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The  activation  of  methane  and  carbon  dioxide  to  produce  hydrocarbons  has  been  investigated  in  a  dielec-
tric barrier  discharge  (DBD)  reactor.  A  high  CH4/CO2 ratio is  more  selective  for  the production  of C2
hydrocarbons,  but  the carbon  balance  is always  far from  100%  due  to carbon  deposition  and  formation
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of  heavy  molecules.  An  increase  of  the  reaction  temperature  until  600 ◦C is  more  favorable  for  ethylene
formation.  The  presence  of  glass  or alumina  balls  in  the  plasma  improves  the  stability  of  the  plasma
discharge  leading  to an  increase  of  the CO2 and  CH4 conversion.  The  use  of  the  catalyst  La2O3/�-Al2O3 in
the  plasma  zone,  at 400 ◦C, modifies  significantly  the  activation  of carbon  dioxide  while  it does  not  affect
the activation  of  methane.  This  result  can  be attributed  to  the  formation  of surface  oxycarbonate  species

r  carb
arbon dioxide
a2O3/Al2O3

responsible  for the  highe

. Introduction

The use of methane, the main component of natural gas, is of
articularly interest in the field of energy production due to its high
vailability.

Based on thermodynamic data, the production of hydrocarbons
rom methane requires high temperatures (>973 K), which makes
he process little selective in C2 and expensive. The catalysts com-

only used to synthesise hydrocarbons are basic catalysts within
he temperature range of 923–1123 K [1–3]. Among 30 basic cata-
ysts, Asami et al. showed that lanthanide oxide exhibited the best
atalytic performances [4].

However there are needs for non-conventional systems to per-
orm such reactions. One of the new approaches consists to perform
he chemical activation of reactants by a plasma generated by an
lectric gas discharge. Indeed, non-thermal plasma, far from ther-
odynamic equilibrium, can initiate a series of plasma chemical

rocesses such as ionization, dissociation and excitation, while the
emperature of the reactants remains relatively low.

The successful use of plasma to produce hydrocarbons from

ethane and carbon dioxide has been demonstrated in the liter-

ture [5–8].
The combination of a catalyst with plasma has been reported

or the direct conversion of methane and carbon dioxide to higher

∗ Corresponding author.
E-mail address: catherine.batiot.dupeyrat@univ-poitiers.fr (C. Batiot-Dupeyrat).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.03.015
on  monoxide  selectivity.
© 2011 Elsevier B.V. All rights reserved.

hydrocarbons. It is believed that the catalysts particles become
electrically charged under the gas discharge. The combination of
a DBD with heterogeneous catalysts could operate by an activa-
tion of the reactants in the discharge prior to the catalytic reaction
[9].  Marques et al. showed that reactive species are formed from
methane which can react with a catalyst (�-alumina) placed after
the discharge [10]. However a positive role of the combination of
plasma with catalyst is not always obtained. Eliasson et al. showed
that the presence of zeolithe in the plasma zone decreases the con-
version of methane and carbon dioxide but increases significantly
the light hydrocarbons selectivity [11]. The use of La2O3/�-Al2O3
catalyst under a pulse corona plasma was reported by Zhang et al.
[12]. The authors showed that the conversion of methane to C2
hydrocarbons was  favored compared to a pure alumina catalyst in
the plasma zone.

We report results in the transformation of methane and carbon
dioxide to produce hydrocarbons using a DBD plasma reactor. The
influence of the molar ratio CH4/CO2 and the reaction temperature
was studied using plasma alone.

Since La2O3 is consider as one of the most efficient oxide cata-
lysts for oxidative methane coupling, we decided to investigate the
presence of La2O3 deposited over alumina balls in the plasma zone.
The reaction was  performed at temperatures from room tempera-

◦
ture to 400 C.
The use of balls is motivated by the complete filling of the plasma

zone, while with powder only a catalytic bed can be used, the reac-
tion in the homogeneous phase being preponderant in the last
case.

dx.doi.org/10.1016/j.cattod.2011.03.015
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:catherine.batiot.dupeyrat@univ-poitiers.fr
dx.doi.org/10.1016/j.cattod.2011.03.015
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CH4/CO2 increases, which shows that an excess of methane in the
feed gas favors the formation of products not detected by the GC.
Indeed in a previous study we  showed that liquid products such
as 2-methyl-2hexanol, 3-methyl-2-heptanone, 3-butyloctanol and
4-dodecene can be formed as soon as carbon dioxide is in excess
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Fig. 1. Experimental set up.

. Experimental

The reaction was performed by flowing a gas mixture of
ethane, carbon dioxide and helium in a alumina reactor (15 mm

d) with a inner stainless steel electrode (3.2 mm o.d). The outer
lectrode is a copper tube wrapping the alumina tube (Fig. 1).

Plasma was generated by a monopolar pulsed electric generator
A2E Technologies). The voltage and current measurements were

onitored with a digital oscilloscope (Lecroy CT3744, 500 MHz,
6510) through a high voltage probe (Lecroy, PPE 20 kV, 100 MHz)
nd a current probe (Stangenes Industrie 60 MHz).

A voltage of 18 kV and a frequency of 300 Hz were applied in this
tudy, the rising front of the square pulsed generator being equal
o 103 V ns−1.

Recorded voltage and current waveforms are shown in Fig. 2.
he discharge power was calculated from the time averaged prod-
ct of discharge voltage and current.

The products were analysed by a four-way gas chromatograph
�GC Varian Quad CP-4900). A Poraplot Q, (10 m,  0.15 mm), a CP-Sil

 CB (8 m,  0.15 mm),  a CP-Wax 52 CB (4 m,  0.25 mm)  and a molecu-
ar sieve 5 A (10 m,  0.32 mm)  columns were used with TCD detectors
o analyze on-line the different gases (H2, CO, CO2, CH4, C2H6, C2H4,
3H8, C3H6, CH3OH, CH3OCH3, and C2H5OH) within 3 min.

The alumina supported La2O3 catalyst was prepared using lan-
hanum nitrate as precursor and alumina balls supplied by AXENS
diameter 2 mm).  The preparation was made by an incipient-
etness technique [13]: 15 g of �-Al2O3 was impregnated with an

queous solution of La(NO3)3·6H2O at room temperature. Then the
atalyst was dried at 150 ◦C for 10 h and calcined in air at 800 ◦C
or 6 h. The resulting catalyst possessed a lanthana loading equal to
0 wt.%. A second impregnation was performed following the same
rocedure, the total loading was closed to 40 wt.%.

. Results and discussion

.1. Influence of the molar ratio CH4/CO2

The experiments were performed at a constant total flow rate
80 mL/min) and a constant helium content (82%) while the molar
atio CH4/CO2 was varied from 1 to 14. A voltage of 18 kV and a

requency of 300 Hz were applied. First of all we checked that the
eposited power was not influenced by the gas composition, and
ue to the large excess of helium the input power was  the same
40 W)  whatever the ratio CH4/CO2. Fig. 3 shows that the carbon
ioxide conversion is higher than the methane conversion when
Fig. 2. Recorded voltage and current waveforms.

the ratio CH4/CO2 is higher than 4. The methane conversion is not
strongly modified by the gas composition, the CH4 conversion is
closed to 25% in our experimental conditions. It is well admitted
in the literature that, using non-thermal plasma systems, the reac-
tion proceeds via excited species such as CHx*, O*... which reacts
to produce synthesis gas but also hydrocarbons [14–16].  The car-
bon balance, reported in Fig. 3 slightly decreases when the ratio
1614121086420

ratio  CH4/CO2

Fig. 3. CH4 and CO2 conversion as a function of the CH4/CO2 molar ratio. Room
temperature, P = 40 W;  total flow, 80 mL/min and He, 65 mL/min.
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Fig. 5. Deposited power as a function of the reaction temperature. Voltage, 18 kV;
frequency, 300 Hz and CH4/CO2/He, 14/1/65 mL/min.
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temperature higher than 300 C, the C3 and C4 hydrocarbons selec-
tivity decreases significantly resulting from their cracking.

0

5

10

15

20

25

30

35

40

6005004003002001000

Se
le

ct
iv

ity
  (

%
)

C2H6 C2H4

C3H8

C4

CO
4 2

ig. 4. Selectivity to products as a function of the CH4/CO2 molar ratio. Room tem-
erature, P = 40 W;  total flow, 80 mL/min and He, 65 mL/min.

17]. Nevertheless a coke deposition cannot be excluded since the
resence of a black solid, in the plasma zone, is observed after
eaction.

The hydrocarbons selectivity is strongly dependent of the molar
atio CH4/CO2 as shown in Fig. 4. When a stoichiometric mixture of
H4 and CO2 is used, the production of synthesis gas is favored, the
O selectivity being equal to about 70%. The hydrocarbons selec-
ivity from C2 to C4 is important when an excess of methane is
sed. Within C2 products, ethane is mostly formed its selectivity
eaches 23% with a CH4/CO2 ratio equal to 6.5, whereas the C2H4
nd C2H2 selectivity are lower than 3%. The production of hydro-
arbons is accompanied by carbon deposition, mainly with high
H4/CO2 molar ratio (carbon balance = 75%).

The reactivity of methane in the presence of CO2 can be
xplained not only by a direct activation of methane to produce
ethyl radicals but also by the interaction between active oxygen

pecies, issued from CO2, and methane according to Reactions (1)
nd (2) [15]:

O2 + e → CO + O (1)

H4 + O → CH3 + OH (2)

The formation of hydrocarbons is favored when the amount of
H4 is high because the probability for methyl radical recombina-
ion is maximum when the methane concentration in the gas phase
s maximum too.

.2. Influence of temperature

The influence of the reaction temperature was examined using
he following gas mixture: CH4/CO2/He: 14/1/65 mL/min, while the
emperature was varied from room T to 600 ◦C. The applied voltage
as fixed at 18 kV and the frequency was equal to 300 Hz. Fig. 5

hows that the deposited power increases with increasing tem-
erature which can be explained by the lower gas density at high
emperature [18].

Fig. 6 shows a slight increase of methane conversion with the
ncrease of temperature whereas the CO2 conversion is not sig-
ificantly modified. The carbon balance is always far from 100%
hatever the operating temperature.

The product distribution changes significantly with temper-
ture as shown in Fig. 7. Ethylene selectivity increases sharply
ith increasing temperature in the range 300–600 ◦C, while at
he same time the ethane selectivity decreases significantly. These
esults can be explained by the dehydrogenation reaction of ethane
avored at high temperature as shown by different studies [19,20].
owever another reaction has been postulated to explain the for-
Fig. 6. CH4 and CO2 conversion as a function of the reaction temperature. Voltage,
18 kV; frequency, 300 Hz and CH4/CO2/He, 14/1/65 mL/min.

mation of ethylene under DBD plasma [21]:

CH + CH3 → C2H4 (3)

The CO selectivity slightly decreases until 300 ◦C and then
increases which is in accordance with the works of Hammer et al.
[22]. This result can be explained by the oxidation of the deposited
carbon at high temperature leading to CO formation [23,24]. At

◦

Temperature (oC)

Fig. 7. Selectivity to products as a function of the reaction temperature. Open
symbol: with glass balls and closed symbol: without glass balls. Voltage, 18 kV;
frequency, 300 Hz and CH4/CO2/He, 14/1/65 mL/min.



70 M.H. Pham et al. / Catalysis Today 171 (2011) 67– 71

0

20

40

60

80

0

5

10

15

20

25

30

35

40

5004003002001000

C
arbon B

alance (%
)

co
nv

er
si

on
 (%

)

P * rt (J)

CO2

CH4

F
O
f

3
p

m
p
c
a

t
t
c
i
r
W
o
d
m
a

s
c

i
i

p
s
c
a

F
s
f

100908070605040302010

o
c

x
xxx

x

x
xxx

x

o

oo
o

o

o

oo
ooooooo

o oo

o

o x
x

b

xxx
x

x
x

xx
x

xx

x

x
xx

x

x

x
oooooo

o

oooooo
o o

oo
o

2-Theta/degree

a

In
te

ns
ity

 (a
.u

)

x

ig. 8. CH4 and CO2 conversion with and without glass balls in the plasma zone.
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.3. Influence of the presence of glass and alumina balls in the
lasma zone

It is known that the introduction of a solid in the plasma zone
odify the discharge properties. Kraus et al. [25] explain that the

resence of a ceramic foam in the plasma zone increase the effi-
iency of the discharge since it modifies the gap spacing leading to
n increase of the breakdown field.

In our experimental conditions we investigated the influence of
he presence of glass and alumina balls, with the same diameters, in
he plasma zone. Since the introduction of balls in the plasma zone
hanges the residence time of the feed gases when the gas flow
s not modified, we consider the joint effect of input power and
esidence time by using the product: P × rt (with P = input power in

, rt = residence time in second). As shown in Fig. 8 the presence
f glass balls in the plasma zone increases methane and carbon
ioxide conversion significantly. This result can be explained by a
ore stable DBD discharge as soon as the plasma zone is filled with

 dielectric material such as glass balls [26].
The carbon balance is also increased in the presence of glass balls

howing that carbon deposition is limited in these experimental
onditions.

The products selectivity reported in Fig. 9 was not strongly mod-
fied by the introduction of glass balls in the plasma zone. However
t is possible to notice that the C2 selectivity is slightly increased.
The introduction of alumina balls, instead of glass balls, in the
lasma zone do not modify significantly the CH4 and CO2 conver-
ion and the products selectivity. Indeed alumina is a support of
atalyst and does not participate to the reaction between methane
nd carbon dioxide.
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ig. 9. Selectivity to products with and without glass balls in the plasma zone. Open
ymbol: with glass balls and closed symbol: without glass balls. Voltage, 18 kV;
requency, 300 Hz and CH4/CO2/He, 14/1/65 mL/min.
Fig. 10. XRD patterns of the catalyst balls: (a) after the first impregnation with
lanthanum, (b) after the second impregnation with lanthanum and (c) after 2 h of
reaction at 400 ◦C under plasma. x: LaAlO3 and o: La2O3.

3.4. Influence of the presence of La2O3/Al2O3 balls in the plasma
zone

3.4.1. X-ray diffraction characterization
The XRD patterns of the catalyst after the first, second impregna-

tion with lanthanum and after reaction at 400 ◦C under discharge
plasma, are shown in Fig. 10.  Fig. 10a shows that the perovskite
phase LaAlO3 is present after calcination at 800 ◦C for the first
impregnation of lanthanum on the alumina balls. This result is in
accordance with the works of Boukha et al. [27] who showed the
formation of the perovskite phase at a calcination temperature of
800 ◦C and above. A second impregnation of lanthanum leads to the
formation of lanthanum oxide as shown in Fig. 10b. This result show
that the first layer of LaAlO3 obtained after calcination at 800 ◦C
allow to avoid the diffusion of lanthanum into alumina during the
calcination step after the second impregnation.

3.4.2. The plasma–catalyst association
The catalyst used to perform the plasma–catalyst reaction was

the one obtained after two  impregnation steps, showing the pres-
ence of lanthanum oxide.

The results obtained by combining non-thermal plasma and
catalyst, at different temperatures, are gathered in Table 1. The
deposited power increased from 45 W at room temperature until
53 W at 400 ◦C. It appears that, at room temperature, the pres-
ence of lanthanum oxide does not modify significantly the CH4
and CO2 conversion, the CO and hydrocarbons selectivity being
approximately the same as those obtained with pure alumina balls.

When the temperature is increased from room temperature to
400 ◦C, the methane conversion remains stable while the CO2 con-
version is strongly increased. First of all, we  checked that under
La2O3/�-Al2O3 balls without discharge plasma, no methane activa-

tion was possible until 400 ◦C, which results from the high stability
of the CH4 molecule. Concerning carbon dioxide, we  observed that
its amount at the exit of the reactor was  not stable as soon as the
temperature reached 200 ◦C, a low conversion of CO2 was  mea-

Table 1
CH4 and CO2 conversion, selectivity to products, carbon balance, deposited power
as  function of the temperature in the presence of La2O3/�-Al2O3 balls in the plasma
zone. Voltage: 18 kV, frequency: 300 Hz, CH4/CO2/He: 14/1/65 mL/min.

T (◦C) Conversion (%) Selectivity (%) CB (%) P (W)

CH4 CO2 CO C2 C3 C4 H2

Room (T) 19.5 23.3 10.7 42.9 12.4 5.6 16.6 72 45
200  20.9 32.0 9.2 41.2 15.0 8.7 16.6 74 52
400 21.4 56.1 24.8 39.5 11.7 5.3 19.5 81 53
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ured followed by a CO2 release. This result obtained in the absence
f plasma discharge can be explained by the formation of carbon-
te species at the surface of the basic oxide La2O3. Indeed, it has
een shown that oxycarbonate species can be formed at the sur-
ace of lanthanum oxide at low temperature, but those surface
arbonate species are not stable and can released easily at 200 ◦C
28]. When the temperature reaches 400 ◦C, the amount of car-
on dioxide consumed is increased but due to the instability of
he lanthanum oxycarbonate, it is not possible to indicate a CO2
onversion. However we can notice that the CO2 consumption at
00 ◦C is accompanied by the production of a small amount of car-
on monoxide while no methane was converted, showing that the
ctivation of carbon dioxide proceeded via lanthanum carbonate
pecies.

Under plasma discharges the activation of carbon dioxide is
trongly enhanced when the temperature increased. The CO2 con-
ersion is closed to 32% at 200 ◦C and 56% at 400 ◦C. The higher
ctivation of CO2 leads to the production of a significant amount of
ynthesis gas (H2 + CO), while the hydrocarbons selectivity is not
trongly modified. We  can notice also that an increase of temper-
ture leads to a higher carbon balance, showing that the carbon
eposition is limited at 400 ◦C.

The role of lanthanum carbonate species in the dry reforming of
ethane has been evidenced by different authors [29,30]. It is pos-

ulated that lanthanum oxide acts as an intermediate by storing CO2
hich is then released as carbon monoxide. It is also known that
ethane is only weakly adsorbs on La2O3, consequently the acti-

ation of methane is not enhanced by the presence of lanthanum
xide. In our experimental conditions, the carbon dioxide activation
roceeds readily at 400 ◦C under plasma discharges which can be
xplained by the formation of surface lanthanum carbonate species
hile the activation of methane is the same whatever the reaction

emperature and the presence or not of lanthanum oxide in the
lasma zone.

The results show that the activation of methane proceeds only
nder the discharge plasma, the presence of the catalyst La2O3/�-
l2O3 does not enhanced its activation. It modifies significantly the
roducts selectivity due to the activation of CO2 probably via the
ormation of surface lanthanum carbonate species an intermedi-
te in the formation of carbon monoxide. The XRD spectra of the
atalyst (Fig. 10c) after 2 h of reaction at 400 ◦C under non-thermal
lasma show almost no difference with the fresh catalyst, however

 surface modification of the solid, not visible by XRD, cannot be
xcluded.

. Conclusion

We showed with this study that plasma is an effective tool
o produce hydrocarbons from methane and carbon dioxide. An

xcess of methane (CH4/CO2 = 14) favors the production of C2
ydrocarbons while the formation of carbon monoxide is limited.
owever, the carbon balance never reaches 100% due to carbon
eposition and the presence of heavy molecules formed during the
eaction whatever the molar ratio CH4/CO2.

[

[

day 171 (2011) 67– 71 71

Ethane is mainly formed at room temperature while at 600 ◦C
the ethylene production is strongly favored due to the dehydro-
genation of ethane.

The use of a catalyst known for its activity in the oxidative cou-
pling of methane was evaluated in association with non-thermal
plasma. For that purpose, lanthanum oxide was  deposited at the
surface of alumina balls. We  showed that a two-step impregnation
method of lanthanum leads to the formation of lanthanum oxide
besides the perovskite: LaAlO3, after calcination at 800 ◦C.

At room temperature, the presence of the catalyst La2O3-
LaAlO3-�-Al2O3 does not modify the CH4 and CO2 activation
compared to glass balls placed in the plasma zone. At 200 ◦C, and
particularly at 400 ◦C, the activation of carbon dioxide is signifi-
cantly increased, in the presence of the catalyst, leading to a higher
carbon monoxide selectivity, while the conversion of methane
remains stable. This result shows that the non-thermal plasma dis-
charges play an important role on the activation of carbon dioxide,
most probably via the formation of oxycarbonate species at the
surface of the catalyst.

References

[1] Y. Wang, Y. Ohtsuka, Appl. Catal. A: Gen. 219 (2001) 183–193.
[2] C. Chen, Y. Xu, G. Lin, X. Guo, Catal. Lett. 42 (1996) 149–153.
[3] Y. Wang, Y. Takahashi, J. Catal. 192 (2000) 252–255.
[4] K. Asami, T. Fujita, K. Kusakabe, Y. Nishiyama, Y. Ohtsuka, Appl. Catal. A: Gen.

126  (1995) 245–255.
[5] C.J. Liu, B. Xue, B. Eliasson, F. he, Y. Li, G.H. Xu, PCPP 21 (3) (2001) 301–309.
[6] B. Wang, G. Xu, J. Nat. Gas Chem. 12 (2003) 178–182.
[7] J. Lu, Z. Li, J. Nat. Gas Chem. 19 (2010) 375–379.
[8]  W.  Cho, Y.C. Kim, S.S. Kim., J. Ind. Eng. Chem 16 (2010) 20–26.
[9] N.A. Istadi, S. Amin, Fuel 85 (2006) 577–592.
10] R. Marques, S. Da Costa, P. da Costa, Appl. Catal. B: Environ. 82 (2008) 50–57.
11]  B. Eliasson, C.J. Liu, U. Kogelschatz, Ind. Eng. Chem. Res. 39 (2000) 1221–1227.
12] X. Zhang, B. Dai, A. Zhu, W.  Gong, C. Liu, Catal. Today 72 (2002) 223–227.
13] C. Shi, A. Walters, M.  Vannice, Appl. Catal. B: Environ. 14 (1997) 175–188.
14] A. Huang, G. Xia, J. Wang, S. Suib, Y. Hayashi, H. Matsumoto, J. Catal. 189 (2000)

349–359.
15] X. Zhang, B. dai, A. Zhu, W.  Gong, C. Liu, Catal. Today 72 (2002) 223–227.
16] M.  Kraus, W.  Egli, K. Haffner, B. Eliasson, U. Kogelschatz, A. Wokaun, Phys. Chem.

Chem. Phys. 4 (2002) 668–675.
17] V. Goujard, J.M. Tatibouët, C. Batiot-Dupeyrat, Appl. Catal. A: Gen. 353 (2009)

228–235.
18] B. Pietruszka, M.  Heintze, Catal. Today 90 (2004) 151–158.
19] E.M. Kennedy, N.W. Cant, Appl. Catal. 75 (1991) 321.
20] R. Burch, S.C. Tsang, Appl. Catal. 65 (1990) 259.
21] M.  Mlotek, J. Sentek, K. Krawczyk, K. Schmdt-Szalowski, Appl. Catal. A: Gen.

366  (2009) 232–241.
22] T. Hammer, T. Kappes, M.  Baldauf, Catal. Today 89 (2004) 5.
23] M.  Sugasawa, S. Futamura, IEEE Trans. Ind. Appl. 44 (2008) 46.
24] S. Futamura, IEEE Trans. Ind. Appl. 44 (2008) 53.
25] M.  Kraus, B. Eliasson, A. Wokaun, Phys. Chem. Chem. Phys. 3 (2001) 294–300.
26] C. Liu, A. Marafee, R. Mallinson, L. Lobban, Appl. Catal. A: Gen. 164 (1997)

21–33.
27] Z. Boukha, L. Fitian, M.  Lopez-Haro, M.  Mora, J.R. Ruiz, C.J. Sanchidrian, G.

Blanco, J.J. Calvino, G.A. Cifredo, S. Trasobares, S. Bernal, J. Catal. 272 (2010)
121–130.
57–63.
29] Z. Zhang, X. Verykios, S. MacDonald, S. Affrossman, J. Phys. Chem. 100 (1996)

744–754.
30] A. Slagter, Y. Schuurman, C. Leclercq, X. Verykios, C. Mirodatos, J. Catal. 172

(1997) 118–126.


	Activation of methane and carbon dioxide in a dielectric-barrier discharge-plasma reactor to produce hydrocarbons—Influenc...
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Influence of the molar ratio CH4/CO2
	3.2 Influence of temperature
	3.3 Influence of the presence of glass and alumina balls in the plasma zone
	3.4 Influence of the presence of La2O3/Al2O3 balls in the plasma zone
	3.4.1 X-ray diffraction characterization
	3.4.2 The plasma–catalyst association


	4 Conclusion
	References


