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Abstract The aim of this work is to study the role of argon during plasma reforming of

methane and carbon dioxide in order to convert Biogas into liquid fuels. Mixtures of

synthetic CH4 and CO2, representing typical biogas compositions, were processed in a

surface dielectric barrier discharge reactor in the presence of argon, which is considered to

improve the discharge conditions. Our measurements showed that at constant feed flow

rate and constant applied power, increasing the argon percentage from 0 to 66% in the feed,

leads to increase the electron density up to 60% and the electron mean energy up to 50%.

In these conditions, the absolute conversions of CH4 and CO2 are improved respectively

from 19 to 43% and from 11 to 25%, the H2/CO ratio enhances up to 0.9. However, despite

these improvements, the addition of argon beyond 33% decreases the carbon balance by

deposition of black carbon and soot, decreases the selectivity of liquid products and finally

lowers the energy efficiency of CH4 ? CO2 mixture conversion. Meanwhile the selectivity

of 10 liquid fuels principally alcohols, ketones and light organic acids, obtained in a yield

of 3 wt%, depends also on the flow rate of argon in the feed mixture.

Keywords Biogas � Dry reforming � DBD � Liquid fuels � Argon

Introduction

Biogas is a mixture of CH4 and CO2, and is produced from the degradation of organic

waste, is an important source of renewable energy. The energy value of biogas containing

60% of methane is estimated to be more than 7 kWh/Nm3. The annual potential of crude

biogas in Europe by 2050 is estimated between 322 and 1050 Mtoe (Million Tonnes of Oil

Equivalent) [1], while in 2013, only 13.4 Mtoe of primary energy was produced in Europe
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from biogas [2]. As a result, biogas remains an underutilized source of renewable energy.

The exploitation of this energy resource is a priority to replace hydrocarbons of fossil

origin.

Currently, biogas is used as a fuel for internal combustion engines. In some production

sites, biogas is injected, after 95% methane purification, into the natural gas grids.

Development of a new route for the recovery of biogas into liquid fuels, such as acetone,

methanol, ethanol and acetic acid, will achieve two objectives: reducing greenhouse gas

emissions and producing high added-value products for the chemical industry. The

reforming of methane in the presence of carbon dioxide, commonly called ‘‘Dry Reforming

of Methane (DRM)’’, is known for a long time [3], however presents some challenges

including the requirement of working temperatures above 700 �C and the use of catalysts

[4]. This reaction produces mainly hydrogen and carbon monoxide (syngas). This mixture

can then be converted into liquid fuels by Fischer–Tropsch process.

The implementation of an efficient, rapid and cold-working device for conversion of

biogas to liquid form would allow an increase in value of biogas produced in farms and in

rural areas far from the gas transport networks. Plasma reactors meet all criteria necessary

(i.e. energy characteristics) to perform biogas conversion. Different types of thermal

plasma and cold plasma such as Dielectric Barrier Discharges (DBD), corona discharge,

gliding-arc, plasma jet, spark and nanosecond pulsed discharge have been used to carry out

DRM [5–8]. However, DBD remains the most used reactor for studying the DRM reaction

because of its technical simplicity as well as the ease of scale up from laboratory reactors

to large industrial plants [9]. In our case, we used a Surface Dielectric Barrier Discharge

SDBD [10] which is different from the volume geometry i.e. cylindrical geometry gen-

erally reported in the literature [11–13]. In the cylindrical DBD configuration, the micro-

discharges act as a bridge between the two electrodes separated by the gas and one (or two)

dielectric barriers. Thus, the plasma volume is defined by the space between the two

electrodes. On the other hand, in the SDBD, two electrodes are applied on both sides of a

dielectric barrier sheet. Thus, there is no gap between the electrodes and the dielectric. In

this case the plasma is formed on the dielectric barrier surface nearby the contact line of the

electrodes and the dielectric. There are currently a single sided and double sided SDBD

commonly in use. In single sided SDBD one of the electrodes covers entirely one side of

the dielectric barrier while a second narrow metallic electrode is applied tightly on the

other side. In double sided SDBD, two narrow electrodes are applied on both sides of the

dielectric barrier as shown in Fig. 1.

An increase in the voltage results in an expansion of the discharge zone on the surface

of the dielectric [9]. In this zone, the charges transfer takes place in micro-discharges,

which appear on the surface of the dielectric barrier parallel to the flow direction of the gas

stream. In this case, the activated species are rapidly quenched on the surface of the

dielectric. This interrupts the chain reactions resulting in orientation of mechanisms to

promote liquid products formation rather than synthesis gas. Furthermore, SDBD has been

used in the past to study acetylene abatement and the production of ozone [14]. While no

difference has been found between the performances of single-sided SDBD and double-

sided SDBD geometry for acetylene abatement, double-sided geometry has shown better

performances in ozone production. In addition, SDBD has shown to perform better than

cylindrical geometry in acetylene abatement. The authors attributed this effect to the

interaction of streamer with the surface of the dielectric over its entire length which not

only allows to facilitate plasma initiation, but also to improve the use of atomic oxygen

formed during the phase ‘‘On’’ of plasma. This shows that we cannot extrapolate the
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performance of a reactor in a given application to other applications based on their

geometries. Instead, the influence of geometry should be studied separately.

DRM by plasma processes has been studied for decades [15, 16]. Most of these works

aim to produce mainly synthesis gas and only few studies deal with formation of liquid

products [17]. The influence of Ar on the distribution of liquid products of the DRM in a

SDBD has not been studied to our knowledge. Ramakers et al. [18] studied the role of

argon and helium on the CO2 conversion in a cylindrical DBD. They demonstrated that

CO2 conversion increases using Ar and He, and that the effect of Ar is greater than that of

He. On the other hand, the energy efficiency decreases by adding Ar because a consid-

erable part of the energy is consumed to ionize and excite Ar and He atoms [18]. Jo et al.

[19] carried out a comparative study of the influence of noble gases in particular: He, Ne,

Ar, Kr, and Xe on the conversion of CH4 in a DBD. The total flow rate of the reactant

stream containing 90% of noble gas was set at 336 mL/min, and the mean power was

varied between 4 and 20 W. The products of the transformation were mainly alkanes such

as C2H6 and C3H8. They were produced independently of the noble gas. The addition of Kr

allowed them to have the best conversion under the same conditions.

Pinhao et al. [20] and Goujard et al. [21] studied the influence of He on DRM in a DBD.

The major products of the reaction were: H2, CO, C2H6 and C3H8 and traces of con-

densable liquid fuels. They demonstrated that He reduces breakdown voltage and improves

the conversions of CH4 and CO2. Ozkan et al. [22] designed a multi-electrodes cylindrical

reactor to treat high flow rates of biogas. The total flow rate of the reactants was set at

1920 mL/min with 93.75% of plasma gas feed in argon or helium. The authors reported

that the conversion and energy efficiency were higher in the presence of plasma gas. They

also demonstrated that in the presence of argon, a filamentary aspect dominated the plasma

and favored the conversion of CO2 whereas in the presence of helium, the filamentary

plasma was transformed into glow plasma and the conversion of CH4 was favored. This

effect has been attributed to the influence of plasma gas on electrons energy distribution’s

Fig. 1 Experimental setup
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function. Zhang et al. [23] studied the influence of several parameters on the DRM in a

cylindrical DBD such as the power, the flow rate, the ratio CH4/CO2, the percentage of

argon as well as the introduction of solid particles in the plasma acting as a catalyst. They

reported that argon stabilizes the plasma and improves the conversion of biogas. However,

the addition of argon had no influence on the H2/CO ratio. Janeco et al. [24] developed a

self-consistent numerical model to describe the influence of helium dilution on electronic

kinetics in a gas mixture of He/CH4/CO2/CO/H2. These authors considered the filamentary

appearance of the DBD discharge at room temperature. Although not all chemical species

that may be present in plasma have been considered, model’s results demonstrate that

helium decreases the number of electrons with low energy and increases the number of

energetic electrons. The authors attributed this effect to the threshold energy of inelastic

collisions in a mixture of molecular gases globally smaller compared to a mixture con-

taining helium.

Experimental Setup and Methods

The SDBD reactor used in this experiment consists of a dielectric plate made of quartz

glass with a length of 150 mm, a width of 60 mm and a thickness of 3 mm. Two ‘‘E’’

shaped aluminum electrodes with a thickness of 3 mm are installed on both sides of the

dielectric plate as shown in Fig. 1. Two quartz glass plates cover the top and bottom of this

assembly, and two ceramic parts ensure electrical insulation and sealing of the reactor.

The power supply of this SDBD is provided by a high-voltage AC current generator

(18 kV peak to peak), and a frequency of 33 kHz. Three ‘‘Bronkhorst’’ mass flowmeters

were used to monitor the flow of each reactant. The material balance on liquid and gaseous

products is established on the basis of chromatographic methods. We used a gas chro-

matograph (VARIAN 3400) for the analysis of liquid products, and a gas chromatograph

(VARIAN CP4900) for the analysis of gaseous products.

The energy balance is established by measuring electrical charges that pass through the

reactor. This measurement is carried out by the LISSAJOUS (Manley) method using two

resistive probes connected to an oscilloscope (Lecroy) with a 350 MHz acquisition fre-

quency. Data acquisition and calculations are performed via a Labview program on a

computer linked to the oscilloscope. A condenser is installed at the outlet of the reactor to

recover the liquid products at 4 �C. The condenser contains 5 mL of pure water which acts

as an absorbent. More than 90% of the condensate fuels are trapped. The saturated vapor

pressure of these products does not allow a completely condensation at 4 �C. Gaseous
products are analyzed with a calibrated Varian microGC 4900. The identification of the

liquid products was performed by a GC-MS Shimatzu. The quantitative analysis of the

liquids was carried out with a gas chromatograph Varian GC 3400 equipped with FID

detector and a capillary column Agilent DB 624 (60 m, 0.32 mm, 1.8 lm) suitable to

separate polar hydrocarbons.

Preliminary results concerning the effect of plasma-catalysis have been published in

[10]. The reactivity in plasma is directly related to electron density and electron temper-

ature. However, these parameters depend mainly on the composition of gas mixture,

applied power and configuration of the reactor. In this work, we study the role of argon on

the discharge and its consequences on the efficiency of the CH4–CO2 transformation, as

well as on the yield and the selectivity of the products in a SDBD. The absolute and the
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effective conversion, selectivity of gaseous products and carbon balance were defined as in

the literature [23, 25, 26].

CH4 abs: conversion %ð Þ ¼ moles of CH4 converted

moles of CH4 introduced
� 100 ð1Þ

CO2 abs: conversion %ð Þ ¼ moles of CO2 converted

moles of CO2 introduced
� 100 ð2Þ

CH4 effec: conversion %ð Þ ¼ CH4 abs; conversion %ð Þ � moles of CH4 introduced

total moles introduced
� 100

ð3Þ

CO2 effec: conversion %ð Þ ¼ CO2 abs; conversion %ð Þ � moles of CO2 introduced

total moles introduced
� 100

ð4Þ

CO selectivity %ð Þ ¼ moles of CO produced

moles of CH4 convertedð Þ þ moles of CO2 convertedð Þ � 100

ð5Þ

H2 selectivity %ð Þ ¼ moles of H2 produced

2 � moles of CH4 converted
� 100 ð6Þ

CxHy selectivity %ð Þ ¼ x � moles of CxHy produced

moles of CH4 convertedð Þ þ moles of CO2 convertedð Þ � 100

ð7Þ

Bcarbone %ð Þ ¼
CH4½ �out þ CO2½ �out þ CO½ �out þ

P
x � CxHyOz

� �

CH4½ �in þ CO2½ �in
� 100 ð8Þ

Results and Discussions

Influence of Ar on the Behavior of the Discharge and the Breakdown Voltage
of the CH4–CO2 Mixture

The Ar percentage in the CH4–CO2 mixture was varied from 0 to 66%, the CH4/CO2 molar

ratio was set at 1 while the reactants total flow rate was fixed at 120 mL/min and the

applied power was fixed up to 74 W ± 2. The first observation of dilution by Ar was a

change in plasma behavior (Fig. 2). Indeed, the number of micro-discharges increases

when Ar percentage is increased.

Figure 2 shows also a greater homogeneity of the plasma when Ar percentage in the

CH4–CO2 mixture increases from 0 to 66% for a similar applied power. We also found that

the breakdown voltage, determined by the Lissajous curve, decreases as a function of Ar

percentage in the reactive stream as is shown in Fig. 3. The breakdown voltage decreases
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from 3.95 to 3.30 kV when Ar percentage increases to 66%. This result is in agreement

with those found by [18–21].

Ramakers et al. [18] explained this behavior by a Townsend ionization coefficient for

Ar higher than that of CO2, and a greater average free path for a mixture of CO2–Ar.

Indeed, the Townsend coefficient describes the production of electrons per unit length. A

mixture with a high ionization coefficient does not require a high voltage to initiate the

plasma. Sebastian and Wadehra [27] developed a model based on Boltzmann equation to

calculate various parameters of a CH4–Ar plasma, including the Townsend ionization

coefficient. They found that the latter coefficient increases as a function of Ar percentage.

Another consequence of dilution with argon is the modification of the mean free path of

electrons. Indeed, the probability of inelastic collisions for Ar is low compared to that of

CO2 or CH4. For Ar, electron excitation and ionization are the only possible inelastic

collisions and are characterized by a relatively high activation energy threshold (11.55 and

15.76 eV, respectively). This is not the case for CH4 and CO2, where there are different

possible levels of vibrational, electronic, ionization and dissociation excitation. Thus, the

presence of Ar, decreases the inelastic collisions frequency resulting in higher electron’s

energy. Moreover, the probability of attachment of electrons with Ar? is lower than that

Fig. 2 Pictures of the SDBD with CH4–CO2 mixtures: SDBD without argon (a) and containing 66% Ar (b).
a 73 W, 0%Ar. b 74 W, 66%Ar
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Fig. 3 Evolution of breakdown voltage as a function of the amount of Ar at applied power of 74 W
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with CO2
? due to the absence of dissociative attachment reactions in the case of Ar [18].

Consequently, in presence of Ar, the mean free path increases so electrons accelerate in the

electric field and acquire a greater energy between two collisions. Thus, a low breakdown

voltage is sufficient to initiate the plasma.

Influence of Ar on Electron Density

In order to study the influence of Ar on the density and the electron energy, the Eq. (9) of

current density was used:

ne ¼
J

Elee
ð9Þ

where ne: is the electron density. J: Current density defined as the ratio between maximum

current, measured by Rogowski’s coil, and surface area of one micro-discharge

(1.05 9 10-6 m2) [18]. E: Electric field (Td) determined by the breakdown voltage, the

distance between the electrodes and gas density. le: Electron mobility calculated with

Bolsig?, and e is the electron charge.

Several authors use this equation to estimate the density and energy of electrons

[18, 28, 29]. The Maxwellian distribution of electrons is assumed to facilitate the resolution

of Boltzmann equation by the Bolsig? calculation code [30]. The secondary mechanisms

are therefore neglected, in particular super-elastic or de-excitation collisions, inelastic

collisions between excited states and electron-ion recombination. The reactions of moment

transfer, excitation and ionization are taken into consideration.

Calculations results (Fig. 4) show that the density and electron temperature increase as a

function of Ar percentage. The mean energy of electrons increases from 1 eV to almost

2 eV, when Ar percentage is increased from 0 to 66%. The electron density increases from

1019 to 1.6 9 1019 m-3, an increase of 60%, as shown in Fig. 4. The two hypothesis to

explain the decrease in breakdown voltage are also valid for this increase in electron’s
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density and temperature. However, we should be prudent concerning the absolute value of

electrons density since the surface micro-discharge values are roughly estimated [18].

Influence of Ar Dilution on Conversion and Reactivity

The CH4 and CO2 conversions increase from 19 to 43%, and from 12 to 25%, respectively,

when Ar percentage increases to 66% at applied power of 74 W ± 2 (Fig. 5). The same

trend has been observed at applied power of 51 W ± 2. The difference between reactants

conversions seems to be related to the bond energy in each molecule. Indeed, the bond

energy C–H in the CH4 molecule is equal to 4.3 eV/molecule, whereas the double bond

energy C=O of CO2 is equal to 8.3 eV/molecule. The difference in the electron impact

cross section mainly comes from the bond energy, but also from the collision probability

explains also the more important dissociation of CH4 compared to CO2. We observe that

the conversion at 51 W is lower than that at 74 W due to the fact that the electron energy

and electron density are lower at low specific energy [25].

Snoeckx et al. [31] have developed a 0D model to describe DRM in a cylindrical DBD

at ambient temperature and atmospheric pressure. They found a significant difference

between CH4 and CO2 conversions, and they justify it by a difference in binding energy in

the two molecules. The authors concluded that CO2 transformation is mainly due to col-

lisions with free radicals during ‘‘Off’’ phases of a microdischarge. On the other hand, CH4

transformation is due to collisions with electrons during ‘‘On’’ phases of a microdischarge

as well as to collisions with free radicals during the ‘‘Off’’ phases of this microdischarge.

The addition of Ar to reactive flux leads to an increase in density and electron tem-

perature as explained in ‘‘Influence of Ar on Electron Density’’ section, which leads to an

increase of the number and the efficiency of electron collisions with the reactants, and thus

increasing the conversions. In their work on the influence of argon in CO2 conversion,

Ramakers et al. [18] reported that transfer of charges between Ar?, Ar?? and CO2 fol-

lowed by an electron-ion dissociative attachment reaction of CO2
? can be a very important

mechanism for CO2 dissociation. We believe that the same mechanism can be present in
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DRM and especially favored in the presence of argon as shown by the set of reactions cited

in Table 1.

Another explanation is to consider the Penning ionization effect, which corresponds to a

transfer of energy from excited Ar* atoms to CH4 or CO2, which could dissociate these two

molecules or at least ionize them. Attachment reactions thereafter could dissociate these

ionized molecules. The same explanation was given by Goujard et al. [21]. On the other

hand, the calculations made by Janeco and his collaborators have shown that helium

absorbs less than 5% of the energy injected into the plasma, because of the large cross-

section of the molecular gases and also the high threshold of inelastic collisions of helium.

As a result, the authors affirmed that the Penning effect cannot compete with direct

electronic collisions ionization [24].

In our case, the initial quantities of CH4 and CO2 decrease in favor of the quantity of

argon in order to have a fixed total flow rate (120 mL/min). Therefore the residence time

and the specific energy remain constant to allow the study of the role of argon. The same

reasoning is adopted in all articles that deal with the influence of argon or helium on CO2

splitting or CH4 reforming by atmospheric plasma [18–21]. Thus, absolute conversion is a

parameter not sufficient to fully describe the efficiency of the process. Indeed, to take into

consideration the dilution effect of argon, we need to calculate the effective conversion.

This can be seen in Fig. 6 where effective conversion for both reactants decreases as a

function of Ar percentage. Methane effective conversion decreases from 9.5 to 7.3% by

increasing Ar percentage from 0 to 66% at applied power of 74 W ± 2 while dioxide

carbon effective conversion decreases from 5.5 to 4.2%. The same trend has been observed

at applied power of 51 W ± 2.

Influence of Ar Dilution on Energy Efficiency

In literature, there exist several definitions for energy efficiency. The first one is based on

the enthalpy of transformation of methane and carbon dioxide into H2 and CO. The sum of

effective conversion for methane and carbon dioxide is used to calculate this energy

efficiency as following:

g %ð Þ ¼
Total effect: conversion � DH�

298
eV

molecule

� �

SEI eV

molecule

� � � 100 ð10Þ

where SEI is the specific energy input, defined as the ratio between the power injected into

the plasma and the total flow rate of the reactants. DH�
298 is the enthalpy of the reaction of

Table 1 Elementary reactions of
CH

4
and CO

2
transformation and

their rate coefficients [32, 33]

Reaction Coefficient rate (cm3 s-1)

e þ Ar ! Arþ þ 2e (1) 2.40 9 10-16

Arþ þ CH4 ! Ar þ CHþ
4

(2) 2.94 9 10-11

Arþ þ CH4 ! Ar þ CHþ
3 þ H (3) 8.33 9 10-10

Arþ þ CO2 ! Ar þ COþ
2

(4) 5.00 9 10-10

e ? CH4
? ? CH3 ? H (5) 1.18 9 10-08

e ? CH4
? ? CH2 ? 2H (6) 2.42 9 10-08

e ? CH4
? ? CH ? H2 ? H (7) 1.41 9 10-08

e ? CO2
? ? CO ? O (8) 2.71 9 10-07
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transformation of biogas into syngas, estimated at 2.56 eV/molecule. This formula doesn’t

take into account the formation of higher hydrocarbons.

Although in the literature [8], it is reported that increasing the specific energy results in

decreasing the energy efficiency of DRM, we do not observe this effect as there is not a big

difference between both specific energies imposed in our study. On the other hand, the

energy efficiency decreases from 4.2 to 3.0% at applied power of 74 W ± 2 as shown in

Fig. 7a. The same trend has been observed at applied power of 51 W ± 2 (Fig. 7b). With a

high Ar content, the excitation reactions of Ar consume a part of energy injected into the

plasma. The de-excitation reactions against the walls of the reactor and the natural

relaxation of these excited species prevent them to participate in biogas conversion. The

decrease of effective conversion of both reactants, as shown in ‘‘Influence of Ar Dilution

on Conversion and Reactivity’’ section, also explains this decrease in energy efficiency.

The energy efficiency depends on several parameters including, for example: the specific

energy, the frequency as well as the type of the power supply and the composition of the

feed gas. It is then quite difficult to compare the efficiency of two different geometries.

Under conditions similar to the conditions imposed in this study, Snoeckx et al. [26]

reported that the cylindrical DBD efficiency was between 2.8 and 6%. Thus, SDBD shows

the same energy efficiency of cylindrical DBD for the DRM.

However, the formula (10) assumes that biogas is transformed only into syngas and that

the conversions of CH4 and CO2 are similar. This makes it easier to calculate the stoi-

chiometric subscripts of the reaction and consequently the estimation of reaction enthalpy

which is equal to 2.56 eV/molecule. However, the DRM in a plasma reactor is more

complicated than that. Indeed, CH4 conversion is greater than that of CO2, and other

gaseous and liquid products are formed in addition to syngas.

This leads us to define a second energy efficiency which takes into account the Lower

Heating Value (LHV) of the chemicals products. In this case, energy efficiency is defined

as the ratio between sum LHV of products (liquid and gaseous) divided by the input energy

that is the summation of the electrical energy of plasma and the LHV of converted

methane. The energy efficiency of the process is calculated using the following formula:
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Fig. 6 Evolution of the effective conversion as a function of the amount of Ar for 51 W and 74 W
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g %ð Þ ¼
P

i½ � � LHV ið Þ½ �
Applied power þ CH4½ � � LHV CH4ð Þ � CH4 abs: conversion %ð Þ ð11Þ

where [i] is the produced amount of product (i) or its amount in feed gas expressed in Nm3/

s for gaseous products and in g/s for liquid products, LHV(i) is the lower heating value of

the product (i) expressed in J/ Nm3 for gaseous products and in kJ/kg for liquid products.

The third energy efficiency is defined by taking into consideration the Higher Heating

Values (HHV) of different fuels as following:
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Fig. 7 a Comparative of energy efficiency as a function of the amount of Ar for 74 W, estimated by using
Enthalpy syngas Eq. (11), LHV using Eq. (12) and HHV using Eq. (13). b Evolution of energy efficiency
HHV as a function of the amount of Ar for 74 and 51 W

Plasma Chem Plasma Process (2018) 38:517–534 527

123



g %ð Þ ¼
P

i½ � � HHV ið Þ½ �
Applied power þ CH4½ � � HHV CH4ð Þ � CH4 abs: conversion %ð Þ ð12Þ

The results using these three definitions are plotted in the same graph for comparison

(Fig. 7a). We can see that at a low percentage in Ar, taking into consideration the heating

values of higher hydrocarbons, i.e. C2H4, C2H6 and liquid products doubles the energy

efficiency of the DRM process. On the other hand, with a high percentage in Ar, the

difference between the results of these last three definitions becomes relatively small. This

is due to a decrease in the selectivity of the process towards the formation of high added

value hydrocarbons, i.e. C2H6 and C2H4 as well as liquid oxygenates, at a high percentage

of Ar. The decrease in the selectivity of these latter products will be discussed in the next

two paragraphs. Calculating the energy efficiency as a function of the HHV improves

slightly the value of energy efficiency with respect to the calculation results based on the

LHV. On the other hand, adding liquid products has no noticeable effects on the value of

energy efficiency because of the small quantity of liquid products but also the low values of

their heating values.

Influence of Dilution by Ar on the Selectivity of Gaseous Products

The analysis of gaseous products of the reaction reveals that H2, CO, C2H4 and C2H6 are

the main products of DRM under our experimental conditions. The selectivity to H2 and

CO formation increases as a function of Ar percentage while the selectivity towards C2H4

and C2H6 formation decreases, as shown in Fig. 8. For example, the C2H6 selectivity

decreases from 18 to 11% when Ar percentage increases from 0 to 66% and the selec-

tivity of C2H4 decreases from 1 to 0.6%. The first hypothesis to explain this trend is the

dilution of the reactive mixture by Ar. Indeed, the high Ar content reduces the molar

fraction of all free radicals including CH3 which reduces the recombination’s probability

of these later free radicals. This decreases the production of ethane even if it is a three-

body reaction (11). This hypothesis could be extrapolated to explain the decrease in
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Fig. 8 Evolution of selectivity as a function of the amount of Ar for 51 and 74 W
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ethylene selectivity. A second hypothesis consists of considering an advanced degra-

dation of CH4 and CO2 favored by a higher density and electron temperature in high Ar

percentage, as shown in ‘‘Influence of Ar on Electron Density’’ section.

Indeed, H2 and C are the ultimate products of the advanced degradation of CH4, as O

and CO are for CO2, as shown by reactions (9) and (10):

CH4 ? e ? C ? 2H2 ? e (9) [32]

CO2 ? e ? CO ? O ? e (10) [32]

CH3 ? CH3 ? M ? C2H6 ? M (11) [34]

CH3 ? CH2 ? C2H4 ? H (12) [34]

The evolution of H2/CO ratio and that of carbon balance are depicted in Fig. 9. One

can remark that the trends of these curves change when Ar percentage reaches 33% in the

mixture. The carbon balance is defined as the ratio of total quantity of carbon leaving the

reactor to the total amount of carbon at the reactor inlet. Thus, this parameter allows

calculating the amount of carbon deposited on the walls of the reactor in the form of soot

and black carbon plus the amount of species that have not been detected in the gas phase

and liquid phase. As it is shown in Fig. 9, the carbon balance is relatively stable around

95% when Ar percentage increases from 0 to 33%, then decreases strongly to 90% when

Ar percentage reaches 66%, at applied power of 74 W, indicating that increasing Ar

percentage results in increasing soot formation into the SDBD instead of hydrocarbons.
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Fig. 9 Evolution of H2/CO ratio and the carbon balance as a function of the amount of Ar at applied power
of 74 W
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Influence of Ar Dilution on Liquid Products

The conversion of biogas by plasma SDBD leads to the formation of gaseous products and

liquid products. The liquids were separated by condensation at 4 �C for 1 h. The selectivity

of the produced liquid is defined as follows:

Liquid selectivity wt%ð Þ ¼ Liquid produced total mass

mass of CH4 convertedð Þ þ mass of CO2 convertedð Þ
� 100

ð13Þ

The liquid selectivity, shown in Fig. 10, increases slightly from 15 to 16% when Ar

percentage increases from 0 to 33% then decreases drastically for higher Ar percentage.

These results underline that beyond 33% of argon in the mixture, the selectivity of liquids

decreases and at the same time we visually observed that the quantity of carbon and of soot

deposited on the reactor’s walls increases. The changes in trends of liquid production

observed in our conditions, 74 W and feed composition of (Ar–CH4–CO2) = (40–40–

40 mL/min), correspond to the mean electrons energy and electron density respectively

1.3 eV and 1.35 9 1019 m-3. Liquid fuels represent between 10 and 30% of the total mass

of liquid products, the rest consists of unidentified liquid products and especially water

produced by Water Gas Shift Reaction. This liquid fuels represent from 2 to 4% of the total

mass of CH4 and CO2 transformed.

Liquid hydrocarbon selectivity is defined as the mass ratio of the liquid compound in

question and the total mass of liquid fuels. The distribution of liquid products, as a function

of Ar percentage represented in Fig. 11, shows that the main products are: tertiobutylic

(2.5–3.8% w), acetaldehyde (11.4–13.9% w), acetone (3.4–4.8% w), 2-butanol (7.3–10.6%

w), methanol (19.3–23.8% w), isopropanol (11.4–13.9% w), ethanol (15.1–18.1% w),

propanol (3.0–5.8% w), butanol (5.8–12.4% w), and acetic acid (6.4–10.4% w).
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Fig. 10 Evolution of liquid products selectivity as a function of the amount of Ar at applied power of 74 W

530 Plasma Chem Plasma Process (2018) 38:517–534

123



When Ar percentage increases from 0 to 66%, methanol selectivity decreases from 23 to

18%, while isopropanol increases from 14 to 16% then decreases slightly, and that of

ethanol increases from 15 to 18% then decreases. These changes could be explained by the

fact that an increase in argon content results in an increase in electron mean energy which

results in a greater advancement of CH4 degradation reaction and a diminution of liquid

fuels concentration (Table 2). Another possible explanation is the dissociation of methanol,

or other liquid products by collisions with energetic electrons. Zhang et al. [35] carried out

dry reforming of methanol to produce syngas. They reported that there are seven initial
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Fig. 11 Evolution of liquid hydrocarbon selectivity as a function of the amount of Ar at applied power of
74 W

Table 2 Intermediate dissociation reactions of CH4 and the formation of methanol, ethanol and isopropanol
and their activation threshold energies [31, 32]

Reaction Number Threshold activation energy (eV)

e ? CH4 ? e ? CH3 ? H (13) 8.8

e ? CH4 ? e? CH2 ? H2 (14) 9.4

e ? CH4 ? e ? CH ? H2 ? H (15) 12.5

e ? CH4 ? e ? C ? 2H2 (9) 14

CH3 ? OH ? M ? CH3OH ? M (16) –

CH3 ? CH2 ? C2H4 ? H (17) –

C2H4 ? H2O ? C2H5OH (18) –

C2H6 ? CH ? M ? C3H7 (19) –

C3H7 ? H ? C3H6 ? H2 (20) –

C3H6 ? H2O ? CH3CH(OH)CH3 (21) –

H2 ? CO2 ? CO ? H2O (22) –
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reaction paths for methanol dissociation by electronic collisions, which make this product

fragile. The same thing can be said about the other products.

The increase of electron temperature from a certain threshold also leads to carbon

deposition and to soot formation according to reaction (9), which reduces the selectivity of

higher hydrocarbon products. Indeed, the increase of Ar content in the reactive volume

causes radical reactants dilution, which makes more difficult interaction between them.

Conclusion

In this study, we have presented experimental results of the influence of Ar on the prop-

erties of plasma as well as on the reactivity and the selectivity of gaseous and liquid

products of methane reforming in the presence of carbon dioxide. Conversions of 47% for

CH4 and 28% for CO2 were achieved. The main products are: CO, H2, C2H6 and C2H4.

More than 10 oxygenated liquid fuels were detected that represent 2–4% of the total mass

of products.

Results showed that introducing Ar into the SDBD reduces the breakdown voltage,

increases the density and electron temperature. That results in increasing the extent of

reactions to enhance the CO, H2 carbon and soot selectivity particularly when Ar per-

centage is greater than 33%. At the same time, using argon decreases the effective con-

version of both reactants and the total quantity of higher fuels, i.e. C2H6, C2H4 and liquid

products. We observed that the total selectivity in liquid products reaches a maximum for

Ar percentage of 33%, and decreases drastically for higher Ar percentage.

A mean electron energy of 1.3 eV and electron density of 1.35 9 1019 m-3 were

reached by adjusting Ar percentage at 33% with breakdown voltage smaller than 3.5 kV,

that permitted to obtain the maximum liquid selectivity around 16 wt%, a carbon balance

near 95% and a higher heating value energy efficiency of 6.05%. That seems to be the best

compromise in our experimental conditions. The energy efficiency of the process is 7.85%

without Ar on the reactive stream and decreases to reach 3.82% when Ar percentage is

increased to 66% at applied power of 74 W ± 2. The same trend has been observed at

applied power of 51 W ± 2. These results demonstrate that controlling the Ar percentage

in reactant feed will permit to control the electrons energy and electron density at the

lowest possible breakdown voltage in order to adapt them to the required chemical

transformation.

During this work, we have demonstrated that it is possible to directly transform a CH4–

CO2 mixture into liquid oxygenated fuels, such as methanol and ethanol, in a SDBD

reactor. Nevertheless, many investigations still need to be carried out, in particular to

improve yields and reduce the energy cost of processing. The integration of suitable cat-

alysts for the discharge reactors could help to achieve these objectives.
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Polytechnique X

15. Malik MA, Malik SA, Jiang X (1999) Plasma reforming of natural gas to more valuable fuels. J Nat Gas
Chem 8:166–178

16. Liu C-J, Xu G-H, Wang T (1999) Non-thermal plasma approaches in CO2 utilization. Fuel Process
Technol 58(2):119–134

17. Snoeckx R et al (2017) Plasma-based liquefaction of methane: the road from hydrogen production to
direct methane liquefaction. Plasma Process Polym 14(6):1600115

18. Ramakers M, Michielsen I, Aerts R, Meynen V, Bogaerts A (2015) Effect of argon or helium on the
CO2 conversion in a dielectric barrier discharge. Plasma Process Polym 12(8):755–763

19. Jo S, Lee DH, Song Y-H (2015) Product analysis of methane activation using noble gases in a non-
thermal plasma. Chem Eng Sci 130:101–108

20. Pinhão NR, Janeco A, Branco JB (2011) Influence of helium on the conversion of methane and carbon
dioxide in a dielectric barrier discharge. Plasma Chem Plasma Process 31(3):427–439
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