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Abstract: We studied the influence of dense, spherical packing materials, with different chemical
compositions, on the dry reforming of methane (DRM) in a dielectric barrier discharge (DBD) reactor.
Although not catalytically activated, a vast effect on the conversion and product selectivity could
already be observed, an influence which is often neglected when catalytically activated plasma
packing materials are being studied. The x-Al,O3 packing material of 2.0-2.24 mm size yields the
highest total conversion (28%), as well as CO; (23%) and CHy (33%) conversion and a high product
fraction towards CO (~70%) and ethane (~14%), together with an enhanced CO/Hj; ratio of 9in a
4.5 mm gap DBD at 60 W and 23 kHz. y-Al,Oj3 is only slightly less active in total conversion (22%)
but is even more selective in products formed than «-Al,O3. BaTiO3; produces substantially more
oxygenated products than the other packing materials but is the least selective in product fractions and
has a clear negative impact on CO, conversion upon addition of CHy. Interestingly, when comparing
to pure CO, splitting and when evaluating differences in products formed, significantly different
trends are obtained for the packing materials, indicating a complex impact of the presence of CHy
and the specific nature of the packing materials on the DRM process.

Keywords: dry reforming of methane; dielectric barrier discharge; packing materials; plasma catalysis

1. Introduction

An increasing energy and resource demand from a growing population and the impact it has on
the environment, necessitate enhancing the share of renewable energy and replacing (part of the) fossil
fuels, by recycling waste streams. These challenges have given the incentive for new methodologies
that allow converting (two) greenhouse gasses (CO, and CHy) into value added chemicals (like syngas,
basic chemicals) and fuels [1,2].

Although syngas (CO and Hy) can be obtained in a two-step process, where hydrogen is added to
CO—originating from CO, splitting into CO and O,—it is much more efficient to produce it directly
through dry reforming of methane (DRM) in a one-step process, with the possibility of directly forming
higher hydrocarbons [3,4]. A recent study suggests that, together with the Fischer-Tropsch process,
DRM is economically the most promising method for CO, conversion [5]. Indeed, when executing
thermal DRM, a conversion of 100% can be reached (accompanied by an energy efficiency of 60%) or a
maximum energy efficiency of 70% (of the thermal thermodynamic optimum for syngas formation),
coinciding with a conversion of 83% [1]. These high values for conversion and energy efficiency are
a definite advantage of thermal DRM but require a high temperature (900-1200 K) and a catalyst.
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Moreover, this reaction is prone to coking, deactivating the catalyst and therefore decreasing the
conversion and energy efficiency [6-10].

To avoid the need for severe reaction conditions and thus to provide a possible energy efficient
alternative, plasma technology can be used for DRM. Although multiple different types of plasma
reactors are being studied for their performance in DRM, the dielectric barrier discharge (DBD) is the
most applied [1]. It operates at or near room temperature (far away from local thermal equilibrium)
and the highest conversion and corresponding energy efficiency reported up to now (for a non-packed
DBD reactor) are 60% and 12.8%, respectively [1]. A DBD reactor has the advantages of operating
under mild reaction conditions, being easy to scale-up (evidenced via industrial ozone generation) and
having the possibility to operate with renewable energy (e.g., it is highly intermittent) [3,11]. Moreover,
in contrast to thermal dry reforming, plasma-based DRM can directly yield higher hydrocarbons,
apart from syngas [1,12]. To steer the selectivity of the products formed and to further increase the
conversion [1], a (catalytic) packing can be added to the DBD reactor. When combining plasma with a
catalyst, another advantage compared to thermal DRM arises: plasma also reduces the susceptibility
of the catalyst to coking [13].

For this reason, an increasing amount of research is being conducted towards CO, splitting
and DRM in a DBD reactor, both with and without (catalytic) packing materials, as summarised in
Tables 1 and 2, respectively. Even though there is a growing number of literature reports, the current
literature indicates that still a substantial amount of work lies ahead to unravel all aspects of DRM in
a packed bed DBD. Indeed, some important observations can be made when comparing literature,
that underline the need for further research. For example, some papers contradict each other with
respect to the influence of frequency on CO, splitting in a non-packed reactor, reporting either a rise or
a drop or no influence of frequency on the results (see details in Table 1) [14-16]. Similar discrepancies
have been observed for DRM in packed bed DBD plasma reactors. For instance, adding a packing
has been reported to increase the conversion [17-24], while several other report a decrease in
conversion of both CO, and CHy [24-26] and still other papers show only an effect on one of the
two reacting gasses [12,23,27,28] (see Table 2). Moreover, also vast differences in selectivity are being
described, even for similar packing materials, as detailed in Table 2. Also, it is clear that even for the
non-packed reactor, both the process conditions and the reactor design already affect the selectivity
tremendously [12,17,29].

Furthermore, very often catalytically activated packing materials are being introduced
and discussed, without evaluating the impact of the non-activated packing on the DRM
process [17-20,23-25,30,31], even though the latter can be expected to have an influence on the
conversion and selectivity as well [12,13,32]. Indeed, in those papers where the packing materials
are being studied with and without catalytic activation, an influence of the packing material itself
can be observed [21,26,27,29,32]. For instance, Wang et al. reported the formation of liquid products
and a significant influence on the selectivity, when comparing different catalytic activations with
non-activated packing. Unfortunately, they only compared to one type of packing material [12].
Krawczyk et al. [21] and Sentek et al. [26] indicated only minor alterations in selectivity and conversion
when adding a catalytic element on a certain packing, whereas different packing materials with the
same active elements yielded major changes, suggesting that the packing itself could be responsible
for the selectivity and conversion and not the catalytic element. Other research [23,29] shows a larger
influence of the catalytic element on the conversion and selectivity. Unfortunately, these studies are
limited to specific packing materials and do not allow to compare the impact of different non-activated
packing materials, which would be necessary to elucidate a synergic combination of packing material
and catalytic active site. However, a large influence on (and possible control over) the conversion and
selectivity is in principle possible, depending on the packing, the catalytic element, the reactor and the
operating conditions. The packing material on itself is not necessarily catalytically active (although it
can have some catalytic activity or promoting effect as well) but it is typically used as support and/or
influences the plasma characteristics in a physical way (e.g., through changes in electric field, discharge,
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sorption processes). Most used catalytic elements for catalytic activation of the packing are Ni, Co, Fe,
Mn, Cu, Ag and Pd [1].

Also for other plasma-assisted processes, such as the abatement of diluted VOC’s, numerous
studies have shown that physical size and material properties of the packing materials in a DBD reactor
play a role to convert chemicals [33-40]. Even more, VOC decomposition is mainly influenced by the
adsorption process, rather than by the discharge characteristics [13,41].

Our previous work [32] suggested a large effect of the reactor setup and reactor/bead size
combination on the impact of the packing material on conversion of pure CO,. Thus, comparing
results obtained in different reactor setups should be done with care. Therefore, the results obtained in
different literature reports cannot be easily compared to one another and no general conclusion towards
the impact of the packing material itself on DRM can be drawn. This points towards an important
gap in the knowledge required to achieve a maximal synergy between the packing, the active catalytic
element and the plasma, ultimately yielding higher conversions and a better selectivity towards the
desired components in plasma-based DRM.

The aim of this work is thus to provide better insights in the influence of five different (dense,
spherical) packing materials, with different chemistry and size, on the conversion and product fractions
of DRM in a DBD reactor. Additionally, y-alumina is evaluated as porous packing material. Although it
is not possible to distinguish between catalytic effects of the packing material itself and physical effects
caused by inserting the packing, it is important to note that there is no explicit catalytic activation of
the packing materials in the present study, that is, we have not introduced an active element, such as
applied in many literature reports (e.g., Cu, Fe, Ni, Co, Pd, Ag and so forth. See Table 2 and [1]) on or in
the packing materials. Furthermore, the impact of these packing materials in DRM is being compared
to the insights gained for pure CO, splitting, providing surprising and valuable information on the
influence of adding CHy. To our knowledge, such a detailed comparison has not yet been carried out
before in literature.
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Table 1. Summary of a selection of literature for CO; splitting in a non-packed and a packed DBD reactor.
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Study Reactor

Operating
Conditions

Implementing Packing and/or Catalysts

Conclusion

Highest Conversion

Ref.

Gap
(mm)

Power
(Watt)

Flow

(mL/min)

Reactor
Volume (cm?3)

Frequency SEI (kJ/L)

Packing/Catalyst Shape

Packing Size

1.5

70

150

21.9

5-65 kHz

28

2

100-200

50-500

13.56

10-90 kHz

12-240

CO; splitting/
non-packed

10-97

50-2000

15.1

16.2-28.6
kHz

0.3-116

4

21.6-35.3

40

30.17

13 kHz

32.4-53

45,35,
250r2

50

17.67

26.5 kHz

72

No influence of
frequency

10%

[42]

Conversion & when
flow rate , Tgas &, P
=, Best frequency
depends on power

30%

[15]

Conversion = when
flow rate , barrier
thickness ,
frequency >l and

power =

35%

[16]

Conversion = when
power = and
discharge length =
Cokes: small on inner
electrode

13%

[43]

Conversion= when
flow rate

12%

[32]

CO, 4
splitting /packed

21.6-35.3

40

30.17

13 kHz

32.4-53

Silica gel

Beads

20-40 mesh

silica gel < x-Al,O3 <
quartz ~ y-Al,O3 <
CaTiO3
Cokes: limited on
inner electrode

14%

[43]

Quartz

Pellets
with rigid
edges

20-40 mesh

silica gel < x-Al,O3 <
quartz ~ y-Al,O3 <
CaTiO3
Cokes: limited on
inner electrode

16%

v-Al,O3

Beads

20-40 mesh

silica gel < x-Al,O3 <
quartz ~ y-Al,O3 <
CaTiO3
Cokes: limited on
inner electrode

16%
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Study Reactor

Operating
Conditions

Implementing Packing and/or Catalysts

Conclusion

Highest Conversion

Ref.

Gap
(mm)

Power
(Watt)

Flow
(mL/min)

Reactor
Volume (cm?3)

Frequency SEI (kJ/L)

Packing/Catalyst Shape

Packing Size

0(-A1203

Beads

20-40 mesh

silica gel < «-Al,O3 <
quartz ~ y-Al,O3 <
CaTiO3
Cokes: limited on
inner electrode

15%

CaTi03

Beads

20-40 mesh

silica gel < x-Al,O3 <
quartz ~ y-Al,O3 <
CaTiO3
Cokes: limited on
inner electrode

20.5%

20-50

50

10.1

9 kHz 24-60

Glass

Beads

1 mm

Glass < BaTiO3

22% (16%
without
packing)

BaTiO3

Beads

1 mm

Glass < BaTiO3

28% (16%
without
packing)

[44]

45,35,
250r2

60

50

17.67

26.5 kHz 72

Glass wool

Beads

1.25-2.24 mm

Conversion & when #
contact points =, void
space volumes = and

bead/gap size ratio .

Impact of the packing
material (chemistry
and physical), also
influenced by setup

10%

Quartz wool

Beads

1.25-2.24 mm

Conversion = when #
contact points &, void
space volumes = and

bead/gap size ratio .

Impact of the packing
material (chemistry
and physical), also
influenced by setup

10%

[32]
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Table 1. Cont.
Operating . . . . .
Study Reactor Conditions Implementing Packing and/or Catalysts Conclusion Highest Conversion Ref.
Gap Power Flow Reactor . . .
(mm) (Watt) (mL/min)  Volume (cm?) Frequency SEI (kJ/L) Packing/Catalyst Shape Packing Size

S5i0,

Beads

1.25-2.24 mm

Conversion = when #
contact points =, void
space volumes = and

bead/gap size ratio .

Impact of the packing
material (chemistry
and physical), also
influenced by setup

16%

ZrO,

Beads

1.25-2.24 mm

Conversion & when #
contact points =, void
space volumes = and

bead/gap size ratio .

Impact of the packing
material (chemistry
and physical), also
influenced by setup

19%

0(-A1203

Beads

1.25-2.24 mm

Conversion = when #
contact points &, void
space volumes & and

bead/gap size ratio .

Impact of the packing
material (chemistry
and physical), also
influenced by setup

17%

BaTiO;

Beads

1.25-2.24 mm

Conversion = when #
contact points &, void
space volumes = and

bead/gap size ratio .

Impact of the packing
material (chemistry
and physical), also
influenced by setup

26%
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Table 2. Summary of a selection of literature for DRM in a non-packed and a packed DBD reactor.
Stud React Operating Conditi Implementing Packing and/or Catalyst Selectivi Conclusi Highest g
uay eactor perating Conditions mplementing acking and/or Latalysts elec lVlty onclusion Conversion er.
Reactor .
Gap Power Flow Ratio Packing/ Packing Highest achieved
(mm) (Watt)  (mL/min) V(Ocl::g;e Frequency CO,/CHy SEL(J/L) Catalyst Shape size selectivity per component
45% CO, 29% Hy, 5% Conversion &
g g g CyH,/CyHy, 22% CyHg, 2% <] 50.4% CHy,
3 30-60 25-100 114 3040 kHz 1 18-144 Catle, 12% Catls when ﬂz“l; rate [>] 30.5% COs [30]
(estimation) and =
Conversion £
when flow rate ,
1 25-75 30-75 44 30 kHz 0.66-3 20-150 76% CO, 57% H P 59.7% CHa, [17]
’ ’ Et e conversion , 36.9% CO,
CO, conversion ~
DRM/ when ratio
non-packed Conversion &
when flow rate ,
73.8% CO, 65.9% H,, 18.0% Pz CH, 64% CHy,
1 80-130 10-40 4.7 20 kHz 0.25-1 120-780 Ca, 102% Cs, 6.2% C conversion 3, 34% CO» [29]
CO, conversion ~
when ratio
20% CO, 34% Hy, <1%
C,oH,, <1% CyHy, 12% Impact depends
CyHg, 1% C3Hg, <1%  oncatalyst both= .
3 10 40 2.12 12 kHz 4 15 C4Hyg, 11.9% methanol,  and [ conversion 150; co4’ [12]
11.9% ethanol, 33.7% acetic and differs from o2
acid, 1.6% acetone, 0% pure packing
HCHO
55% CO, 33% Hy, 10% Conversion &
10 wt% Ni@y- CaHy/CaHy, 47% CyHg, 2%  WREPelletsize =,y 5o gy
3 30-60 25-100 114 3040 kHz 1 18-144 Pellets  0.5-1.7 mm 2 2/ =204 = 70 =26/ quartz wool isbest, 5o  ~ ¥ [30]
Al,O3 C3Hg, 25% C3Hg X i 30.5% CO,
(estimation) impact packing on
DRM/ selectivity
packed 12% Cu-12%
Ni/y- Al,O3
. . 30% CHy,
12% Ni/y-AlL O3 ? ? 43% CO, 53% H, performsbest, Ni 4/ coz

content influences
CO selectivity
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Table 2. Cont.

8 of 32

Highest

Study Reactor Operating Conditions Implementing Packing and/or Catalysts Selectivity Conclusion Conversion Ref.
Reactor .
Gap Power Flow Ratio Packing/ Highest achieved
(mm) (Watt)  (mL/min) V(Ocl::g;e Frequency CO,/CH4 T SEL(J/L) Catalyst selectivity per component
12% Cu-12%
Ni/vy-ALL O3
12% . . 3 7%CH,,
Cu/y-ALO; 50% CO, 31% H, performs best, Ni 5% CO,
content influences
CO selectivity
12% Cu-12%
Ni/v-ALOj3
1%Cu-12% . 33% CHy
S 45% CO, 51% Hj performs best, Ni o .
Ni/y-ALOs content influences 25% CO,
CO selectivity
12% Cu-12%
Ni /’Y-A1203
0/ Cri109 o
NS./;C}IA}Z(;D 47% CO, 54% Hj performs best, Ni ;Zl‘{o 2134,
VYats content influences o2
CO selectivity
12% Cu-12%
0/ 1190 Ni/v-ALO3 o
21:11:% 11\121 f’yc_‘gllch’ 75% CO, 56% Hy performs best, Ni (;95/ 234'
P 1 25-75 30-75 44 30 kHz 1 450°C 20-150 2 content influences 2 a7
CO selectivity
12% Cu-12%
Ni/vy-ALO;
16%Cu-12% . . . 43%CHy,,
Ni/y-ALOs 64% CO, 57% Hj performs best, Ni 47% CO,
content influences
CO selectivity
12% Cu-12%
) Ni/y-ALO;
0 Ni-109 _ o
5% Ni-12%Cu/y 75% CO, 56% H, performs best, Ni 430/0 CH,
AlO3 . 45% CO,
content influences
CO selectivity
12% Cu-12%
16% Ni/y-ALO; .
Ni-12%Cu/y- 71% CO, 58% H, performs best, Ni Z;O//o gg‘*'
AL O3 content influences o2
CO selectivity
12% Cu-12%
20% Ni/v-ALO; )
Ni-12%Cu/v- 62% CO, 58% H, performs best, Ni 200 CHa,
! 32% CO,
Al O3 content influences

CO selectivity
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Study

Reactor

Operating Conditions

Implementing Packing and/or Catalysts

Selectivity

Conclusion

Highest
Conversion

Ref.

Gap
(mm)

Power
(Watt)

Flow
(mL/min)

Reactor
volume
(cm®)

Ratio

Packin,
Frequency CO,/CH, 8/

T SEI (KJ/L) Catalyst

Shape

Packing
size

Highest achieved
selectivity per component

130

30

v-AL O3

Crushed
flakes

10-20 mesh

49.2% CO, 51% Hy, 9.7% Cy,
5.5% Cs, 3% C4

Packing: CO,
conversion =&, CHy
conversion .
After activation:
conversion &,
selectivity L] for
HZ and Cz

57.6% CHy,
30.9% CO,

2 wt% Ni @
v-Al,O3

Crushed
flakes

10-20 mesh

60.6% CO, 52.3% Hy, 9.8%
Cy,5.9% C3,3.2% Cy

Packing: CO,
conversion &, CHy
conversion &,
After activation:
conversion &,
selectivity [ for
HZ and C2

55.4% CHy,
32.7% CO,

47 20 kHz 1 / 260 5wt% Ni @

v-Al,O3

Crushed
flakes

10-20 mesh

60.9% CO, 51.9% Hy, 10.1%
Cy,5.9% Cs,3.2% Cy

Packing: CO,
conversion &, CHy
conversion &,
After activation:
conversion &,
selectivity [ for
H; and C;

55.7% CHy,
33.5% CO,

7 wt% Ni @
v-Al,O3

Crushed
flakes

10-20 mesh

63.9%CO0, 53.5% Hy, 10.6%
C», 6.1% C3, 3.6% Cy

Packing: CO,
conversion &, CHy
conversion .
After activation:
conversion &,
selectivity LI for
H; and C;

55.5% CHy,
32.6% CO,

10 wt% Ni @
v-AL O3

Crushed
flakes

10-20 mesh

61.4% CO, 53% Hj, 10.6%
Cy,6.2% C3,3.4% Cy

Packing: CO,
conversion &, CHy
conversion .
After activation:
conversion &,
selectivity L] for
H; and Cy

55.2% CHy,
32.7% CO,

[291
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Table 2. Cont.

. fee . . .. . Highest
Study Reactor Operating Conditions Implementing Packing and/or Catalysts Selectivity Conclusion Conversion Ref.
Reactor .
Gap Power Flow Ratio Packing/ Packing Highest achieved
(mm) (Watt)  (mL/min) V(Ocl::g;e Frequency CO,/CHy T SEL(J/L) Catalyst Shape size selectivity per component
23% CO, 5% Hy, <1% fmpact depends
CCZI;Z' <21u// OCCZI-II_I4, 210// ° on catalyst, both = 15% CH
_ 2He, 2% C3Hg, <1% . o CHy,
¥-ALOs CyHyo, 13% methanol, 0%  and X conversion 1550, 0y,
ethanol, 20% acetic acid, 2% and differs 1"rom
acetone, 0% HCHO pure packing
14% CO, 35% Ha, <1% Impact depends
CCZI;Z’ <2})// OCCZI-II{“, 1150// ° on catalyst, both & 16% CH
~ 2Hg, 270 L3, <170 S . o CHy,
Cu/y-AlL0y CaFig, 11% mothanol, 11 and [ conversion 75
ethanol, 42% acetic acid, 2% and differs from
3 10 40 2.12 9 kHz 1 15 acetone, 0% HCHO pure packing
20% CO, 42% Hy, <1% Impact depends
CoHy, <1% CoHy, 16% on catalyst, both =
DRM/packed ~ CyHg, 2% C3Hg, <1% X 16% CHy,
Au/y-AlOs CyHn, 10% methanol, 10%  and B conversion 15" 02
ethanol, 30% acetic acid, 2%  and differs from
acetone, 5% HCHO pure packing
20% CO, 40% Hy, <1% fmpact depends
CCZII{_IZ <2})// °CC2I§I4' 1170// ° on catalyst, both = 17.5% CHL
_ 2Hg, 270 C3Hg, <170 . -2 /0 LHy,
Pt/y-ALOs C4Hyg, 10% methanol, 9% and ‘ conversion 130, O,
ethanol, 25% acetic acid, 2% and differs from
acetone, 11% HCHO pure packing
CHy concentration
2=Cy=.
Class 70% CO, 19.5% H,, 42.9% Influence catalyst 25% CHy,
Cp, 15% C3, 8.7% Cy4 only >200 oC, for  56.1% CO,
COs. Effect glass =
Al O3
CHy concentration
59 40 80 ? 300 Hz 0.07-1 30 2=
ALO 70% CO, 19.5% Hj, 42.9% Influence catalyst 25% CHy,
Y-Abs Cy, 15% C3, 8.7% Cy only > 200 oC, for ~ 56.1% CO,
CO,. Effect glass =
ALO;
CHy concentration
==C, =
70% CO, 19.5% Hj, 42.9% 25% CHy,
La;03/v-AlL,O3 Ca, 15% Ca, 8.7% Cy Influence catalyst 56.1% CO»

only > 200 oC, for
CO,.
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Table 2. Cont.
. . . . .. . Highest
Study Reactor Operating Conditions Implementing Packing and/or Catalysts Selectivity Conclusion Conversion Ref.
Reactor .
Gap Power Flow Ratio Packing/ Packing Highest achieved
(mm) (Watt)  (mL/min) V(Ocl::g;e Frequency CO,/CHy T SEL(J/L) Catalyst Shape size selectivity per component
NiFezOﬁ?SiOz
. i N N conversion and 64.6% CHy,
Ni/y-Al,O3 Nano-particlé00 nm 86% CO, 73% Hj selectivity =, ) C024
carbon deposit
NiFezO4#SiOZ
. . o o conversion and 68.7% CHy,
Ni-Fe/vy-Al,O3  Nano-particlé00 nm 87% CO, 74% Hj selectivity &, 60.5% COA;
carbon deposit
NiFe,O4#Si0,
2 40-240 40 ? 5-20 kHz 1 / 60-360 . . . o o conversion and 73.5% CHy,  [18]
Ni-Fe/SiO, Nano-particlé00 nm 88% CO, 75% Hj selectivity &, 62.7% Coz
carbon deposit
NiFe,O4#Si0O,
i i N o conversion and 77.4% CHy,
NiFe, Oy Nano-particlé00 nm 89% CO, 77% Hy selectivity %, 67.1% CO,
carbon deposit
NiFe,O4#Si0O,
§ . . N o conversion and 80% CHy,
NiFepO4#5i0, Nano-particléd)0 nm 90% CO, 81% H; selectivity &, 70.3% CO,
carbon deposit
Packing: o
Ni/SiO, ? ? 87% CO, 73% H, conversionz, 27 CHy,
R 52% CO,
selectivity &
Packing: o
LaNiO3/SiO, ? ? 89% CO, 79% Hj conversion &, 82 o/o CHy,
selectivity = 69% CO,
2 150 40 ? 5-100 kHz 1 / 225 : [19]
Packing: 84% CH.
LaNiO3 ? ? 90% CO, 81% H, conversion &, ° 4
e~ 72% CO,
selectivity &
Packing:
. . . 88% CHy,
? ? % % =
LaNiO3;@SiO, 92% CO, 84% Hj conversion &, 78% CO,

selectivity =
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Table 2. Cont.
. fee . . .. . Highest
Study Reactor Operating Conditions Implementing Packing and/or Catalysts Selectivity Conclusion Conversion Ref.
Reactor .
Gap Power Flow Ratio Packing/ Packing Highest achieved
(mm) (Watt)  (mL/min) V(Ocl::g;e Frequency CO,/CHy T SEL(J/L) Catalyst Shape size selectivity per component
non-packed:
filamentary
discharge, packed:
25% CO, 45% H;, 10% C; combination of 18% CH.
45 50 50 ? 3040 kHz 1 / 60 Ni/Al,O3 Pellets  0.85-5 mm o 59 °C 220702 surface discharges 1 30/" e O“' [25]
o3 microdischarges, o2
breakdown
voltage and
conversion
Conversion & with ~ 52% CHy,
packing. 43% CO,
35 14-4.8 40 272 50 Hz 0.5-2 / 2-72 Ni/ALO; Pellets 1mm 35% CO, 56% Hp ] (38% CHy,  [20]
Conversion 23% CO,
when ratio non-packed)
19% CO, 24% Hy, 0.6%
CyH, /CyHy, 10% CyHg, Conversion £ with ~ 52% CHy,
? —
ALOs : 1=2mm 5o CH,, 6% CaHg, 1.3% packing 31% CO,
CH;0H
14% CO, 21% Hy, 1.3% No effect of T or
CyH,/CyHy, 9% CoHg, 0.3% flow rate, 46% CHy,
? —
DRa/Ié Fe/ALOs : 1-2mm CsH, 5% C3Hg, 1% Conversion = with  20% CO,
packe 3 19 167-333 ? 6 kHz 1 130-340 3468 CH30H packing [21]
°C 10% CO, 21% Hy, 1% No effect of T or
. C,H,/CoHy, 6% CoHg, 0.2% flow rate, 49% CHy,
? ?
zeolite NaY ‘ ‘ CsHg, 3% C3Hg, 0% Conversion & with ~ 19% CO,
CH;0H packing
5% CO, 21% Ha, 0.1%
zeolite Na 5 5 CyH,/CoHy, 9% CyHg, 0%  Conversion = with  65% CHy,
ZSM-5 C3Hg, 5% C3Hg, 0% packing 40% CO;,
CH;0H
325-525 70-100 Conversion = with g, oy
4 15-60 5-50 ? 1-100 kHz 1 S 18-720 Ni/vy-Al,O3 Grains ? packing (fluidized (,O 4 [22]
C mesh 40% CO,
bed)
ALO; ) 12 mm 38% CO, 28% H,, 11% Cy, Conversion 55% CHy,
h 6% C3, 4% Cy4, 2% CH30H with paCkil’Ig 31% CO,
3 19 167-333 ? 5.7-6 kHz 12 120-290 3468 Pd/Al,Os ? 12mm  20%CO,29%Hy 15% G5, Conversion SI%CHy, — ag)
°oC k 5% C3, 3% Cy4, 1% CH30H with packing 28% CO,
Ag/AbOs ) L2 mm 38% CO, 29% Hp, 10% Cs, Conversion 52% CHL,
5% Cs, 4% Cy, 2% CH30H with packing 30% CO;,
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Table 2. Cont.
. fpe . . - . Highest
Study Reactor Operating Conditions Implementing Packing and/or Catalysts Selectivity Conclusion Conversion Ref.
Reactor .
Gap Power Flow Ratio Packing/ Packing Highest achieved
(mm) (Watt)  (mL/min) V(Ocl::g;e Frequency CO,/CH4 SEL(J/L) Catalyst Shape size selectivity per component
28% CO, 22% Hy, 1% Cﬁi;"vr;"erli“;‘“ 30% CH
Quartz wool ? ? CoHy/CoHy, 7% CoHg, 05% ~ duartz woow>no i
CsH, 4% CaHy (estimation) packing > Al,O3 > 12% CO,
316 203108 zeolite 3A
o o o CHy conversion:
4.5 1040 50 16.5 30-40 kHz 1 1248 500-850 32% CO, 18% Hy, 2% quartz wool> no 23% CHy, [28]
v-Al,O3 pellets CyH,/CyHy, 8% CyHg, 0.5% . o
pm CaHy, 4% CsHy (estimation) packing > A,O3 > 8% CO,
316 203008 zeolite 3A
2%C0, 30 Hyy 19% SRR
zeolite 3A beads 2 mm CyHp/CoHy, 8% CoHg, 1% 384T g
C3Hg, 6% C3Hg (estimation) packing > ALO;3 > 3% CO,
3406, D70 =308 zeolite 3A
Ni/y-Al,O3 and
Mn/vy-Al,O5: CHy 19% CH.
Ni/y-Al,O3 ? ? 37% CO, 33% Hj, 22% CyHg conversion &, 9% CO 4
yields CO and Hp o2
Ni/y-Al,O3 and
Mn/vy-Al,O5: CHy 15% CH
Co/v-Al,O4 ? ? 42% CO, 43% Hj, 30% CoHg conversion &, 8% CO 4
yields CO and Hp o2
25 75-15  25-200 116 50 Hz 0.11-9 2-36 = [23]
Ni/y-Al,O3 and
Mn/y-ALOs: CHy 140 oy
Cu/v-AlyO5 ? ? 43% CO, 44% Hj, 30% CoHg conversion &, o 4
DRM/ . 8% CO,
yields CO and H,
packed ~
Ni/vy-Al,O3 and
Mn/’Y-A1203: CH4 18% CH.
Mn/v-Al,O4 ? ? 35% CO, 34% Hj, 24% CyHg conversion &, 10% C 04'
yields CO and H, o2
. BaTiOj size 33% CHy,
BaTiO Beads 3 mm 50% CO, 56% H. o
’ 2 conversions 20% CO;,
7.5 46-106  25-100 100 25 kHz 1 28-254 Ni/SIO Pellet s 56% CO, 54% 1. Packing = 20%CH,, 1241
i/Si ellets -3 mm % CO, 54% o g
2 2 conversions 12% CO,
NiFe/SiO, Pellets  2-3mm 54% CO, 56% H, Packing = 28% CHy,

conversions &

15% CO,
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2. Results

2.1. CO, Conversion in DRM and Comparison with CO, Splitting

The influence of four different packing materials (S5iO,, ZrO,, x-Al,O3 and BaTiO3) and three
different sphere sizes (1.25-1.4; 1.6-1.8 and 2.0-2.24 mm diameter) on the CO,, CHy and total
conversion is displayed in Figures 1-3, respectively. Figure 1 shows the CO, conversion in DRM,
compared to the conversion that we obtained before for pure CO, splitting [32], evidencing a clear
impact of the presence of CHy. Figure S1 in the Supplementary Materials shows all data on conversion
(CO,—, CH4— and total conversion) combined in one graph, for comparison.

Figure 1. CO; conversion for different sphere sizes and materials, compared to the results for the
non-packed reactor, at the same flow rate (50 mL/min) and at the same residence time (5.52 s; flow rate
of 192 mL/min) for both DRM and pure CO; splitting. The bars with pattern fill show the results for
DRM, whereas the full bars show the results for CO, splitting [32].
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Figure 2. CHy4 conversion for different sphere sizes and materials, compared to the results for the
non-packed reactor, at the same flow rate (50 mL/min) and at the same residence time (5.52 s; flow rate
of 192 mL/min).

pay

Figure 3. Total conversion for different sphere sizes and materials, compared to the results for the
non-packed reactor, at the same flow rate (50 mL/min) and at the same residence time (5.52 s; flow rate
of 192 mL/min).
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The CO; conversion in DRM shows that, when comparing the packed bed reactor to the
non-packed reactor, only the largest a-Al,O3 spheres achieve a higher CO, conversion than the
non-packed reactor at the same flow rate. This indicates that only in this case, the positive influence of
the packing compensates for the volume loss (and thus lower residence time) caused by introducing
the packing. SiO,, ZrO,, x-Al,O3 (with the smaller bead sizes) and y-Al,O3 do not reach this
CO; conversion but still surmount the CO, conversion for the non-packed reactor at the same
residence time. In the case of BaTiO3, a negative effect of the packing is observed, even at the
same residence time. Furthermore, a clear impact of the size of the packing materials can be observed,
although the effect itself depends on the type of material. The order in which the materials perform is
BaTiO3 < ZrO; < SiO; < x-Al; O3, although SiO, only performs better than ZrO; for the largest bead
size. When looking at the effect of bead size, only SiO, and x-Al,O3 show a significantly increased
conversion for the largest bead size, in comparison to the other bead sizes. In case of BaTiO3 and ZrO,,
no significant impact of the bead size can be seen.

Interesting differences can be observed when comparing the CO, conversion in DRM with pure
CO; splitting obtained in our previous experiments [32]. It is important to clarify that the total
flow rate (and thus the residence time) is kept constant for CO; splitting and DRM but with DRM,
the concentration of CO; is halved, as it has been ‘diluted” with 50% CHy. Diluting with another gas can
influence the conversion, even when the diluting gas does not actively participate in the reactions [45].
Indeed, Ramakers et al. have shown that the absolute conversion increases (from 5% to 41%) with a
decreasing percentage (from 100 to 5% in argon) of CO; [45]. In a 50/50 CO,/ Ar mixture, the rise in
conversion of CO; is around a factor 1.6, compared to pure CO; splitting. Note, however, that the
effective CO, conversion drops upon dilution with argon, because there is less CO;, in the mixture.
Our experiments clearly reveal that the absolute CO, conversion is also higher for DRM than for CO,
splitting, with the exception of BaTiO3 and 2.0-2.24 mm ZrO; packing. Indeed, in the non-packed
reactor at 50 mL/min and 192 mL/min (straight lines in Figure 1), the conversion is (on average) a
factor 1.8 and 1.5 higher in case of DRM, indicating that CHy aids the conversion of CO,. This is
confirmed by computer simulations for DRM in a non-packed DBD reactor, where the CO, conversion
was largely determined by collision with CH, radicals [46], originating from CHy4 dissociation.

For DRM in the packed reactor, the CO; conversion is always higher when using 5iO; and x-Al,O3
packing materials than for pure CO; splitting. However, the enhancement of the CO, conversion
due to CH, depends on the size of the spherical packing material and is more significant for x-Al,O3
than for SiOy, except for the bead size of 1.6-1.8 mm. For ZrO,, a complex and striking behaviour
depending on the bead size is observed: the conversion drops for DRM for the 2.0-2.4 mm bead size,
while it is enhanced (even by a factor 3.3) for the 1.6-1.8 mm beads and to a lesser extent also for
the 1.25-1.4 mm beads. Finally, CH, has a clearly negative effect in case of the 2.0-2.24 mm beads of
BaTiO3, while the conversion is (more or less) equal for CO; splitting and DRM for the other BaTiO3
bead sizes. Last but not least, although BaTiO3 in general performs best for CO, splitting, compared to
the other packing materials, it yields the worst results for DRM.

2.2. CHy and Total Conversion

The first observation to be made from Figure 2 is that the CHy conversion is always higher than
the CO, conversion, which is logical, since the dissociation energy of a C-H bond in CHy is 412 kJ/mol,
while it is 743 k] /mol for a C=0 bond in CO, [47].

Comparing again to the non-packed reactor, it can be seen that in contrast to the CO, conversion,
none of the packing materials allow a better conversion at the same flow rate. However, with the
exception of BaTiOj3, all materials do perform better than the non-packed reactor at the same residence
time. BaTiO3 again performs worse than the non-packed reactor, even at the same residence time.
The same trend is seen for the total conversion (Figure 3).

When comparing the results for the different bead sizes and materials, we can make the following
observations: Similar to the CO; conversion, BaTiO3 performs worst and «-Al,O3 performs best,
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for the four materials tested. Although the bead size had little impact on CO; conversion in case of
ZrO;, increasing the ZrO, bead size has a positive effect on the CHy4 conversion. On the other hand,
the upward trend in conversion of CO, with increasing bead size of SiO, is much less pronounced for
CHj4 conversion, showing even a slight drop for the largest SiO, bead size. Finally, also for «-Al,O3
the dependence of bead size is somewhat different for CHs and CO, conversion. In Table 3, we list the
CH4/CO; conversion ratios for all packing materials and sizes.

Table 3. Ratio of CHy conversion over CO; conversion and of the CO over H;, product fraction, for the
different sphere sizes and materials, as well as for the non-packed reactor.

CH4 Conversion/CO, Conversion CO/H,

71O, 17 55

Sio, 17 48

1.25-1.4 mm a-ALO; 15 95
BaTiO; 1.6 6.0

ZrO, 1.8 5.9

Si0, 19 47

1.6-1.8 mm o-ALOs 18 838
BaTiO3 1.9 6.3

71O, 22 6.4

Sio, 12 53

2.0-2.24 mm a-Al, O3 1.5 9.0
BaTiO; 2.0 6.9

’Y-A1203 2.3 8.3

50 mL/min 1.9 7.9

Non-packed reactor 192 mL /min 20 79

To interpret the above results, we compare to modelling results obtained by Snoeckx et al. [46],
keeping in mind the differences between their work and this work (70 W and 35 kHz in a non-packed
reactor, versus 62 W and 23.5 kHz in both non-packed and packed bed reactors, respectively).
The conversion of both CO, and CHjy as a function of residence time, as predicted by the model,
is plotted in Figure 4. In our work, the residence time is kept constant at 5.52 s, for which the
model predicts a CO, and CHy conversion of 4.6 and 9.2%, respectively. We obtained 8.1% and
15.8% conversion for CO, and CHy, respectively, in the non-packed reactor, while the packed bed
reactor (with 2.0-2.24 mm «-Al,O3) can reach 22.5% (CO,) and 32.8% (CHy) conversion. Note that our
obtained values in the non-packed reactor are almost a factor 2 higher than the calculated values but it
is not possible to make an exact comparison, due to the different conditions (cf. above) and geometry.
Moreover, the exact calculated values are subject to uncertainties, due to uncertainties in the reaction
rate coefficients [48,49]. Hence, they should be interpreted merely based on trends. It is clear, however,
that the packed bed reactor can improve the conversion of both CO, and CH4 with more than a factor
two, at the same residence time.
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Figure 4. Calculated CH4 and CO; conversion as a function of residence time in a non-packed DBD
reactor, adopted from modelling. Adopted with permission from ref. [46]. Copyright 2018 American
Chemical Society.

Moreover, the data clearly exhibits that the CH4 conversion is always higher than the CO,
conversion, both in the model and in the experiments (both for non-packed and packed reactor).
In addition, the model predicts that the CH4 conversion is typically twice as high as the CO, conversion,
in good agreement with our results for the non-packed reactor, while the packed bed reactors reveal
a ratio of CHy/CO, conversion varying between 1.5 and 2.2, with the exception of the largest SiO,
beads, where the ratio is only 1.2 (see Table 3), indicating a vast impact of the packing materials on
the conversion process. The underlying reasons for these differences in conversion are difficult to
link to specific material properties, as the materials diverge in many properties and there is no direct
(linear) correlation in the trends in properties that coincide with the trends in conversions (see material
characteristics in the Supplementary Materials). Hence, more research will be needed, using materials
that are modified, in a controlled way, in specific material properties that are expected to play a
key role.

2.3. Comparison Studies a/7y-Al,O3

To obtain more insight in the effect of material parameters, we made a comparison between
«-Al,O3 and y-Al,O3 spheres of 2.0-2.24 mm. The CO,, CH4 and total conversion are depicted in
Figure 5.

The CO, conversion appears a factor 1.7 higher for the x-Al,O3 spheres than for the y-Al,O3
spheres (i.e., 22.5% vs. 13.4%), while the CH4 conversion is only a factor 1.05 higher (i.e., 32.8% vs.
31.2%). The total conversion is a factor 1.24 higher for x-Al,Os (i.e., 27.7% vs. 22.3%). These results
show a clear impact of the bead material properties and/or surface area on conversion, possibly due
to a higher BET-surface, a difference in crystallinity, acidity, higher porosity and/or total open pore
volume of the y-Al,O3, as shown in the Supplementary Materials (Table S1). However, to understand
the underlying reasons for this effect, more detailed (operando) surface experiments would be needed,
which are outside the scope of this paper. In conclusion, these differences show the importance of
indicating as much as possible the material properties of packing materials applied, something that is
not systematically done in the majority of the plasma catalysis papers.



Catalysts 2019, 9, 51 19 of 32

Figure 5. Comparison of the CO,, CHy and total conversion between y-Al,O3 and «-Al;,O3
(2.0-2.24 mm spheres).

2.4. Carbon, Hydrogen and Oxygen Balances

To determine whether all products have been identified by the GC (Gas Chromatograph),
we present the mass balances for carbon, hydrogen and oxygen in Figure 6. Important to note here is
that part of the deficit is possibly caused by the gas expansion, as explained above (see materials and
methods). As can be seen, the carbon, hydrogen and oxygen balances seldom reach 100%. The largest
deficit (between 20% and 30% loss of product) is in the hydrogen balance of the non-packed reactor at
50 mL/min, as well as for the BaTiO3 spheres of 1.6-1.8 mm, the x-Al,O3 spheres of 1.2-1.4 mm and
the ZrO, spheres of 2.0-2.4 mm. In all other cases, less than 20% product remains unaccounted for.
Moreover, the oxygen and carbon balances reach much higher values: close to 90% (and even up to
95%) and thus less than 10% loss. It thus suggests that mainly products with more than one hydrogen
atom are not taken into account in the converted products. We presume that mostly the formation
of HyO and the sum of less abundant (oxygenated) hydrocarbons, that were not calibrated on the
GC, lie at the basis of these incomplete balances. Indeed, the deficit in the hydrogen balance is for the
majority of the experiments double of the deficit in the oxygen balance, suggesting the formation of
H,0. An example of a chromatogram, showing the number (and type) of products that have not been
calibrated and accounted for in the mass balances, is shown in Supplementary Materials (Figure 515).
In addition, also coke deposition could be at the basis of carbon losses. When looking at the Raman
measurements (see Supplementary Materials; Figures S16-523), it is clear that SiO; and to a limited
extent also «-Al,O3 and ZrO, suffer from coking at the sphere’s surface, unlike the y-Al,O3 and
BaTiO3 spheres. To visually show the amount of cokes deposited on the spheres, photos are added in
the Supplementary Materials (Figure 524).
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Figure 6. Carbon, Hydrogen and oxygen balance for different sphere sizes and materials, as well as the
non-packed reactor.

More detailed carbon, hydrogen and oxygen balances (with the contribution of the different
components identified and calibrated by the GC) are shown in the Supplementary Materials
(Figures 525-527 for the carbon balance, Figures 528-S30 for the hydrogen balance and Figures S31-533
for the oxygen balance). They allow a clear view on all identified products in the treated gas
stream, as well as their relative contribution to the total converted products. From these balances,
clear differences in product fractions also become apparent when comparing different packing
materials. These are discussed in more detail in the following part.

2.5. Product Fractions

As explained in the materials and methods section, the calculation of selectivities and balances
induces an uncertainty, caused by the gas expansion. Therefore, we calculated the product fractions in
this work (see Equation (4)), as these values only show the relative contribution of each product in the
total identified product mixture, which is not subject to the gas expansion. The product fractions are
plotted in Figure 7, to provide a general overview and are also listed in Table 4, to better compare the
trends, based on quantitative data.
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Figure 7. Product fractions for different sphere sizes and materials, as well as for the non-packed reactor.

Before going into more detail on differences for the different packing materials, we can make a
general observation for the non-packed reactor. Indeed, it seems that the product fraction is to some
extent determined by the flow rate, although the ratio of CHy over CO, conversion is very similar
(see Table 3). Mainly the formation of CO, ethane, ethyne, DME (Dimethylether) and formaldehyde
seem to be affected by this. This can be attributed to different formation rates of different products,
as explained in the Discussion section, because the different flow rate yields a different residence time.

Table 4 and Figure 7 clearly show that CO is always the largest fraction, for all packing materials
and for the non-packed reactors. Moreover, by altering the flow rate (non-packed reactor) or packing
materials, the relative amount of CO versus higher hydrocarbons or oxygenates can be altered. Indeed,
the CO product fraction can vary from about 53% up to 72%. Therefore, we list in Table 3 also the
obtained CO/Hj; ratio for the different sphere sizes and materials. This value ranges from 4.7 to above
9, which is quite striking, because the ratio of CH4 over CO, conversion is always between roughly
1 and 2. It indicates that the majority of C (especially of CO,) is converted into CO, while the H
(originating from CHy) preferentially takes part in the formation of many products, not only for Hj
but also for higher hydrocarbons.

Furthermore, it is clear from Table 4 and Figure 7 that the type of packing material has a vast
impact on the product fractions. Moreover, in case of BaTiO3 and SiO,, also the sphere size seems to
have a clear impact, while this is much less visible for ZrO; and x-Al,O3. For example, when high
fractions of ethyne are envisioned, the smallest size of the SiO, spheres seems to be the best choice.
The o- or y-Al,O3 packing seems to produce the highest CO/H; ratios (see also Table 3), while at the
same time producing substantially less dehydrogenated hydrocarbons (ethene and ethyne).

When comparing the different types of Al,O3 supports (non-porous «- and porous y-Al,O3),
we do not only see differences in conversion (cf. Figure 5 and Table 3), causing a large discrepancy in
CH,4/CO; conversion ratio (i.e., 1.5 vs. 2.3, respectively) but also interesting changes in the product
fractions. Indeed, although the CO fraction is similar, a larger fraction of ethane and ethanol is obtained
for the y-Al,O3 packing, while the fractions of ethyne and propane are lower and formaldehyde,
DME and methanol do not even reach the detection limits.
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Table 4. Product fractions for different sphere sizes and materials (the highest fractions for each component are highlighted).

22 of 32

CcO H, CyHg CyHy Cy,H, C3Hg C,H¢O C,H;0H CH,0 CH;0H CO/H,
Ethane Ethene  Ethyne Propane DME Ethanol = Formaldehyde Methanol Ratio
Non-packed (50 mL/min)  64.2 8.1 15.9 41 0.2 0.22 0.14 0.15 7.9
Non-packed (192 mL/min)  53.5 7.4 0.7 0.27 0.28 7.2
ZrO, 1.25-14 58.8 108 11.6 1.6 11.9 29 0.9 0.33 0.36 5.5
1.6-1.8 604 102 122 15 10.9 31 0.7 0.33 0.42 0.31 5.9
2.0-2.24 634 98 12.0 1.2 8.6 3.3 0.5 0.34 0.32 0.32 6.4
SiO, 1.25-1.4 493 103 11.7 2.7 2.9 0.9 0.24 0.26 4.8
1.6-1.8 51.9 Ol 118 2.0 33 0.8 0.28 0.51 0.26 4.7
2.0-2.24 56.3  10.6 13.0 13.1 3.7 0.6 0.31 0.41 0.33 5.3
a-AlyO3 1.25-1.4 7.5 14.0 0.5 22 29 0.5 0.28 0.29 0.43 9.5
1.6-1.8 8.0 13.6 0.6 2.7 2.7 04 0.25 0.36 0.41 8.8
2.0-2.24 8.0 12.9 0.5 22 29 04 0.29 0.29 0.46 9
BaTiO3 1.25-14 53.1 8.9 11.1 2.5 13.8 24 6
1.6-1.8 59.0 9.3 124 21 114 25 6.3
2.0-2.24 614 89 13.7 1.8 9.0 2.8 0.8 0.33 0.59 0.57 6.9
v-Al,O3 2.0-2.24 - 8.5 _ 0.6 2.0 0.4 0.0 _ 0.0 0.0 8.3
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Furthermore, the BaTiO3; packing with smallest bead size is the only material able to produce
a substantial fraction of formaldehyde and produces overall relatively more oxygenated products,
including higher amounts of DME, compared to the other materials.

When looking more closely to the results, four different trends can be observed when taking into
account the four largest component fractions (excluding CO, which is always the largest fraction):

e  For the non-packed reactor at 50 mL/min and all x-Al,O3 spheres, the order is: ethane > H; >
propane > ethyne.

e  For the non-packed reactor at 192 mL/min, the order is: ethane > Hy > ethyne > propane > ethene.

e  For the smallest ZrO, and BaTiO3 spheres and all SiO; spheres, the order is: ethyne = ethane >
H; > propane (formaldehyde in case of BaTiO3).

e  For the two largest BaTiO3 spheres and the intermediate ZrO; spheres, the order is: ethane >
ethyne = H, > propane > ethene.

Also the oxygenated fractions, which are much smaller, show clear differences depending on the
packing material and size, as detailed in Table 4.

3. Discussion

The results of the non-packed reactor show an interesting way of tuning product fractions.
By reducing the residence time (higher flow rate), the ratio of CO,/CH, conversion is similar but
the fraction of the products can be altered. Indeed, shorter residence times seem to produce less
CO and more oxygenates, hinting towards a kinetic effect that will determine the product fractions.
Indeed, model calculations predict that the rates of formation of different products are different [50]:
some products rise quickly, while others rise more slowly as a function of time or go over a maximum,
because they are converted into another product. Hence, depending on the residence time (and thus
flow rate), the product fractions can be altered.

Not only the residence time in the plasma/reactor has an influence on the conversion and product
fractions but also the residence time of species in contact with the packing material’s surfaces. Indeed,
according to the Sabatier principle, the residence time and binding energy between the adsorbing
molecule and the surface should be long/strong enough for conversion to take place, while the
residence time and binding energy between the products and the surface should be short/weak,
so that the product can easily desorb. However, in case of plasma-assisted conversion, also many other
underlying mechanisms, both physical and chemical, that take place simultaneously, can influence the
reactions (both partial chemical equilibrium and kinetics) and thus conversion and product distribution.

Indeed, based on the results, also packing materials clearly influence the plasma chemistry, as can
be deduced from the different CO,/CHy4 conversion ratios and product fractions. The difference
in the CO,/CHy conversion ratio can be caused by many factors, such as differences in discharge
type, the number and transferred energy of the streamers, the streamer propagation, electric field
enhancement, electron temperature difference, surface adsorption effects and so forth. We present the
electrical characteristics for the different sphere sizes and materials in the Supplementary Materials
but they do not reveal clear trends that can explain the observed differences in conversion ratios.
Probably it is a combination of different effects. Similarly, no clear correlation can be made to the
material properties (also presented in the Supplementary Materials). Indeed, all these differences
influence the CO, and CH, conversion and thus the resulting products formed, due to differences in
gain and loss reactions. In our previous work for pure CO; splitting, we could correlate the impact
of bead size and material to differences in number of contact points, size of void spaces and to some
extent the dielectric constant of the material but it could not explain all data, so other underlying
mechanisms must be present as well [32]. Even though we expect differences induced by changes in the
discharge mode and discharge properties, due to the differences in for example, dielectric constants of
the packing materials, the data extracted from the electrical characterisation (Supplementary Materials:
Table S2) display no straightforward correlation to the observed differences in CO, /CHy4 conversion.
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Nevertheless, not all differences in discharge behaviour can be measured. For example, modelling
has revealed important differences in streamer propagation and/or streamer versus surface discharge
behaviour, positive restrikes and local discharges, for packed bed reactors, depending on the dielectric
constant of the packing material [51]. Moreover, the same modelling study showed that the impact of
the discharge mode will be different for different chemical species and thus its impact on CO, and CHy
conversion, as well as on the intermediate species and products, might vary, resulting in the observed
differences in CO,/CH, conversion and product distribution. This complex interplay induced by the
packing is too complex to postulate the underlying mechanisms for the observed differences in the
data [51] and requires much more extended research, focused on materials with systematically altered
properties, as well as extensive modelling.

Furthermore, some packing materials, such as Al,O3, behave superior to the others, both in case
of CO; and CHy conversion, indicating that the observed results are not only related to the dielectric
constant and its effects on the electrical properties of the plasma. Indeed, otherwise, BaTiO3 (which has
the highest dielectric constant) would provide the best results, which is clearly not the case. Moreover,
if the results would only be correlated to the dielectric constant of the material, x- and y- Al,Os3,
both having the same dielectric constant, would yield the same conversion. This indicates that other
effects, like for example, the surface area and/or the surface acidity, may lie at the base of this difference.
Nevertheless, the fact that BaTiO3 performs worse than the other materials can also be correlated to
some extent to the electrical properties, because Wang et al. predicted by modelling that materials
with higher dielectric constant constrain the discharge to the contact points of the packing materials.
They suggested that this can limit surface activation due to a lower surface area in contact with the
discharge [51]. On the other hand, materials with a higher dielectric constant result in a higher electric
field enhancement, which will also be beneficial for CO, and CH4 conversion [52,53]. Hence, these are
opposite effects and this could explain why Al,Oj3 is a superior material, having an “intermediate”
dielectric constant of 9, while BaTiO3 (with a dielectric constant of ~4000 [54]) is performing worse.
It should be noted that BaTiO3 gave the best results in pure CO, splitting, indicating that the effect of
electric field enhancement was in that case more important than the effect of the surface discharges.
The role of surface discharge behaviour on CH, conversion (and vice versa) thus seems important,
although this is only a hypothesis.

Other literature reports also support this careful hypothesis, suggesting a difference in behaviour
of CH and CO; conversion. Indeed, Snoeckx et al. predicted by modelling that CO, is not only
converted during the microdischarge filaments in a DBD reactor but is also able to react further in the
afterglow (both in between filaments as well as post-plasma), whereas CH, is mainly converted during
the filaments and is being formed again (by recombination of reaction products) in the afterglow [46].
Nevertheless, the effect of different packing materials and sizes on the CH,/CO, conversion ratios
might be more complicated, as a result of several other mechanisms as well, so it is not possible to
explain all differences in detail. Thus, due to the complex and intertwined nature of the chemistry and
physical effects at play, extensive modelling would be needed to confirm or reject this first hypothesis
as part of the possible underlying mechanisms.

In addition to the above possible mechanisms, also other interesting hypotheses can be made,
based on the surprising result of the difference in performance of BaTiO3 in DRM versus pure
CO, splitting.

Based on the results of pure CO; splitting, it is possible that BaTiO3 strongly promotes the
equilibrium of COj splitting towards CO and O. In combination with a high CH4 conversion (CH4/CO,
conversion ratio of 2), which results in a high fraction of H atoms, the O atoms might recombine
with H atoms into OH. The latter can further react towards oxygenated components (explaining the
higher fractions of oxygenates in the presence of BaTiO3), as well as towards H,O (and possibly HO,
and H;O;). The trapping of O atoms into OH radicals and H,O, when small amounts of CHy are
added to CO; streams, has been predicted by modelling [55]. In the latter paper, it was described as a
positive effect, because it allowed easier separation of the produced gas mixture but the study was
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only applied for a few % of CH, addition to CO,. Due to the high performance of BaTiO3; towards
CO, splitting, as demonstrated in our previous work [32], a much higher concentration of OH radicals
might be present here, engaging in other (more negative) reactions, lowering the conversion. Indeed,
recent modelling studies of CH4 /O, mixtures have indicated a preferential formation of H,O from OH
radicals [50]. These H,O molecules will promote the back reaction of CO into CO,, as suggested based
on CO,/H,O models [56]. This can explain the lower CO; conversion in DRM for a BaTiO3 packing,
compared to pure CO; splitting. We cannot measure H,O with our GC but the deficits in the oxygen
and hydrogen balance (see Figure 6) suggest that indeed a large amount of H,O might be formed.
However, more research is needed to verify the above hypotheses. Note that the high amounts of OH
radicals can not only cause back reactions of CO into CO; but can also explain the higher oxygenate
content in case of the BaTiO3 packing, compared to the other materials. It is thus advised, when aiming
for a suitable catalyst for plasma-based DRM, to search for a material that benefits the reaction of OH
towards CHO or further towards CH30O, instead of towards H,O. The different reaction pathways
mentioned in this reasoning, are shown in the Supplementary Materials (Figures S34—S36).

Nevertheless, the above reasoning is only a first hypothesis, as other materials exhibiting a lower
CO; conversion in case of DRM versus pure CO; splitting (i.e., ZrO, with bead size of 2.0-2.24 mm)
do not result in a higher fraction of oxygenated products. This might be due to a difference in kinetics
between the back reaction of H,O with CO, versus oxygenate formation. However, much more
experimental and modelling work is needed to substantiate this hypothesis.

Finally, the CH4 conversion is always higher than the CO; conversion, due to the lower C-H bond
dissociation energy compared to C=0O bond dissociation energy, for all packing materials and sphere
sizes. However, the CH4/CO, conversion ratio varies from 1.2 to 2.3 (see Table 3), so the difference is
more pronounced for some materials than for others. This suggests that for those packing materials
with a lower CH4/CO; conversion ratio (e.g., 1.25-1.4 mm «-Al,O3 and BaTiO3 and 2.0-2.24 mm SiO,
and o-Al,Oj3; see Table 3), the situation is more complicated, for example, a back reaction or an impact
on the kinetics of CHy conversion or CO, conversion is taking place.

4. Materials and Methods

We applied the same setup as described in our previous work [32]. It comprises two concentric
electrodes: a grounded inner electrode made of stainless steel and the live outer electrode (10 cm)
consisting of a stainless steel mesh, wrapped around the dielectric barrier. The dielectric barrier forms
the reactor tube that encloses the gap with the inner electrode and is made of Al;O3. The gap is
confined between the inner electrode (8 mm outer diameter) and the dielectric barrier (inner diameter
17 mm, thickness 2.4 mm), resulting in a gap size of 4.5 mm. In this gap, we inserted the spherical
dielectric packing material. The packing spans the full discharge volume with a length of 10 cm
(the outer electrode length). To prevent the spherical packing from shifting, the beads were secured
with glass wool at both ends of the discharge zone. The high voltage was supplied by a generator,
a transformer and a power supply (AFS GmbH, Horgau, Germany). The voltage was measured
with a high voltage probe (Tektronix P6015A, Beaverton, OR, USA), while the current was measured
with a Rogowski coil (Pearson 4100, London, UK) and the condenser (10 nF) measures the charge.
The electrical signals were recorded with an oscilloscope (PicoScope 6402 A, Tyler, TX, USA).

Plotting Q versus U results in Q-U Lissajous figures, giving insight in the electrical characteristics.
Analysing the Lissajous data and the oscillograms with Matlab yields six different data. The plasma
power is calculated by multiplying the measured current and voltage. The burning voltage
(Upur) and peak-to-peak voltage (Upp) are calculated from the Lissajous graphs. Furthermore,
the root-mean-square current (Igys), number of micro discharges per period and displaced charge
per micro discharge are extracted from the oscillograms. More information about how these data
are obtained from the Lissajous plots and oscillograms can be found in ref. [32,57]. The data are
summarised in Table S2 of the Supplementary Materials. All packing materials result in a lower
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burning voltage, which has already been observed before [58], as well as more micro discharges per
period and a larger root-mean-square current.
The reaction conditions and packing materials tested in this work are listed in Table 5.

Table 5. Operating conditions and materials used in this work.

Parameter Specification
Gap (mm) 45
Frequency (kHz) 23.5
Power (Watt) 100
Gas flow rate (mL/min) 50 (or 192, for non-packed, to have the same residence time as in the packed reactor)
Type of material Non-packed reactor versus SiO,, x-Al,O3, v-Al,O3, ZrO, and BaTiO3
Diameter spheres (mm) ? 1.25-1.4;1.6-1.8; 2.0-2.24
CO,/CHy4 ratio 1/1
Temperature Ambient (no external heating)
Pressure Atmospheric (£1.2 atm)

2 The y-Al,O3 spheres were only tested for a diameter of 2.0-2.24 mm.

Five different spherical packing materials were used in this work, that is, SiO;, (SiLiBeads,
Warmensteinach, Germany), Y-stabilised ZrO, (SiLiBeads, Warmensteinach, Germany), BaTiO5 (Catal,
Sheffield, UK), y-Al,O3 (BASF) and «-Al,Os3 (in-house formulated by droplet coagulation at VITO
(Vlaamse Instelling voor Technologisch Onderzoek—Flemish institute for technological research),
with the «-Al,O3 being purchased from Almatis, Rotterdam, The Netherlands [32]). The different
physical and chemical characteristics of each material are reported in the Supplementary Materials:
Table S1 and Section 1 (Figures S2-S14 and Table S4). The stability of the materials is also discussed in
the Supplementary Materials. (Section 2, Figures 516-524), which focuses on coking resistance.

The gas feed flow rates for both CO, and CHj are regulated with thermal mass flow controllers
(Bronkhorst, Ruurlo, The Netherlands) and the outlet gas is analysed with a custom made online
gas chromatograph (Trace GC 1310, Interscience, Breteche, France). The GC is equipped with a
TCD (thermal conductivity detector) and an FID (flame ionization detector) with a methanizer.
The separation of the gasses is accomplished with four columns: a Molsieve 5A, 2 RT-Q-bonds
and a RTX-f column.

The experiments are carried out as follows: the reactor is always packed with fresh packing.
A vibration step is applied during packing to ensure dense packing of the reactor and uniform
void spaces. Subsequently, the gas is flushed through the reactor for 10 min, followed by a blanc
(i.e., without plasma) measurement, consisting of four consecutive GC measurements and electrical
measurements, confirming the feed concentration CO; i, and CHyj, (a constant CO,/CHy ratio of
1/1 is applied in this study). Then, the plasma is ignited and stabilised for a duration of 40 min,
followed by four consecutive GC and electrical measurements. This plasma measurement is repeated
three times, each time with fresh packing. This way, the uncertainties introduced by packing the
reactor are included in the final result. The error bars on the data-points below are thus based on the
12 measurements executed as explained above.

Based on the peak areas of the GC chromatogram obtained from the plasma measurements
(COy,0ut and CHy ot) and the blanc measurement, the conversions for CO, and CHjy are calculated
(Equations (1) and (2)). The total conversion is calculated using the fractions of both gasses in the inlet
gas flow (in our case, both 50%; Equation (3)).

CO2,in - COZ,out

X = 100% 1
CO, COuin * 100% (1)
CH4 in — CH4 out
X = ’ . 100% 2
CHy CH4,m * 00/ ( )
Xco, + XcH,

XTotal = f (3)
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As explained in our previous work [32], the conversion of gasses into a larger number of molecules
leads to an expansion of the volume of the gas, causing a pressure increase. As the GC depressurizes
the gas to 1 bar upon sampling (sample loop volume of 100 pL), some converted volume could
thus be lost upon depressurizing, relative to the blanc experiment executed at a constant pressure
of 1 bar. The formation of higher hydrocarbons, on the other hand, would lead to an increase in
density. The extent of conversion, the type of products formed (density) and the product distribution,
thus determine the extent of pressure increase and thus the possible loss of converted gas upon
sampling. For CO; splitting, this can be easily accounted for, as demonstrated in refs. [32,45,57,59,60].
However, for DRV, it is nearly impossible to take this into account, because a plethora of products
can be formed, which are not a priori known or can even not all be identified in the GC. Yet, it is
still important to know that this process can play a role and expansion of the gas can influence
(slightly overestimate) the conversions. More details about the extent of its impact on the obtained
results can be found in the work of Pinhao et al. [59]. As it does not only affect the conversions but also
the way to calculate the product selectivities, we report the data as relative fractions of products to
the total of identified products. Indeed, these product fractions are not affected by the gas expansion.
The relative product fractions are defined as follows (shown for H, as example):

H,
Fy 2

= 4
2 CO+ Hy +CyHg+ CoHy + CyHy + CoHgO 4+ CoH50H + C3Hg + CH,O + CH30H @

For information of the reader, the yields and selectivities (albeit with the uncertainties due to the
gas expansion) are also calculated and shown in the Supplementary Materials (Tables S5 and S6).

Next to the conversion, also the carbon, hydrogen and oxygen balances (CB, HB, OB) were
calculated, to give insights in the presence of products not yet identified in the analysis (or not possible
to identify in our analysis, for example, H,O) or losses such as in cokes. These are calculated as follows:

COy, out +CH4/ out+CO+2xCy Hg+2xCy Hy+2%xCy Hy+2+Cy HsOH+2%Cy HsO+3+C3Hg+ CH,O+ CH30H

CB (%) = CO,, iy +CHy, iy ©)
HB (%) — 24H, +4+CH), o,,t+6*c2H6+4*CZH4+2*CZH2Ziz%f;omre*czHﬁo+8*c3H8+2* CHO+ #CHOH (o)
2% COy oyt +CO+ CoH50H + Co,HgO + CH,O 4+ CH30H
OB (%) = . 55 CO @)
2,in

In Formulas (5)—(7), the terms in the nominator are subject to the gas expansion explained before,
whereas the terms in the denominator are not. Hence, the mass balance percentage might be slightly
under- or overestimated, depending on the product mix.

The SEI (specific energy input) is defined as

SEJ (ﬁ) __ Plasma power (kW)L « 60 (L) ®)
L Total gas flow rate (=) min

min

The total gas flow rate is the sum of the flow rates of CO, and CHy. For all experiments
in the packed bed reactor, this value is 50 mL/min, while in the non-packed reactor, we use a
flow rate of 50 mL/min or 192 mL/min. Indeed, the experiments with a non-packed reactor at
50 mL/min provide comparison with the packed bed reactor at equal flow rate, while the experiments
at 192 mL/min compare at the same residence time. This way, the reduction in the reactor volume
caused by the addition of the packing (estimated as 74% volume, independent of the packing size [61]),
is accounted for.

The plasma power in the above formula is the power generated in the plasma reactor,
calculated based on the measured voltage and current and not the power that is set on the power
supply (typically there is a power loss of ~40%, from 100 Watt to 60 Watt). The analysis of the
obtained Lissajous data gives a more correct value of the actual power that is supplied to the plasma
(see Supplementary Materials: Table S2).
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5. Conclusions

The aim of this research was to study the influence of different packing materials on the conversion
and product fractions formed in the dry reforming of CHy in a packed bed DBD reactor and to compare
this to our previous work on CO; splitting.

For this purpose, five different packing materials in three different sizes, that were not
explicitly activated with catalytically active elements but could be catalytic in nature, were compared.
The following conclusions can be drawn:

The highest CO,, CHy and total conversion obtained in the packed bed reactor was 22.5%,
32.8% and 27.7%, respectively, for x-Al,O3 spheres with a diameter of 2.0-2.24 mm. In the non-packed
reactor at equal flow rate, the CHy4 and total conversion yielded still higher values of 37.3% and 28.5%,
respectively, due to the longer residence time. Analysis of the packing materials before and after
plasma confirmed that most of the packing materials have a high resistance to coking, although SiO,
showed clear D and G bands.

It was clearly evidenced that the type and size of packing materials cannot only influence
the overall conversion but also the CH;/CO; conversion ratio and the product fractions,
even without being activated with catalytic elements. This emphasizes the importance of studying
all essential aspects of a catalyst in case of plasma catalysis, including the non-catalytically activated
support material.

Depending on the packing material applied, very high CO/H, ratios can be obtained, hinting to
mechanisms where the H atoms (originating from CHy4) are mainly involved in the formation of
hydrocarbons or oxygenated products, rather than into H.

By studying two types of Al,O3 (x and y), with the same dielectric constant, we can conclude that
apart from differences in electrical characteristics and discharge behaviour, other materials chemistry
or structural (e.g., porosity) related features have a vast impact on product formation, leading to
a very different product distribution, in case of x-Al,O3 versus y-Al,O3. It has to be noted that
v-AlyO3 results in the highest product selectivity (higher than «-Al,O3), with no detectable fractions
of oxygenated products, except for a 10-fold higher ethanol formation (fraction of 3%), in combination
with a high CO content (~70%), the latter being similar to x-Al,Os3.

Another interesting observation was the discrepancy between the high CO, conversion of BaTiO;3
for CO; splitting, in contrast to the low CO, conversion in case of DRM. A possible explanation for
this was put forward, based on models that hint towards the recombination of O and H atoms into OH
and possibly enhanced back reactions. However, further studies, including both extensive modelling
and plasma catalysis with materials with systematically altered properties, are required to confirm the
complicated interplay of the different mechanisms.

In general, we can conclude that, even without a catalytic activation, the packing material
already has a vast effect on the conversions and product fractions. This indicates the importance
of studying all materials aspects in case of plasma catalysis, including the non-activated packing
materials. Furthermore, it shows that more research is needed, combining extensive modelling with
material research, to unravel the mechanisms at play. Finally, it exemplifies the tremendous future
opportunities to create catalysts with true synergy in packing material and active element, that can
significantly impact both conversion and selective production of chemicals, allowing to steer DRM to
different types of products, ranging from oxygenates to higher hydrocarbons in a one-step process,
making plasma-catalytic DRM competitive with thermal DRM in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/1/51/s1.
Figure S1: UV-DR spectra of SiO; before (blue graph) and after (red graph) plasma exposure (milled spheres).
Figure S2: UV-DR spectra for ZrO; before (blue graph) and after (red graph) plasma exposure (milled spheres).
Figure S3: UV-DR spectra for BaTiO3 before (blue graph) and after (red graph) plasma exposure (milled spheres).
Figure S4: Nitrogen Sorption for SiO;. Figure S5: Nitrogen Sorption for ZrO,. Figure S6: Nitrogen Sorption for
x-Al,O3. Figure S7: Nitrogen Sorption for y-Al,O3. Figure S8: Nitrogen Sorption for BaTiO3. Figure S9:
Hg-porosimetry for SiO,. Figure S10: Hg-porosimetry for ZrO,. Figure S11: Hg-porosimetry «-Al,Os.
Figure S12: Hg-porosimetry y-Al,Os. Figure S13: Hg-porosimetry BaTiO3. Figure S14: Raman spectrum for SiO5,
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before and after plasma exposure. Figure S15: Raman spectrum for ZrO;, before and after plasma exposure.
Figure S16: Raman spectrum for a-Al,O3, before and after plasma exposure. For both spheres (before and after
plasma), 2 spectra are recorded: one with 90% of the light filtered out and one with 99% of the light filtered
out. Figure S17: Zoomed-in (at coking regions) Raman spectrum for «-Al,O3, before and after plasma exposure.
For both spheres (before and after plasma), 2 spectra are recorded: one with 90% of the light filtered out and one
with 99% of the light filtered out. Figure S18: Raman spectrum for y-Al,O3, before and after plasma exposure.
Figure S19: Zoomed-in (at coking regions) Raman spectrum for y-Al,O3, before and after plasma exposure.
Figure 520: Raman spectrum for BaTiOs, before and after plasma exposure. Figure S21: Zoomed-in (at coking
regions) Raman spectrum for BaTiO3, before and after plasma exposure. Figure 522: visual image of the spheres
before and after plasma treatment. Figure S23: CO,, CH, and total conversion for different sphere sizes and
materials, compared to the results for the non-packed reactor, at the same flow rate (50 mL/min) and at the
same residence time (5.52 s; flow rate of 192 mL/min). Figure S24: Part of a gas chromatogram obtained in
this work, zoomed in on the baseline. Figure 525: Total carbon balance for different sphere sizes and materials.
Figure S26: Detailed carbon balance for different sphere sizes and materials, without CO, and CH, contribution.
Figure S27: Normalized carbon balance for different sphere sizes and materials, without CO, and CH, contribution.
Figure S28: Total hydrogen balance for different sphere sizes and materials. Figure S29: Detailed hydrogen balance
for different sphere sizes and materials, without CHy4 contribution. Figure S30: Normalized hydrogen balance for
different sphere sizes and materials, without CHy contribution. Figure S31: Total oxygen balance for different
sphere sizes and materials. Figure S32: Detailed oxygen balance for different sphere sizes and materials, without
CO; contribution. Figure S33: Normalized oxygen balance for different sphere sizes and materials, without
CO; contribution. Figure S34: Reaction scheme to illustrate the main pathways for the conversions of CHy
and O, and their interactions. Adopted with permission from ref. [17]. Copyright 2018 American Chemical
Society. Figure S35: Reaction scheme to illustrate the main pathways for dry reforming of methane. Adopted with
permission from ref. [17]. Copyright 2018 American Chemical Society. Figure S36: Reaction scheme to illustrate
the main pathways for the conversions of CO; and H,O and their interactions. Adopted with permission from
ref. [18]. Copyright 2018 Wiley-VCH. Table S1: Electrical characterisation for all experiments. Table S2: Physical
and chemical characteristics of the packing materials. Table S3: Specifics of the equipment for all characterization
techniques. Table S4: SEM-EDX measurements for all spheres before and after plasma, measured at 3 points per
sphere. Table S5: Identified products, ranked in decreasing order of their yields, for the different packing materials
and the non-packed reactor. The components highlighted are present for more than 1%, the others for more than
100 ppm. Table S6: Product selectivities (%) for the different packing materials and sizes and for the non-packed
reactor. The highest selectivities for each component are highlighted.
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