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Cold plasma jet is one kind of APGD developed by H. Koinuma
et al. [60]. Long Huali [59] presented CH4—CO5 reforming by AC cold
plasma jet of 20 kHz (Fig. 6). The 12% Ni/y-Al,03 was put after the
plasma discharge zone. At the total flow rate of 1.67 x 10* mL/min
(1.0 m3/h) (CH4 = 0.2 m3/h, CO2 = 0.3 m3/h, N, = 0.5 m?/h) and the
input power of 770 W, the conversions of CH4 and CO, were 60.06%
and 40.35%, and the selectivity of CO and H, was 96.79% and 96.87%,
respectively. Compared with that without catalysts, the conversions
were increased by 14.38% and 6.32%, and the selectivity was
increased by 11.38% and 18.76%, respectively. The ECE increased from
63% to 80% while the SE decreased from 202 kJ/mol to 134 kJ/mol.

Obviously, the energy conversion efficiency in the investigation
by cold plasma jet is raised significantly compared to that of the
aforementioned cold plasmas. This owes to the reasonable design
of reactor configuration and the application of plasma mode used.
In Fig. 6, the flow regions of feed gases are confined by the reactor
configuration, which ensures all the feed gases through the plasma
discharge zone. AC cold plasma jet of 20 kHz possesses higher
electron density and higher plasma temperature than that of
corona discharge and DBD. The high electron density directly gives
rise to enhancement of the reforming reaction, and the high plasma
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Fig. 12. Effects of ® on conversions and selectivity by binode thermal plasma in Mode I. (a) Conversion of CH4 and CO; (b) selectivity of H, and CO, ® = F/P, F is the total flux of CHy4
and CO, in m3/h; P is the power on plasma reactor in kW. The experimental condition: CH,/CO, of 4/6, input power of 20—32.4 kW, flow rates at 2.4—5 m/h.
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Fig. 13. Effects of ® on conversions and selectivity by binode thermal plasma in Mode II. (a) Conversion of CH4 and CO,; (b) selectivity of H, and CO, The experimental condition:
CH4/CO, of 4/6, input power of 18—20 kW, flow rates at 2.4—6.4 m>/h, and the flow rates of CH4/CO, mixture introduced as the plasma-forming gas kept at 2.4 m>/h.

temperature heats catalysts, directly results in enhancement of the
synergistic effect of plasma and catalysts.

APGD seems to be a promising plasma form for CH4—CO;
reforming due to its high electron energy and electron density, as
well as its proper plasma temperature. One of the major challenges
is how to enlarge the process.

3.2.5. Gliding arc discharge

The principle of the gliding arc discharge was patented by
Lesueur et al. in 1988 and was developed by Czernichowski et al.
[30]. The reactor (Fig. 7) consists of two or more diverging metallic
electrodes. When a high voltage is applied, a relatively low current-
arc discharge is generated across the electrodes [61]. Gliding arc
discharge is mainly distinguished by the arc flame. The discharge
initially forms at the closest gap, the arc is then elongated and the
arc root glides along the surface of electrodes by puff of the fast
flow working gas, till extinguishes in plasma downstream. New
discharges immediately reform at the initial spot repeatedly [15].
The gliding arc plasma can be either thermal or cold plasma
depending on the discharge power and the gas flow rate [18].

The application of gliding arc discharge to CH4—CO, reforming
[61,62] has been increasing recently. Antonius Indarto et al. [62]
studied CH4—CO; reforming by gliding ac discharge with
frequency of 20 kHz. At the total feed-gas flow rate of 1000 mL/min,
the discharge power of 190 W and CH4/CO-, of 1:1, the conversions
of CH4 and CO, were about 40% and 31%, and the selectivity of Hp,
CO and CyH; was about 50%, 62% and 12%, respectively; the cor-
responding ECE and SE were 28% and 608 kJ/mol, respectively.
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The ECE and SE of CH4—CO; reforming by gliding arc discharge
are better than that by corona discharge and DBD. However, the
single pass conversion is lower, which seems due to its intrinsic
characteristics that the discharge needs the puff of fast flow reac-
tant gas to avoid arc overdeveloped.

Corona discharge and DBD are commonly used methods for
CH4—CO, reforming in early investigations, because they could be
easily obtained and easy to handle in laboratory. However, the
electron density in both plasmas is somewhat low, it is difficult to
deal with high feed-gas flow rate with a reasonable conversion and
ECE. APGD improves the ECE and SE of CH4—CO; reforming, but the
treatment capacity is still far from industrial requirement.
However, the performance of APGD provides us the importance of
the reasonable reactor configuration, high electron density and
high plasma temperature, as well as ECE and SE performance
targets for industrial-scale plasma reforming.

To obtain high energy conversion efficiency and large treatment
capacity in CH4—CO; reforming, the reasonable reactor configura-
tion to ensure all the feed gases through the plasma discharge zone,
and proper plasma mode with high electron density and high
plasma temperature must be well-chosen. For this reason,
CH4—CO; reforming by thermal plasma is proposed.

3.3. CH4—CO; reforming by thermal plasma

Thermal plasma, generated in the way of electric arc, is
continuous and uniform plasma. Thermal plasma with features of
relatively high enthalpy content, high temperature (temperature of
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Fig. 14. Effects of ® on conversions and selectivity by binode thermal plasma in Mode II. (a) Conversion of CH4 and CO,; (b) selectivity of H, and CO, The experimental condition:
CH4/CO, of 4/6, input power of 22.5—25.625 kW, flow rates at 3—8 m>/h, and the flow rates of CH4/CO, mixture introduced as the plasma-forming gas kept at 3 m*/h.
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Fig. 15. Effects of ® on energy conversion efficiency by binode thermal plasma. The
experimental condition: CH4/CO, of 4/6, input power of 18—32.4 kW, flow rates at
2.4-8 m3/h.

heavy particle and electron is 0.5—1 eV) and high electron density
(10'°—10%° m~3), has obviously thermal effect and chemical effect.
It covers a wide range of applications and has been applied in
industry [63].

There are several types of thermal plasma devices: direct
current (DC) arc torch, alternating current (AC) arc torch, radio-
frequency (RF) inductively coupled torch and high-frequency
capacitive torch. The DC arc torch is used widely (Fig. 8 [63]).
Commonly, a DC arc torch consists of a thoriated tungsten (2—3%
ThO,) rod or button type cathode and one or more water-cooled
copper anodes which are separated by insulating materials. The arc
is established between the electrodes by a special trigger and
pushed through the nozzle resulting in a high temperature flame.
The power of the torch controlled by changing the input voltage or
current can reach 10°—107 W [64]. Since thermal plasma is a source
of high temperature and chemically active species, it is potential for
CH4—CO, reforming.

Lan et al. [65] studied CH4—CO, reforming by single-anode
hydrogen thermal plasma jet. The operating power reached 8.5 kW
and feed-gas flow rate 2.17 x 104 mL/min (1.3 m>/h), both were much
higher than that of cold plasmas. At CH4/CO, of 4/6, the conversions of
methane and carbon dioxide were 87.98% and 84.34%, respectively;
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the selectivity of CO and H, was 82.27% and 43.48%, respectively; and
the ECE and SE were 36% and 520 kJ/mol, respectively.

Tao et al. [66] studied CH4—CO, reforming by single-anode
nitrogen thermal plasma jet with and without catalysts. As shown
in Fig. 9, nitrogen gas was served as discharge gas to form high
temperature jet injected into the tube reactor; hydrogen was used
to reduce the catalysts. The catalysts were located at appropriate
place in the reactor to be heated by the plasma jet. The mixture of
methane and carbon dioxide were led to converge vertically with
the plasma jet at the top of the reactor, in which feed gases were
mixed with the plasma jet and the reforming reaction took place at
the same time. In catalysts bed, the remained feed gases were
further converted. The experimental results were shown in Fig. 10.
For example, the conversions of CH4 and CO; were high to 92.32%
and 82.19%, and the selectivity of CO and H, were also high to
90.05% and 75.43%, respectively, at the conditions of total flow rate
3.33 x 104 mL/min (2.0 m/h), the molar ratio of CH4/CO; 4/6, and
the plasma power 9.6 kW Fig. 10 showed that there was a syner-
gistic effect in the reaction by plasma with catalyst, by which the
conversion and selectivity were 10—20% higher than those by
plasma only. Meanwhile, the ECE and SE reached 54% and 290 K]/
mol, respectively.

Comparing with that by cold plasmas, CH4—CO, reforming by
single-anode thermal plasma exhibits the significant advantages
like large treatment capacity, little by-product, relatively high
energy conversion efficiency, which is closer to industrial applica-
tion. Furthermore, in above experiments, the feed gases were
injected only into the plasma jet, not into the discharge region
between the anode and the cathode. If the feed gases are intro-
duced into the discharge region as plasma-forming gas directly, the
treatment capacity and the energy conversion efficiency could be
raised further. To verify the idea, a binode thermal plasma gener-
ator is applied to CH4—CO; reforming [67].

The binode thermal plasma generator consists of a club-shaped
cathode and two columnar anodes which are separated by insu-
lating materials. After the discharge is first ignited between the
cathode and the first anode, the ionized gas is puffed to the second
anode where the DC power supply is applied. Then the discharge
channel is established between the cathode and the second anode,
and the binode plasma jet is formed.

Experimental study was conducted in a binode thermal plasma
generator in two modes (Fig. 11). One was to introduce feed gases
(CH4 and COy) only into the discharge region from gas inlet II as
plasma-forming gas (mode I); the other was to introduce them

Table 1

Comparison of conversions and specific energy with different plasmas.
Plasma form Feed flux CHy4/CO, P Conversion (%) Selectivity (%) H,/CO SE ECE (%) Ref.

(ml/min) W) CHs €O, co H, CH, CHs Coke (K/mel)

Corona discharge 43 11 46.3 62.4 47.8 66.8 70 15.8 1.5 - 1.2 1798 13 23
DC corona discharge 60 1/2 63 94.1 779 97.1 69.4 — - 239 0.6 1134 21 25
Corona discharge + zeolite 25 11 8.4 56.3 22.8 9.1 = 15.0 1.9 — 21 4022 4 26
DBD 150 2/1 500 64.3 55.4 333 - 1.2 1.2 - 1.7 8124 3 39
DBD 20 11 1074 72.8 444  ~82 ~70 — — — 1.0 7289 4 43
DBD + Ni/Al,03 30 11 130 55.71 33.48 60.9 51.92 10.12 — 1.0 10 385 3 44
Microwave discharge 200 3/2 60 70.8 68.8 75 = 17.8 4.1 = 1.5 307 47 50
Glow discharge 120 11 23 61 50 ~63 ~775 ~15 ~9 ~8 14 313 44 57
Cold plasma jet 0.83 x 10* 4/6 770 45.68 34.03 85.41 78.11 / / 1459 0.8 202 63 59
Cold plasma jet + Ni/Al,O3 0.83 x 10* 4/6 770 60.06 40.35 96.79 96.87 / / 321 1.0 134 80 59
Gliding arc discharge 1000 11 190 ~40.00 ~31.00 ~62 ~50 ~12 — — 0.9 608 28 62
Single-anode thermal plasma 2.17 x 10* 4/6 85 x 10° 87.98 84.34 82.27 43.48 / / 17.66 0.4 520 36 65
(H2)
Single-anode thermal plasma 3 x 10* 4/6 9.6 x 10° 89.82 80.14 88.37 68.60 / / 11.63 0.7 348 48 66
(N2)
Single-anode thermal plasma 3.33 x 10* 4/6 96 x 10° 92.32 82.19 90.15 75.43 / / 9.85 0.7 290 54 66
(N2) + Ni/Al,03
Binode thermal plasma 733 x 10* 4/6 1.8 x 10*  78.71 6480 9679  82.85 / / 321 08 274 57 67
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simultaneously into the discharge region from gas inlet Il and the
exit of jet from gas inlet IIl (mode II). A constant current power
supply was applied in the experiments. The operating voltage
significantly increases with the increasing flow rate of CH4 and CO,
introduced as the plasma-forming gas, so did the discharge power.
However, the discharge power was not affected when CH4 and CO,
were introduced into the plasma jet from gas inlet IIl. For conve-
nience, define ® = F/P to scale the plasma treatment capacity [67].
Where, F was the total flux of CH4 and CO, in m3/h; P was the power
on plasma reactor in kW. Apparently, ® implied the average energy
acting on each molecule. The larger ® was, the lower the acting
energy was.

As shown in Figs. 12—15, mode I brought about higher conver-
sion and selectivity but appreciably lower energy conversion effi-
ciency, while mode II brought about higher energy conversion
efficiency but somewhat lower conversion and selectivity. Under
the experimental conditions of CH4/CO;, of 4/6, input power of
18 kW and total feed flux of 7.33 x 10* mL/min (4.4 m3/h) in mode
II, it was confirmed that the conversions of CH4s and CO, were
78.71% and 64.80%, the selectivity of CO and H, was 96.79% and
82.85%, respectively, and ECE achieved a maximum of 57%; SE
achieved a minimum of 274 kJ/mol.

A comparison for reforming performances by different plasmas
is given in Table 1. Thermal plasma process shows higher conver-
sions and selectivity, larger treatment capacity, as well as consid-
erable energy conversion efficiency (ECE) and specific energy (SE).
It may be appropriate to scale up to industrial application.

4. Understanding of reforming by plasma process

Generally, the reaction of CH4—CO; reforming by plasma may be
very complex. However, it can be simply understood as follows:

CH4 e” or pyrolysis Ct 2H2 (7)
C02 e” or pyrolysis CO+0 (8)
C+0-CO (9)
H, + 0—-H,0 (10)

Eqs. (7) and (8) are highly endothermic reactions, induced by
energetic electrons impact or thermo-chemical pyrolysis. Egs. (9)
and (10) are radical reactions, which occur without activation
barrier.

There are two mechanisms in the conversion of CH4 and CO, by
energetic electrons impact. One is direct dissociation, the molecules
of CHy4 or CO; are collided by electrons with kinetic energy higher
than dissociation energy threshold of groud-state molecule. It can
be expressed as.

ABS A+B (11)

The other is vibrational excitation, for most non-electronegative
molecules (N, Hy, CO, CHy, CO,, etc.), vibrational excitation by
electron-impact occurs via the formation of an intermediate state
[68—71], which then stimulates chemical conversions in the reac-
tions. It can be expressed as

A +BC(v)—>AB +C (12)

It is the vibrational excitation that is most effective in conver-
sion of CH4 or CO; because the energy required for electron in this
case is lower than that in direct dissociation. For the plasma with

electron temperature of 1—3 eV, the number of electrons to induce
vibrational excitation is much more than that to induce direct
dissociation, the bulk of discharge energy input can be localized on
preferred chemical process channels by vibrational excitation
[68,72].

It is known that the ionization degree of cold plasma is much
lower than that of thermal plasma. Besides electrons, free radicals
and ions, there are still many molecules in the plasma. The ioni-
zation degree is also proportional to the input power. The higher
the input power is, the higher ionization degree will be achieved.
And then, more radicals but fewer molecules can be formed. As
a result, the conversions of CH4 and CO, will be higher. The APGD
plasma jet and thermal plasma have the highest ionization degree
and appropriate electron temperature, as well as proper gas
temperature in all plasmas introduced above, therefore, CH4—CO;
reforming by them shows better energy conversion efficiency and
specific energy. Comparing them, thermal plasma possesses much
larger treatment capacity, considerable energy conversion effi-
ciency and specific energy as well, it is not difficult to obtain
thermal plasma equipments with large power of thousands kilo-
watt, the only thing to do is increase its energy conversion effi-
ciency further. This can be done by improving the thermal plasma
generator, more reasonable reactor design and operation, as well as
an optimal synergy of plasma with catalysts and heat recovery of
the process.

5. Conclusion

CH4—CO, reforming by different plasmas is reviewed in this
paper. For achieving high conversions and high energy conversion
efficiency by plasma process, three key factors have to be taken into
account. They are electron density, plasma temperature and reactor
configuration. Corona discharge and DBD are non-uniform plasmas
with low electron density and limited reaction volume which
restrict the treatment capacity. Microwave discharge is a uniform
discharge with high plasma temperature and large discharge space,
but the equipment is more complicated and expensive which
restricts its industrial application. Gliding arc discharge and APGD
possess high electron energy and electron density, as well as proper
plasma temperature, but the reactor is difficult to enlarge, the
treatment capacity of both plasmas is still far from industrial
requirements. Thermal plasma is an efficient technology for
CH4—CO, reforming to synthesis gas because of its high specific
enthalpy content, high temperature, high electron density, large
treatment capacity, easy to enlarge and relatively high energy
conversion efficiency. For raising the energy conversion efficiency
of thermal plasma process further, the feed gases introduced into
the discharge region and the synergistic effect of plasma with
catalysts should be taken into consideration in future work.

Acknowledgements

Supports of the National Natural Science Foundation of China
(N0.10475060) and (N0.19935010) are appreciated. The author
gratefully acknowledges the suggestion from Prof. Wei Chu, and the
help from Fengwei Qi, Daihong Li, Tianshi Lan, Yuliang Li, Qingyou
Wau and Zhijun Huang of Sichuan University.

Nomenclature

nj the moles of i component (mol)

n'CH4 the moles of methane converted (mol)
Xj conversion of i component

Si selectivity of i component
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F the total fluxes of CH4 and CO, (m>/h)

P the input power of plasma (kW)

® = F/P the plasma treatment capacity (m>/h/kw)
LHV the lower heating value of substance (kJ/mol)
SE specific energy (kJ/mol)

ECE energy conversion efficiency

DBD dielectric barrier discharge

APGD  atmospheric pressure glow discharge
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