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Abstract We have studied the production of synthesis gas and other hydrocarbons in a
dielectric barrier discharge using mixtures of helium, methane and carbon dioxide. It was
found that helium has a significant influence on the discharge, decreasing the breakdown
voltage and increasing the rate of conversion of CH, and CO,. However it also decreases
the selectivities and the range of stable operating conditions for the discharge. The main
products obtained were H,, CO, C,Hg and C3Hg but traces of other hydrocarbon, carbon
deposition and the formation of condensable products were also detected. The rate of
conversion and conversion abilities were obtained by fitting the conversion results to a
model.

Keywords Methane conversion - Synthesis gas - Carbon dioxide - Dielectric barrier
discharge

Introduction

As the main constituent of natural gas, methane is a valuable resource in the chemistry
industry both as a source of hydrogen and as raw material for the production of more
complex hydrocarbons. One common application is the conversion of methane to synthesis
gas (H, + CO mixture) through steam reforming. This process, however, has the disad-
vantages of operating at high temperature (requiring a slow start and costly materials) [1]
and of the catalyst deactivating over time by poisoning.

The use of a non-thermal plasma (NTP) for methane conversion is a promising alter-
native and in recent years has been the subject of many studies [1-32]. The methane
conversion values obtainable by an NTP are comparable or higher than those obtained by
thermal process [20].

From the different types of discharges that produce NTP, dielectric barrier discharges
(DBD) have the following advantages: (a) They operate at atmospheric pressure (normally
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in the filamentary mode), (b) have a high electron density and energy, (c) are easy to scale
up [21] and (d) with the presence of a dielectric material in the discharge chamber, the
coupling between the plasma and a catalyst used to improve the selectivity for selected
products is facilitated.

The results found in literature involving methane mixtures can be divided into four
groups:

Pure Methane The direct CH, conversion in a DBD is possible, even with high con-
version rates. It, however, requires extreme power to achieve important conversion rates
(1.5 MJ/L for 80% conversion [20]) and only H,, hydrocarbons (C,H,) and solid carbon
are viable products. Solid carbon even deposits on the electrodes and changes the char-
acteristics of the electrodes and dielectrics [8]. The energy efficiency for conversion is low.
The values reported in [20] correspond to a conversion ability of 2 x 10~% mol/J.

Methane with an Oxidant A mixture of CHy with an oxidant is usually preferred. The
most common oxidants used being O, and CO,. Good results for the partial oxidation of
CH, in DBDs have been reported (a conversion of 54% of CH4 and >85% of O, [17] in the
first case or >60% conversion of CH, and >30% conversion for CO, [18], corresponding
to maximum conversion abilities of 7 x 1078 mol/J for CH, and 3 x 10~3 mol/J for CO,,
respectively). The most significant products from these mixtures are H,, CO, CO,, CH;0H
and higher hydrocarbons (C,H,);

Methane with a Rare Gas Results of mixtures of CH, with a rare gas have been reported
[2-5]. All the results indicate a significant increase in conversion with the rare gas con-
centration' but no significant difference between helium, argon and neon. The product
selectivities are not significantly affected. Of these references, the only one that supplies
data to estimate conversion abilities is the last where a gliding arc was used. In this case a
conversion ability of 2 x 107®mol/J in pure methane and of 4 x 10~® mol/J in methane
with 85% helium or argon were obtained.

Methane with Other Gases Other gases, including C,Hg [2], N5 [3, 4, 31, 32] and H,O
[32] were mixed with CH4. The presence of these gases increase the CH4 conversion,
although less than in mixture with rare gases. The use of N, however leads to the formation
of hydrogen cyanide, HCN. The presence of HO and O, enhances selectivity toward CO,
over CO [32]. The energy efficiency for conversion also increases but at lesser magnitude.

The above results suggest that mixtures of CHy, an oxidant and a rare gas provide the
best results. The presence of the rare gas seems to improve the conversion of both CH, and
the oxidant with the latter promoting the formation of oxygenated products.

In the present work we study how the helium mole fraction affects the results obtained
from mixtures of CHy, CO, and He in a dielectric barrier discharge reactor, without using a
catalyst. We chose CO, as oxidant as it is an important constituent gas in many natural gas
fields and both CH, and CO, are major greenhouse gases. Their simultaneous conversion
into higher value hydrocarbons or synthesis gas is, therefore, of great interest. We mea-
sured the conversion of CH, and CO,, the selectivities for the main products and the
abilities in mixtures with different mole fractions of helium for a [CH4]/[CO,] ratio, R, of
approximately one. Additionally we have studied the influence of R on mixtures with 85%
of helium.

! Aghamir [5] concludes that the rare gas has no effect but Fig. 5 in that paper indicates otherwise.
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Experimental Set-up
DBD Reactor

The experiments were performed in a cylindrical DBD reactor (Fig. 1) having a central
Stainless Steel electrode of 5 mm diameter, supported by MACOR® fittings, inside a
10 mm LD., 1 mm thick glass tube. The external (ground) electrode is an aluminium thin
foil stretched around the glass. The chamber has a porous glass on one end, at a few
millimeters from the tip of the internal electrode, used to support a catalyst. However, as
mentioned before, the present results were obtained without a catalyst. At the exit of the
chamber a trap cooled at 0°C collects the liquid products. The sinusoidal power supply
allows a maximum rms voltage of 10 kV. The measurements were obtained within a
(4 to 6) kHz frequency range.

In this reactor we faced the problem of the formation of an arc during the experiments,
which could damage the reactor. To avoid this, we performed several measurements with
the outer wall of the reactor cooled.

Mixtures of He/CH4/CO,, where the helium mole fraction varied between 50 and 95%,
were studied. The ratio R was changed from 0.2 to 4.2. The gas flows were controlled with
standard mass flow controllers. The total gas flow rate was changed from (2 to 6) L/h.

Diagnostics

A main parameter characterising the discharge is the energy density in the plasma, usually
measured by the specific input energy, S, defined as
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Fig. 1 Experimental set-up: (a) DBD chamber, (b) mass flow controllers, (¢) power supply, (d) trap, (e) gas
chromatographer, (f) oscilloscope, (g) Rogowsky coil
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where P is the average power used on the discharge and gy the volume flow rate of the gas
mixture. However, in a discharge at constant pressure and temperature where reactions
take place, the gas flow rate changes along the reactor and S is space dependent. On
alternative S could be defined from a space averaged flux rate. Nonetheless, and in order to
compare our results with other authors, we use the values of S calculated with the flow rate
at the entrance of the reactor.

Using a Tektronix™ TDF 3052B digital oscilloscope with a sampling rate of one giga
samples per second and channel, and a Pearson™ Rogowsky coil we acquired the signals
for applied voltage, U, charge, Q, (integrating the discharge current through a capacitor),
current, /, and instantaneous power, P, measured in the oscilloscope by direct multipli-
cation of voltage and current in the oscilloscope. This allowed us to test four different
methods to compute the energy consumption of the discharge system in one AC cycle
(Ecycle) as discussed elsewhere [33]. Finally, the average power was calculated as

F = Ecycle f (2)

from a moving average of 10,000 points. The standard deviation of S is lower than 5%.

The output gas composition was analysed on-line by gas chromatography using a
Restek™ ShinCarbon ST column (L = 2.0 m, f = 1/8 in, ID = 1 mm, 100/200 mesh)
and a Shimadzu™ 9A GC equipped with a thermal conductivity detector (TCD) and a
6-port gas sampling valve with a 0.25 pL loop. The (1) uncertainty on species mole
fraction is lower than one percentage point.

The quantities characterizing the reactor are usually defined as a function of the molar
flow of each species. However, if we account for the change in total flow rate due to
reactions, deposition or condensation and consider constant pressure and temperature
conditions, we can substitute the molar flows by the value of mole fraction measured in the
GC. The change in the gas flow rate can be estimated measuring the mole fraction of the
inert gas in the GC, before, [He]y, and during the discharge, [He]. From these values we
can calculate an expansion (or contraction) factor for the gas, o, as

[He),

"= (k] 3)

The values of o in the mixtures studied ranged between 0.98 and 1.12.

Results and Discussion

We analysed two sets of mixtures: in the first set we kept the ratio R at a value of
approximately one and changed the helium mole fraction. In the second set we kept the
helium mole fraction constant at 85% and changed R.

In all the mixtures studied the main products detected were H,, CO, C,Hg and C5;Hg
although we also found traces of liquid products and solid carbon deposits.

Breakdown Voltage
The first observable effect of the composition of the gas mixture was a change in the
breakdown voltage, extracted from an analysis of the Lissajous figures obtained from the

applied voltage, U, and discharge current, /. The dispersion in breakdown values for a
given composition obtained by this method was large but we observed a clear reduction in
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Fig. 2 Variation of the breakdown voltage with helium mole fraction in He/CH4/CO, mixtures with
different R ratios— filled circle 0.3 <R <0.9; filled square 0.9 <R <1.1; opentriangle 1.3 <R <1.5;
open circle 4<R

breakdown voltage with increasing helium mole fraction as shown in Fig. 2. On the other
hand, the R ratio does not seem to have any influence.

The results can be explained [34, 35] by the condition for self-sustainment in inho-
mogeneous fields, assuming that each discharge starts as a Townsend avalanche and using
the Townsend coefficient values obtained for the electron kinetics in those mixtures.

Reactants

To evaluate the efficiency of the system, we studied the values of conversion. Using the
factor o defined in (3), the definition of conversion for a reactant species X is:

(Xlo — o[X]
Xl

The uncertainty in Cy, in general, is comparable with the uncertainty in mole fraction.
However, as some values are obtained by subtraction of values of similar magnitude, the
relative uncertainties can increase significantly.

Within the range of S studied, the conversion of both reactants increase linearly with S,
as shown in Figs. 3 and 4. Helium mole fraction has a significant impact on the slope of
these curves (Fig. 3) for both reactants. As discussed in [36] this is explained by a shift in
the electron energy distribution to higher energies with helium mole fraction and, conse-
quently, an increase in the rate coefficients for reactions between the electrons and the
molecular gases. The authors have also found [35] that, except for the highest values of
helium mole fraction, the collision frequencies for processes in helium are much smaller
than in the other two gases indicating that helium excited states and ions have a minimal or
no role in the discharge.

As a rule, the effect of R is to increase the conversion of a reactant when its mole
fraction decreases (Fig. 4). In CO,, however, this rule is only observed when R <1. Above
R =~ 1 the CO, conversion seem to become independent of R and all the values fall within
the experimental uncertainty.

Cx(%) = x 100 (4)
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Fig. 3 Dependency of conversion for (a) CH4 and (b) CO, with the specific energy in mixtures with R ~ 1
and different values of helium mole fraction: filled circle, solid line 55%, open triangle, dashed line
75%, filled square, dashed dotted line 85%, open diamond, dottedline 95%. Symbols experimental values,
lines regression curves. For each set of data only a representative error bar is indicated
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Fig. 4 Dependency of conversion for (a) CH, and (b) CO, with the specific energy in mixtures with a
helium mole fraction of 85% and different values of R : filled circle, solid line 0.2, open triangle, dashed
line 0.9, filled square, dashed dotted line 1.4, open diamond, dottedline 4.2. Symbols experimental values,
lines regression curves. For each set of data only a representative error bar is indicated

The linear dependency of conversion on S observed in these figures can be understood
through a simple model. We assume that the mole fraction of reactants decreases expo-
nentially with the energy consumption per mole, S/c,

X = Mlexp (<56 ) )
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Table 1 Results obtained in He/CH4/CO, mixtures for different values of helium mole fraction and [CH,4)/
[CO,] ratio, R

[He] {(umol/J) Cx(0) (%) rlt s/t [H,)/[CO]
% R CH,4 CO, CH4 CO,

55 1.2 0.14(3) 0.04(2) 6(2) 1(4) 0 - 0.8

75 1.0 0.45(7) 0.36(6) 6(2) 1(2) 1.3-1.9 4.6-7.6 0.8

85 0.2 1.6(2) 0.50(8) 9(3) 2(1) 0.6 1.5-1.7 0.37

85 0.9 1.4(2) 0.8(1) —1(4) 1(2) 1.2 32-34 0.88

85 1.4 0.7(1) 0.4(1) 7(3) 7(2) 1.5-1.6 3942 1.27

85 4.2 0.61(8) 0.46(5) 4(1) 6(1) 2.6-2.7 6.4-6.6 4.19

95 0.9 1.9(3) 1.6(2) 11(3) 6(2) 1.0-1.2 2444 0.8

For the meaning of the symbols, see the text. The numbers in parentheses are the standard uncertainties of
the last digit of the result

where ¢ is the amount concentration, (x is the rate of conversion of X moles divided by
energy transferred to the gas and o accounts for the change in number of molecules from
reactions (as defined in (3)).

For small values of the exponent the conversion (4) becomes,

szg-éxxloo (6)

which justifies the linear dependency observed. The values of {y for each mixture and
reactant, obtained from a linear regression of the data on Figs. 3 and 4, are summarised in
Table 1.

According to (6) the intersection of the regression line with the conversion axis should
be null. However Table 1 shows that several regression lines exhibit a positive intercept
value. This can be explained by an overestimation of the values of S when using the flux at
the entrance, as discussed in section “Diagnostics”. If the flux inside the reactor is higher
than the flux at the entrance (and increases with conversion) the correct values of S are
smaller than indicated in the figures. A reduction of the S values would increase the slope
of the regression lines and decrease the value of the intercept.

Products

The production of synthesis gas and other hydrocarbons was evaluated by looking at how
the input atoms are distributed across the products, as measured by the values of selec-
tivity, defined as

_ any,[Y]
>oxnxz([X]o — ofX])

where Sy, is the selectivity for product Y regarding the z atom balance, ny , is the number of
atoms z in species X, and the sum is for all reactants containing z atoms. We studied the values
of selectivity for CO, C,Hg and C5Hjg for the balance of carbon atoms and the selectivity for
H,. Taking into account (4), (7) and the definition of R, the selectivities for C,H,, products
for the balance of hydrogen atoms and for CO for the balance of oxygen atoms, can be
deduced from the corresponding selectivities for the balance of carbon atoms as

Sy (%) x 100 (7)
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m (Cco, + R - Ccn,
S _ (=2 T b 8
= ( Ceo, CuH,.C (8)
1/C R-C
Scoo == eo, # 1o Can, Scoc 9)
2 CC()2

Finally we determined the selectivity for conversion of hydrogen or carbon atoms into
other products, including liquid products, as

Sother.z(%) =100 — ZSY,z(%) (10)
Y

where z is H or C and the sum is for hydrogen, ethane and propane for the H balance, and
on carbon monoxide, ethane and propane for the C balance, respectively.

The uncertainties increase with the mole fraction of helium such that the results for 85%
and 95% helium cannot be distinguished from each other. Nonetheless Figs. 5 and 6 show
that the selectivities for CO, C,Hg and H, decrease when the helium mole fraction
increases and, for a given mole fraction of helium, are either independent of or have a
small dependency on S. However the selectivities for C3Hg continue to increase with S.
Other selectivities are not shown as, according to (8) and (9), they follow the same trend as
the corresponding selectivities in terms of carbon atom balance. An explanation for the
decrease in selectivity with an increase in helium mole fraction is again the increase in the
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Fig. 5 Selectivity regarding the C atoms balance for (a) CO, (b) C,Hg, (¢) C3Hg and (d) remaining products,
for mixtures with R ~ 1 and different mole fractions of helium. Symbols and error bars as in Fig. 3
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Fig. 6 Selectivity regarding the H atoms balance for (a) H,, (b) remaining products. Mixtures, symbols and
error bars as in Fig. 5

electron rate coefficients as helium increases. As the total rate of production for each
product in the discharge is a balance between formation and decomposition, the increase in
the electron collision rates also increases the decomposition of these products.

Figures 5d and 6b show that for the mixture with 55% helium, practically all carbon
atoms are converted into the three products indicated while 20% of the hydrogen atoms are
converted into products other than H,. The same happens with part of oxygen atoms as the
only gas detected containing oxygen atoms, CO, does not account for all the oxygen atoms
converted in the reactor. As the mole fraction of helium increases, the fraction of carbon
and hydrogen atoms converted that are not detected in the gas phase also increases. The
formation of condensable products that are retained in the trap or deposited in the reactor
can account for this missing fraction. In fact we observed deposition of a carbon film in the
reactor and formation of drops in the trap although further identification has yet to be
conducted.

Nevertheless, we can estimate the liquid products that could have been formed. Let us
assume that the mixture of deposited and condensed products is represented by a chemical
compound with empirical formula C,H,O,, where r, s and 7 are real numbers. Using (7-10)
it can be shown that

r_ Scoo (100 >y ch) (11)

t - SCO,C 100 — SCO,O
S_, [Ho] Scoo (100 — >y Sy (12)
[CO] Su, 100 — Sco0

The range of #/t and s/t ratios obtained for each mixture are indicated in Table 1. These
values are compatible with the formation of water (H,0), formaldehyde (CH,0), methanol
(CH30H), ethanol (C,HsOH) and, for the mixture with R = 4.2, isopropyl alcohol
((CH3),CHOH) or its isomer, propanol.

Concerning the effect of R, changing this ratio has a strong influence on the selectivity
for CO regarding the C atom balance (Fig. 7a) and on the range of r/t and s/t values, but
has no significant effect on H, selectivity (Fig. 7b).
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Fig. 7 Influence of ratio R in mixtures with 85% of helium on selectivity for (a) CO regarding the C atoms
balance and, (b) H,. Symbols and error bars as in Fig. 4

The [H,]/[CO] balance is practically independent of the mole fraction of helium but
depends on R as indicated in Table 1.

Energy Efficiency

The energy efficiency for conversion of species X or conversion ability [3], is defined as

szw (13)

Similarly, the energy efficiency for production of species Y or production ability [3], is
defined as

_ afY]

’/IY - S/C

Taking into account (4) and (6), the relationship between the conversion ability, 7y and
the rate of conversion, (y, is

(14)

nx = (x[X]o (15)

Figure 8 shows that the conversion abilities for CH4 and CO,, in mixtures with R ~ 1,
increase with helium mole fraction until a maximum of around 80%, decreasing thereafter.

These values correspond to a minimum energy consumption of 5.7 MJ/mol for the
mixture with 85% helium. In this case, the energy consumption for the dissociation of CHy
and CO, were 9 MJ/mol and 14 MJ/mol for CH, and CO,, respectively. These values are
comparable to those obtained in DBD discharges driven by AC power supplies in pure CH,
[20] (estimated in 40 MJ/mol) and in CH4/CO, mixtures [18] (minimum values of 8.6 MJ/
mol for the mixture, with 15 MJ/mol for CH4 and 20 MJ/mol for CO,).

Although the admixture of helium reduces the energy consumption per mole, these
values are still high for commercial application. Moreover, the separation of helium from
the products adds another step to the process. The combination with a catalyst and/or a
pulsed power supply is necessary to improve the efficiency of the process.
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@ Springer



438 Plasma Chem Plasma Process (2011) 31:427-439

For all the products studied (H,, CO, C,Hg and C3Hg), the production abilities (Fig. 9)
seem to decrease with helium mole fraction. Unfortunately the uncertainties in the results
for mixtures with the highest helium mole fractions are large. For low values of S and until
approximately 10 kJ/L, or 30 kJ/L for C3Hg, the production abilities increase with S and
become constant or slightly decrease at higher S values.

Conclusions

In this work we reported experimental results for the oxidation of CHy in the presence of
CO, and helium in a dielectric barrier discharge. Although the main focus of the study was
on the influence of helium, we have also studied the effect of the [CH,4]/[CO,] ratio.

The main products obtained were H,, CO, C;Hg and C;Hg but several other hydro-
carbons were also detected. Deposition of carbon was observed as well as the formation of
condensable products.

We observed that the presence of helium has a significant influence on the discharge,
namely on the breakdown voltage, the rate of conversion of CH4 and CO, and, at a smaller
scale, on selectivities. A high mole fraction of helium is beneficial as it decreases the
breakdown voltage and increases the rate of conversion of reactants. The highest energy
efficiency in conversion is obtained at a helium mole fraction of around 80%. A high
helium mole fraction, however, has also detrimental effects as the range of stable condi-
tions for the discharge decreases as well as the values of selectivity.

The conversion of CHy, the CO selectivity regarding the C atom balance, the [H,]/[CO]
balance and the mixture of liquid products can be improved by changing R. The pro-
duction of Syngas or any specific product can be optimized by careful selection of helium
mole fraction and R.

A model of the electron and chemical kinetics of these mixtures can be a valuable tool
to explain the results observed and help to optimize the conversion of CH4 and CO,.
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