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A B S T R A C T

Non-oxidative coupling of methane has been performed in DBD plasma reactors with a catalytic layer with
varying thickness loaded on the reactor wall. These structured reactors allow to study the effect of the thickness
of the catalyst layer, including the blank plasma reactor, without significant modification of plasma properties,
SEI and residence time. Moreover, it allows analysis of the catalytic effect of Pd/Al2O3. The catalyst layer de-
creases the methane conversion only mildly, which is attributed to hydrogenation of CHx radicals at the outer
surface of the catalyst layer. This results in typically 34 % methane conversion at 2.8W at room temperature
with 6% CH4 in Ar, independently of the layer thickness. In contrast, the thickness of the catalyst layer strongly
influences the product distribution, assigned to hydrogenation of acetylenes at external and internal surfaces in
the catalyst layer. The formation of undesired deposits is suppressed by a factor of 2 with value-added hydro-
carbons selectivity of 70 % and a carbon balance of 93 %. In addition, catalytic-wall reactors was compared with
packed bed reactors. The synergistic effect is much more evident in the structured reactor than in the packed bed
reactor, independently of the position of the catalytic bed.

1. Introduction

The depletion of mineral oil resources and the available large nat-
ural gas reserves rich in CH4 have promoted interest in developing ef-
ficient and economical viable processes for methane conversion to high
value-added chemicals in the last century [1,2]. More recently, interest
revived caused by the development of shale gas, especially in the USA.
The direct conversion of methane by coupling reaction is challenging as
methane is a very stable molecule. Two main approaches have been
extensively studied: oxidative and non-oxidative coupling of methane
[3,4]. The former noticeably increases the methane conversion but
strongly decreases the selectivity to desired hydrocarbons, caused by
consecutive deep oxidation to CO and CO2. The latter is highly limited
by thermodynamics, resulting in low conversion despite high operation
temperatures (> 600 °C), as well as extensive carbon formation. In this
context, several catalysts have been studied in order to achieve high
selectivity to desired products at high methane conversion levels [3–9].
Despite the favorable results reported by Bao et al. [5], it appears dif-
ficult to reproduce the results without significant carbon formation and
unfortunately the amount of carbon formed is not always reported.

Non-oxidative coupling of methane in a non-equilibrium plasma,
generated in a dielectric barrier discharge (DBD) reactor at tempera-
tures close to ambient, might be a promising alternative. Such a non-
equilibrium plasma contains accelerated electrons with high energy (∼
103 – 104 K) capable of activating methane molecules by electrons
impact, creating radicals ( + → ∙ + ∙ +− −CH e CH H e4 3 ) [10]. In con-
trast, excitation of rotation and translation of molecules in a DBD is
very limited, implying that the temperature of the gas remains close to
room temperature [10,11]. Therefore, coupling of methane reaction in
absence of oxygen has been studied at mild temperatures [10,12–14].
The plasma-driven reaction can provide high methane conversion de-
pending on the reactor design, the discharge power and the feed
composition (pure or diluted methane, or additives like H2 or H2O)
[15–19]. However, as plasma activates methane via formation of ra-
dicals, the selectivity to desired products is still uncontrolled. Forma-
tion of several linear or branched hydrocarbons have been reported,
usually from C2 to C6, depending mainly on the power and the feed
composition [20–22]. Moreover, formation of carbonaceous deposits is
significant and increases with increasing conversion. For instance, In-
darto et al. [22] reported formation of carbonaceous deposits on the
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wall of a DBD plasma reactor causing deactivation, even under favor-
able conditions to minimize carbon formation at methane conversion as
low as 13.8 %. Kudryashov et al. reported that co-feeding H2O pre-
vented formation of deposits at low methane conversion of about 10 %
[23], at the expense of formation of oxygenated products like methanol
and acetone in addition to alkanes and olefins.

The formation of carbon increases when increasing conversion
[14,24–27], e.g. by increasing the specific energy input (SEI, power
discharge per mol of methane fed) or diluting the methane with an inert
gas like Ar, enhancing the methane activation by Penning effect [28].
However, most papers report only the selectivity to desired hydro-
carbons, without explicitly considering the carbon balance and carbon
formation. In contrast, Jo et al. [17,19,29] reported poor carbon bal-
ance of 70–75 % at 20 % CH4 conversion in different noble gases. Wang
et al. [16] studied methane conversion and the selectivity to carbon
deposits at different reactor conditions (residence time, power, dis-
charge gap) at typically 20 % conversion. The formation of carbon was
measured by weighing the reactor before and after the experiment but
unfortunately, the carbon balance was still below 70 %.

Combining plasma and catalysis seems to be a promising approach
in which the catalyst can contribute to methane activation and/or se-
lectivity to desired hydrocarbons, decreasing the formation of deposits
[10,30]. However, combining catalysis and plasma is rather complex
[31–34]. Introduction of a packed bed in the reactor changes the local
linear velocity and thus the residence time, complicating the compar-
ison and analysis of the effect of the catalyst. Even in the case that the
overall plasma power remains constant, the energy density of the
plasma will increase because the free volume, in which plasma is
generated, is smaller in a packed bed reactor. Furthermore, the in-
troduction of a packed bed in a DBD plasma influences the local elec-
trical field because it also acts as a dielectric material, changing the
electron energy distribution and the chemistry taking place in the
plasma. In that respect, the morphology and shape of the particles have
a remarkable influence on the plasma, as the electrical field is enhanced
at sharp features and contact points between particles [35–38]. The
catalyst and the plasma influence each other mutually in even more
complex ways, including formation of microdischarges, changes in the
discharge type, changes in the catalyst surface area, hot spot formation
and changes in the catalytic surface properties [31,32,36,39–41]. Also,
activated species in the plasma, including radicals and ions, electronic
excited species and vibrational excited species, may chemisorb and
react on the catalyst surface. This is further complicated by the fact that
plasma cannot form inside pores smaller than typically 1 μm [42,43],
implying that the internal surface of the catalyst cannot contribute in
contrast to the external surface area. Therefore, small catalyst particles
would maximize the effect of the catalyst, although too small particle
sizes would cause high pressure drop and destabilization of the plasma
[44]. Hence, introduction of pellets in the DBD plasma reactor can re-
sult both in synergy as well as in suppression of conversion [45].

Several studies on non-oxidative coupling of methane in DBD
plasma reactors used packed beds of catalytically inert materials with
different sizes and shapes, acting mainly as dielectric material
[36,46,47]. Catalytically inert packed beds mainly alter power dis-
sipation in the plasma and characteristic of the discharge, with varying
influence on conversion, whereas the hydrocarbon product distribution
is not significantly influenced. Kim et al. [36] observed that methane
conversion decreases with increasing internal surface area, whereas Jo
et al. [47] reported the opposite effect when comparing low surface
area α-Al2O3 with high surface area ɣ-Al2O3 at the same conditions.
However, high conversion promotes formation of deposits.

Only a few studies report on non-oxidative coupling of methane in a
DBD reactor using a packed bed with catalytic activity. Jo et al. [29]
used a planar DBD reactor, comparing the performance with Pt/Al2O3

and Al2O3 only. The presence of Pt decreased the conversion slightly
while the product distribution shifts to more saturated hydrocarbons,
which was attributed to lowering the electric field in the presence of Pt.

Surprisingly, the catalytic activity of Pt for hydrogenation reactions was
not considered. Górska and co-workers [48] studied the non-oxidative
coupling of methane on Cu/ZnO/Al2O3 pellets in a DBD reactor at
240 °C and compared the results with the blank reactor and a glass
packed bed DBD reactor. However, the differences in conversion and
selectivity observed in the three systems are small and the power dis-
charge, formation of carbon deposits and the carbon balance are not
reported; so it remains unclear whether any catalytic effect occurred.

The goal of this work is to decrease the formation of carbonaceous
deposits during methane coupling by introducing a hydrogenation
catalyst (Pd/Al2O3) in a DBD reactor. In order to facilitate interpreta-
tion of the experimental observations, catalytic-wall-reactors are used
in this study, minimizing the influence of the catalyst on the plasma
compared to a packed bed. Application of a thin catalyst layer allows
introduction of the catalyst in the plasma reactor without changing
significantly the plasma power, the SEI as well as the residence time as
the volume of the catalyst much smaller than te volume of the plasma
zone. This approach to disentangle the effect of plasma and catalyst has
not been applied before, to the best of our knowledge.

2. Experimental

The tests were carried out in a home-made DBD plasma reactor at
atmospheric pressure and room temperature, using an AC voltage
supplier (PVM/DDR Plasma Driver GME PM89 CLASS 2.5) connected to
coaxial stainless steel electrodes and a quartz tube reactor as dielectric
material. The stainless-steel cylinder of 3.3 cm in length enclosing the
quartz reactor tube (4mm in inner diameter and 30 cm in length) was
used as ground-voltage (GV) electrode. The stainless-steel rod of
1.6 mm in diameter as high-voltage (HV) electrode was placed in the
center of the quartz reactor, resulting in a gap of 1.2mm between the
HV electrode and the inner wall of the reactor. The discharge power in
the reactor was calculated from Q-V Lissajous plots [49,50]. The data
were collected by a high voltage probe (TESTEC TT-HVP15 HF) and a
3.9 nF capacitor and a probe linked to the grounded electrode (TESTEC
TT-HV 250) both connected to an oscilloscope (Pico Scope 2000 series)
as is illustrated in Fig. 1.

Coupling of methane was carried out at 2.8W discharge power at
23 kHz in all experiments. The input peak-to-peak voltage was varied in
the window between 6.6 and 7.4 kV range in order to operate at same
discharge power in all experiments. A mixture of 6 % CH4 in Ar was fed
at 20ml/min in the plasma reactor at room temperature. The specific
energy input (3423 kJ/mol CH4) with a residence time of 1 s in the
discharge volume was kept constant. The gas products were analysed
with an online Varian 450 GC equipped with TCD and FID detectors.
Hayesep T&Q, Molsieve 13x and PoraBOND Q columns were used to
separate C2, C3 and C4 hydrocarbons, H2 and the unconverted CH4

gases. The methane conversion and the carbon-based selectivities were

Fig. 1. Scheme of the DBD plasma setup.
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determined as follows:
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Where ni is the molar concentration of each compound (hydrocarbons
or hydrogen) and x is the number of carbon atoms in CxHy. In these
calculations any difference in the ingoing and outgoing molar flowrate
is small and can be denied. The selectivity to carbonaceous deposits as
function of time-on-stream is estimated based on the carbon balance
(Eq. (4)), assuming that the missing carbon is due to exclusively for-
mation of deposits. Any possible error caused by formation of any un-
measured higher hydrocarbons (C4

+) is disregarded in this calculation
since the GC signals of these compounds were too small for quantifi-
cation.

In addition, the averaged selectivity to deposits during an experi-
ment of typically 3 h is determined by weighing the electrode and the
reactor before and after the experiment, allowing calculation of the
amount of deposits with an accuracy of± 0.1mg. The C and H content
in the yellowish deposits formed on wall of the quartz tube is calculated
based on CHN elemental analysis (Organic Elemental Analyzer, Flash
2000, Thermo Fisher Scientific Inc.). The averaged selectivity to de-
posits is then calculated as:
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Where nCE and nCQ are the number of moles carbon deposited on the
electrode surface and the number of moles C in the polymeric deposit
on the quartz wall after 3 h of reaction as calculated based on weight
and elemental analysis, respectively. (ConvCH4)Avg is the average con-
version after 3 h of reaction, FCH4 is the inlet molar flow rate of methane
and t is the reaction time (3 h). Hydrogen and carbon balances were
calculated based on the amount of deposits detected combined with the
integrated amounts of products and unconverted methane as de-
termined by GC during the 3 -h experiment:
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Where the summation of molar flows out in the gas phase also includes
the unconverted methane and the factor 1.7 in Eq. (7) is obtained from
elemental analysis of the yellowish deposits.

The empty reactor (blank), structured reactors with thin catalytic
layers and packed bed reactors (Fig. 2) were tested under the same
reaction conditions. Thin catalyst layers were prepared via washcoating
of the internal wall, using a colloidal suspension with 14wt.% of
commercial Pd/ɣ-Al2O3 catalyst (1 wt.% Pd, Alfa Aesar, particles
smaller than 32 μm via sieving), 6 wt.% of colloidal alumina (20 wt.%
Al2O3 in water, Alfa Aesar) and distillated water. The desired position
and size of the catalytic wall in the tube was achieved by wetting a part
of the internal wall, controlled by quartz wool at the bottom and the
amount of colloidal suspension. The suspension was introduced from
the top, removed after a few minutes and the internal wall above was
cleaned with a cotton swab. The wetted part of the internal wall was
dried while slowly, rotating horizontally in order to create an

homogeneous layer. Impregnation and drying was repeated until the
desired amount of catalyst was achieved. Then, the layer was calcined
at 350 °C for 8 h in air with a heating rate of 2 °C/min in order to slowly
remove the water without creating porosity or fissures. Finally, the
catalytic layer was reduced with 10 vol.% H2 in N2 during 2 h at 350 °C.
The same process of drying, calcination and reduction was also per-
formed on the remaining slurry, resulting in a powdered catalyst, which
was sieved below 32 μm and used for both tests in packed bed reactors
as well as for characterization. Surface area and porosity was measured
with N2 physisorption at 77 K (Micromeritics Tristar) after pretreatment
in vacuum at 300 °C for 24 h. The Pd loading was determined by XRF
(Philips PW 1480).

Three structured reactors were prepared with different loading and
thickness of the catalyst layer, named according the Pd/ɣ-Al2O3 cata-
lyst loading: Q_1.7, Q_5.9 and Q_14.8, where the numbers indicate the
catalyst amount in mg (Fig. 3). The thickness and homogeneity of the
catalytic layers were analysed by scanning electron microscopy (SEM)
in a JEOL-LA6010 Scanning Electron Microscope.

3. Results and discussion

3.1. Characterization

The small amounts of catalyst loaded on the internal quartz walls
result in apparent homogeneous thin layers, as shown in Fig. 3. As
detailed characterization of thickness and homogeneity of the layers is
unfortunately destructive, three reactors with similar loadings were
prepared for characterization purpose only. The thickness of the cata-
lyst layer was measured with SEM at 100–200 points at different radial
and longitudinal positions, for the different catalyst loadings (Fig. 4).
Fig. 5 presents the standard deviation in the multiple measurements of
the thickness of the layer of the layers, indicating reasonable homo-
geneity of the layers, especially at low loading. Fig. 5 also shows that
the thickness increases with catalyst loading, as expected, allowing
estimation of the averaged thickness of the catalyst layer based on the
catalyst loading. The estimated average thicknesses of the catalytic
layers in Q_1.7, Q_5.9 and Q_14.8 are 4, 15 and 37 μm, respectively.
Thus, the catalyst decreases the reactor volume and the residence time
with at most 4 %. Therefore, it is reasonable to assume that the contact
time in the plasma and consequently the SEI remains constant in all
experiments.

The Pd/Al2O3 powder catalyst, prepared with the remaining slurry
and mimicking the washcoat, was characterized with N2-physisorption
(Table 1). The specific surface area, the pore size as well as the pore
volume remain unchanged, confirming the structure of the original
catalyst is preserved. The XRF analysis resulted in a Pd loading slightly
lower than the 1% loading of the parent catalyst, caused by adding

Fig. 2. (a) DBD plasma reactors.
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colloidal alumina.

3.2. Plasma-assisted catalytic wall reactors

Fig. 6a shows the change in discharge powers with time on stream.
The applied voltages for the blank and the structured reactors were
varied slightly in order to obtain the same initial power level (∼2.8W),
as indicated in the figure. Since the presence of a thin catalytic layer
implies a small extra capacitance between the electrodes in addition to
the quartz dielectric barrier (reactor wall), a minor adjustment in the
applied voltage was necessary for that purpose. A continuous decrease
of the obtained power with time on stream is observed for all reactors,
by repetitively measuring Lissajous plots. Interestingly, the decrease of
the discharge power with time for the structured reactors is less pro-
nounced with increasing thickness of the catalyst layer and most pro-
nounced for the blank reactor. The decrease in power during 180min
time on stream decreases in the order Blank > Q_1.7>Q_5.9>
Q_14.8 (22.9 %>18.0 %>16.1 %>11.1 % of power loss, respec-
tively).

Fig. 6b shows that also the methane conversion decreases with time-
on-stream, as a consequence of the decreasing discharge power. The
decrease in power and methane conversion is likely caused by the

formation of carbonaceous deposits, including conductive filaments in
the reactor, decreasing the dielectric discharge through the gap [27].
Fig. 6c demonstrates that addition of the catalyst layer decreases the
formation of deposits significantly. Note that deposits are the main
product in an empty reactor.

Fig. 6b also shows that presence of the layer decreases the methane
conversion. However, the thickness of the Pd catalyst layer does not
influence the conversion. This suggests that only the external surface is
involved, instead of the internal surface area of the catalyst layer. We
assign this to hydrogenation of methyl radicals, formed in the plasma,
with hydrogen chemisorbed on Pd, back to methane
(⦁ + →CH H CHads3 4). As methyl radicals are short lived, diffusion is
possible only over a distance in the order of microns, explaining that
exclusively the outer surface area of the layers can contribute [34,51].
In any case, the plasma power mainly controls the conversion of me-
thane, although the catalyst decreases the conversion slightly via hy-
drogenation of methyl radicals at the external surface of the catalyst
layer.

In contrast, the product distribution and formation of deposits is
influenced by the thickness of the Pd catalyst layer as shown in Figs. 6c
and 7 , indicating that the internal surface area is contributing. Addition
of the thinnest catalyst layer causes a decrease in the formation of
acetylene, 1,3-butadiene and mainly carbonaceous deposits, in benefit
of ethylene, propylene, saturated hydrocarbons as well as hydrogen.
Higher catalyst loading cause a decrease in the selectivity to un-
saturated hydrocarbons as well as to deposits, decreasing for instance
the formation of acetylene, which is reported to be a precursor for coke
formation [10,52]. The main increase is observed for ethane. In short,
hydrogenation reactions proceed also on the internal surface of the
catalyst layers. Formation of deposits decreases concurrently, sug-
gesting that hydrogenation of acetylene contributes to suppressing of
formation of deposits by preventing acetylene oligomerization.

Fig. 8 shows conversion and selectivities, grouped in compounds
with the same carbon-numbers C2 (C2H2, C2H4, C2H6), C3 (C3H6, C3H8)
and C4 (1,3-C4H6, 1-C4H8, n-C4H10, iso-C4H10), as well as the selectivity
to carbon deposits, identical to the data in Fig. 7b. The product dis-
tribution hardly changes with time-on-stream despite the observed
deactivation and power decrease, since the selectivity patterns are very
similar after 20min and 180min of reaction in Fig. 8a and b. This
confirms that activation of methane depends mainly on the plasma and
carbon formation is affecting the power discharge, decreasing the
conversion with time-on-stream. Interestingly, the hydrogenation ac-
tivity of the Pd catalyst is not deactivated by carbon deposition,
achieving the same suppression of carbon formation independent of
time-on-stream, amount of deposits formed and plasma power.

During the experiments, a yellowish polymeric deposit is formed on
the quartz wall whereas the stainless-steel electrode is covered with a
black deposit. Table 2 presents the amounts observed after each ex-
periment during 180min, as determined by weighing. The carbon se-
lectivity is calculated according Eq. (5). The black solid formed on the
central electrode surface is considered as carbon, whereas the C content
of the deposit formed on the quartz internal surface was calculated
based on the CHN elemental analysis, resulting in a C/H molar ratio of
1/1.7.

The relatively poor carbon balance calculated with Eq. (6) for the
blank reactor (Table 2) implies that about 20 % of the products could
not be detected with GC, whereas the mass balances for the catalytic
wall reactors close much better, independent of the thickness of the
catalyst layer. In contrast, the amount of deposits formed decreases
significantly with increasing amount of catalyst, especially on the
quartz wall. The trends reported in Table 2 are very similar to those
observed in Figs. 6–8. As an example, the amount of carbon formed
decreases with a factor 4 when comparing the blank reactor with the
Q_14.8 reactor based on weighing (Table 2), and with a factor 3 based
on integration over time-on-stream of the GC analyses used for con-
struction of Fig. 6c. However, the absolute numbers on selectivity to

Fig. 3. Photograph of structured DBD plasma reactors with different catalyst
loadings.
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deposits reported in Table 2 and those plotted in Figs. 6–8, assuming all
missing C ends up as deposit, are quite different. This is due to in-
accuracies. Measurement of the integral amount of deposits as well as
the elemental composition for the data in Table 2 is rather precise, but
the calculated value is an average in time. This may introduce

significant error because of the observed deactivation. On the other
hand, the data presented in Figs. 6–8 contain errors because part of the
missing carbon in the mass balance is caused by undetected hydro-
carbons and deposits in gas lines outside the reactor, especially in the
blank reactor.

Hence, high methane conversions are achieved in our work and the
thickness of the catalytic layer has no significant influence on the
conversion level, indicating that both plasma properties as well as the
reaction conditions are preserved. Thus, the suppression of formation of
deposits is attributed to a catalytic effect via enhancing hydrogenation
reactions. In particular, 70 % selectivity to value-added hydrocarbons
(C2-C4) is achieved at constant methane conversion level (c.a. 34 %)
when operating with 14.8 mg of catalyst (81.3 L h−1 g−1) at room
temperature, obtaining a carbon balance of 93 %, as a result of de-
creasing the deposit formation with more than a factor of 2. Hence, this
structured configuration improves the performance compared to an
empty plasma reactor, somewhat similar to the results of Bao et al. in
thermal operation. In that work, the blank reactor converted only 2.5 %
of methane with 95 % selectivity to coke, whereas optimized catalytic
reactor with 0.5 %Fe©SiO2 (21.4 L h−1 g−1) converts 48 % of methane

Fig. 4. SEM images of the catalytic layers loaded on internal quartz wall: (a) analogous to Q_1.7 loading, (b) analogous to Q_5.9 loading, (c) analogous to Q_14.8
loading and (d) zoom out of image (c).

Fig. 5. Influence of catalyst loading on the thicknesses of the catalyst layer
measured with SEM at multiple positions in the catalytic wall; the bars indicate
the standard deviation, the number of observations varies between 100 and
200.

Table 1
Textural properties of the original Pd/Al2O3 catalyst and powder catalyst
minicking the washcoat.

Sample SBET (m2/g) Dpore (nm) Vpore (cm3/g)

Original Pd/Al2O3 159 10.1 0.47
Powder 169 10.0 0.48
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Fig. 6. (a) Discharge power, (b) CH4 conversion and (c) time-on-stream selectivity to carbon deposits (Eq. (4)) obtained in coupling of methane reaction in DBD
plasma reactors (blank reactor and catalytic structured reactors) during 3 h.

Fig. 7. (a) Selectivities obtained at 20min of reaction on increasing the catalyst loading: from the blank reactor (0 mg of catalyst) to the structured reactors (1.7, 5.9
and 14.8mg of catalyst). (b) Product distribution grouped in saturated and unsaturated hydrocarbons obtained at 20min of reaction. C-deposits selectivity is
estimated including all the missed C-species (Eq. (4)).
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with less than 1% selectivity to deposits at 1363 K [5]. On the other
hand, there are only a few studies on methane coupling with DBD
plasma in similar reaction conditions. Jo et al. [19] achieved methane
conversion of c.a. 13 % using a discharge power resulting in a SEI of
603 kJ/mol CH4 with a poor carbon balance of only 70 %, due to the
formation of carbonaceous deposits. The carbon balance could only be
improved by adding oxygen in the feed, at the expense of poor se-
lectivity to hydrocarbons due to oxidation to CO and CO2. Recently,
Zhang et al. [20] used pulsed DBD plasma for non-oxidative coupling of
methane obtaining conversions below 10 % and selectivity to hydro-
carbons (C2-C4) below 50 %. Saleem and co-workers [14] obtained 37
% methane conversion with a SEI of 3665 kJ/mol CH4 with rather poor
C balances of typically 70 %. Unfortunately, a detailed comparison with
these results is not possible because conversion and selectivities depend
on the SEI, DBD reactor dimensions and reaction conditions [10,25,26],
which differ significantly in all studies. Nevertheless, all studies agree
on the point that formation of deposits is a key problem; our work
quantifies the amount of deposits rigorously and shows that addition of
a hydrogenation catalyst results in significant improvement.

Several reaction schemes for plasma activated methane coupling
have been proposed [23,54,55]. Our work shows that a hydrogenation
catalyst enhances hydrogenation reactions, including hydrogenation of
methyl radicals as well as of molecular acetylenes. Further interpreta-
tion in terms of the reaction schemes is unfortunately not possible.

It should also be noted that the results obtained in this study, as well
as in all previous reports discussed above, cannot yet serve as a basis for
development of practical technology because of very low energy effi-
ciency. This follows directly from the high SEI numbers varying in the
order of 3000 kJ/mol methane, which is much higher than the ΔH of
the main reactions, i.e. 2CH4→ C2H6 + H2 (+66 kJ/mol) and 2CH4→
C2H4 + 2H2 (+202 kJ/mol). The energy efficiency, defined as the
fraction of the electrical energy provided that is stored in chemical
energy, is very low in the order of 1 %.

3.3. Comparing to fixed bed reactors

Analogous to experiments with the structured reactor Q_5.9, packed
bed experiments were carried out with the same amount of catalyst
(5.9 mg, 204.8 L h−1 g−1), using the same plasma reaction conditions
(2.8W, 23 kHz, SEI =3423 kJ/molCH4, 20ml/min, 6 % CH4 in Ar, 1 s of
residence time, ambient temperature and pressure). In order to study
the effect of the position of the catalyst respect to the plasma, the
packed bed was positioned either inside the plasma zone or 1 cm
downstream from the plasma. Due to the small amount of catalyst, the
packed bed was rather thin, about 2mm. Thus, the influence of the
catalyst on the plasma is again minimized, allowing comparison with
the structured and blank reactors without major changes in the plasma
(Fig. 9).

The power discharge in the packed bed reactors suffers a similar
deactivation in time as observed previously for the blank and structured
reactors (Fig. 10a). Again, the blank reactor deactivates the most and
the Q_5.9 structured reactor the least. The decrease in power shown by
the packed bed reactors are in between these two extremes. Similarly to
structured reactors, a minor variation in methane conversion (Fig. 10b)
is observed for the same power discharge, due to reverse reaction of

Fig. 8. Conversion and selectivities obtained at 20min (a) and 180min (b) of reaction. C-deposits selectivity is estimated including all the missed C-species (Eq. (4)).

Table 2
Weight of deposits formed in 3 h, carbon and hydrogen balances, and selectivity
of solid deposits.

Experiment Deposits on
Quartz (mg)

Deposits on
Electrode (mg)

Cbal Hbal Selectivitya (%)

Blank 6.6 1.0 0.82 0.86 17.4
Q_1.7 5.8 0.8 0.95 0.99 20.8
Q_5.9 3.5 0.7 0.94 0.98 12.6
Q_14.8 1.0 0.5 0.93 0.97 4.7

a Selectivity calculated based on weights of deposits and CHN analysis, using
Eq. (5).

Fig. 9. DBD plasma reactors: blank, structured Q_5.9 and two packed bed re-
actors with 5.9mg of catalyst (inside the plasma and 1 cm downstream).
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methyl radicals to methane in presence of the catalyst. This effect of
hydrogenation of methyl radicals increases in the order Powder_1 cm
< Powder_0 cm < Q_5.9, as conversion decreases in the same order
(Fig. 10b). The fact that the catalyst is able to decrease conversion even
when positioned 1 cm below the plasma zone is actually surprising and
it demonstrates that at least part of the methyl radicals reach the cat-
alyst bed outside the plasma zone without being quenched. As discussed
above, hydrogenation of methyl radicals takes place at the surface of
the catalyst. Therefore, it is logical that the catalytic wall reactor has
the largest effect because the catalyst is better distributed in the plasma
reactor compared to a fixed bed reactor, as schematically presented in
Fig. 11. In the catalytic wall reactor, the contact between plasma and
the external surface of the catalyst layer or bed is maximized.

The product distributions depicted in Figs. 12 and 13 show that also
hydrogenation of unsaturated hydrocarbons to saturated hydrocarbons
increases in the order Blank < Powder_1 cm < Powder_0 cm <
Q_5.9. As discussed above, hydrogenation of unsaturated hydrocarbons
takes place on the internal surface of the catalyst, both in a catalytic
wall reactor as in a fixed bed. The catalytic bed placed inside the plasma
enhances catalytic hydrogenation stronger than the catalyst positioned
downstream, but still a minor effect is observed producing more

saturated hydrocarbons compared to the blank reactor. Thus, hydro-
genation of acetylene also increases in the same order: Blank <
Powder_1 cm < Powder_0 cm < Q_5.9.

Similar results were obtained by Jo et al. [29], comparing Pt/Al2O3

and Al2O3-only in a packed bed DBD reactor. However, they attributed
the lower methane conversion with Pt/Al2O3 exclusively to differences
in the electric field by the presence Pt nanoparticles, changing the
chemistry in the plasma. Although we cannot discard a similar con-
tribution induced by Pd nanoparticles, we conclude that the main effect
is catalytic because of three observations. First, methane conversion
and product distribution are modified and the effect is qualitatively
independent of the distribution and position of the catalyst in the re-
actor, even when the catalyst is positioned downstream of the plasma,
where any effect on the electrical field can be discarded. Second, Pd
present inside the catalyst layer is influencing the product distribution,
whereas it is clear that formation of plasma is impossible in pores of
typically 10 nm (Table 1). Third, the change in the product distribution
is typical for the hydrogenation activity of a Pd or Pt catalyst.

The amount of solid deposits was also measured by weighing of the
reactors before and after the experiment. Table 3 reports the amount of
carbon deposited on the HV electrode and, in these cases, the sum of the

Fig. 10. (a) Power and (b) CH4 conversion obtained in coupling of methane reaction in DBD plasma at 2.8W during 3 h in different reactor configurations: blank
reactor without catalyst, structured reactor (Q_5.9) with a catalytic layer loaded on quartz wall and two packed bed reactors with the catalyst placed inside the
plasma (0 cm) or downstream (1 cm from the plasma).

Fig. 11. Schematic comparison of contact zone between activated species and catalyst external surface in a catalytic-wall reactor and a packed bed reactor with
catalyst inside plasma zone.
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amount deposited on the internal quartz wall and on the catalytic
particles. The carbon and hydrogen balances were calculated using the
same method as used for discussion of the data in Table 2. The results

are quite similar to the results with catalytic wall reactors: carbon
balances close remarkably well. The trends in the amount of deposits
formed are quite different though: formation of deposits on catalytic
wall reactors is clearly suppressed as discussed above, whereas the
amount of deposits in fixed bed reactors significantly increase.

The carbon selectivity after a specific time-on-stream (Figs. 12 and
13a) is calculated assuming that the missing carbon is due to ex-
clusively formation of deposits. However, the poor C-balance in the
blank reactor (Table 3) indicates that the selectivity to deposits in the
empty reactor (Fig. 13) is overestimated, caused by formation of hy-
drocarbons with relatively high molecular weight. Some unsaturated C4

compounds are not separated in the GC and in addition higher hydro-
carbons are not detected. The fixed bed catalyst traps and possibly
oligomerizes these heavier hydrocarbons, closing the carbon balance
remarkably well. The hydrogenation capacity is available only in the
bottom part of the plasma (Fig. 11) so that acetylene can oligomerize in
the plasma zone without catalyst, and the fixed bed catalyst then traps
the resulting oligomers. Hydrogenation of acetylene is possible ex-
clusively in the small catalytic zone in the bottom of the reactor and,
consequently, the suppression of deposit formation is a minor effect.
Summarizing, in case of the catalytic wall reactor, suppression of for-
mation of higher hydrocarbons and deposits via hydrogenation of
acetylene dominates. This is not the case for the catalytic bed reactors
because Pd is available in only a small part of the reactor and, conse-
quently, trapping of resulting higher hydrocarbons dominates.

The limited hydrogenation capacity of the fixed bed, compared to
the catalytic wall reactor, is also observed in the product distribution
depicted in Fig. 13b. The catalytic bed placed inside the plasma en-
hances catalytic hydrogenation stronger than the catalyst positioned
downstream, producing more saturated hydrocarbons. In particular, the
bed in the plasma (0 cm) produces more ethane, less ethylene and no

Fig. 12. Product distribution grouped in saturated and unsaturated hydro-
carbons obtained after 20min of reaction for different configuration at same
operation conditions with 5.9 mg of catalyst and compared to the blank reactor.
C-deposits selectivity is estimated based on analysis of all C-containing species
in the product mixture (Eq. (4)).

Fig. 13. Selectivities of products grouped by C-number (a) and the main products separately (b) obtained after 20min of reaction. C-deposits selectivity is estimated
based on analysis of all C-containing species in the product mixture (Eq. (4)).

Table 3
Weight of deposits formed in 3 h, carbon and hydrogen balances, and selectivity
of solid deposits.

Experiment Deposits on
Q+Cat (mg)

Deposits on
Electrode (mg)

Cbal Hbal Selectivitya (%)

Blank 6.6 1.0 0.82 0.86 17.4
Layer on Q_5.9 3.5 0.7 0.94 0.98 12.6
Powder 0cm 9.9 0.7 0.96 0.99 29.5
Powder 1cm 9.5 1.0 0.93 0.98 26.9

a Selectivity calculated from weights and CHN analysis, using Eq. (5).
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acetylene compared to the catalyst bed positioned downstream (1 cm).
Moreover, the catalyst bed downstream the plasma zone enhances
production of ethane, propane and ethylene and decreases acetylene
formation compared to the blank reactor. The observations support the
hypothesis that formation of deposits is suppressed by hydrogenation of
acetylene, in good agreement with the general consensus that acetylene
is main precursor of carbon formation [10,21,22,36,53–55].

4. Conclusions

DBD plasma reactors with a catalytic wall with varying thickness
have been prepared via repetitive washcoating. These reactors enable
studying the effect of the thickness of the catalyst layer, including the
blank plasma reactor, without significant modification of plasma
properties, SEI and residence time. Thus, this configuration allows
analysis of the catalytic effect of the Pd/Al2O3 catalyst. Particularly,
hydrogenation reactions taking place on the Pd surface strongly influ-
enced the product distribution, while decreasing the methane conver-
sion only mildly. The small effect on conversion is assigned to hydro-
genation of CHx radicals with chemisorbed hydrogen, at the outer
surface of the catalyst layer. The formation of undesired deposits is
decreased by a factor of 2, which is assigned to hydrogenation of
acetylenes on Pd at both the external and internal surface area in the
catalyst layer. The best selectivity to value-added hydrocarbons (C2-C4)
is 70 % with a methane conversion of 34 %. The catalytic wall reactor
performs significantly better than a reactor containing the same amount
of catalyst in a fixed bed. The hydrogenation activity needs to be dis-
tributed throughout the plasma zone to attain the maximal suppression
of formation of deposits. The synergistic effect is much more evident
when the catalyst was placed inside the plasma zone, although some
interaction between radicals and the catalyst was observed with the
catalyst bed positioned 1 cm downstream from the plasma.
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