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Abstract

Macro-mesoporous alumina, calcined at different temperatures (from 400 to 800 °C), were
tested in dry reforming of methane reaction under plasma discharge at a fixed deposited power
(P =8 W) with a ratio CO2/CH4 = 2. Besides alumina materials, the one possessing the lowest
surface area (72 m? g) exhibited the highest activity: Methane conversion reaches 31.3 %
against 23.4, 22.6 and 26.8 % for alumina calcined at 400, 600 and 800 °C, respectively,
suggesting that the active sites generated into the mesoporosity of alumina (Al>Oz 400) are not
accessible to reactants under the plasma discharge. Reactant transformation is promoted with
the alumina possessing the highest number of acid and basic sites and a correlation is proposed.
It is believed that CH4 and CO- adsorption are improved over acid and basic sites at the surface

of alumina, favoring the production of syngas.



1. Introduction

For many years, plasma catalysis has been developed in different application fields such as air
pollution control [1], ammonia synthesis [2], reforming reactions [3], CO. hydrogenation [4,
5], catalyst regeneration [6], as listed in “the 2020 plasma catalysis roadmap” [7].

The combination of plasma with a catalyst for the reaction of dry reforming of methane (DRM)
has been investigated to overcome the main drawbacks of the two separated techniques: catalyst
deactivation by coke deposition at high temperature due to the high endothermicity of the
reaction and a poor selectivity achieved with non-thermal plasmas [8-12]. In the hybrid system,
catalysts similar to those used in conventional thermal catalytic processes, such as Ni/SiOa,
Ni/Al203 or Pt/Al>O3, Pd/AlO3 [13-15], were inserted in the plasma discharge region. In some
studies, the presence of reduced Ni species in the discharge showed a small positive effect in
comparison with plasma only [16, 17], while other authors obtained a decrease in conversions
of CHs and CO> [18].

It is unanimously accepted that the presence of a solid in the plasma region modifies
significantly the discharge, particularly if the material is conductive [3]. Jo et al. [19] proposed
that the electric field is weakened by the electric conductivity of the solid, reducing the electron
density and thereby lowering the reactants conversion. Moreover, Kim et al. [20] demonstrated
that the bulk temperature strongly influences the C-H bond activation of methane, CHa
conversion increasing more than 8 fold in the presence of Ni/Al.O3 but only at temperature
higher than 630 K.

In the different published papers, the authors used a specific catalyst composition and comment
on the beneficial effect of the coupling leading to synergetic effect (in some cases). In a review,
Chung [21] listed different catalysts used to perform the DRM reaction coupled with plasma

and the authors concluded that plasma and catalyst interactions depend on many parameters



such as operating temperature, basicity of the catalyst, power input, dielectric constant, reactor
geometry and catalyst packing method.

Using a zeolite A, Jiang et al. [22] showed that CH4 and CO2 conversions were reduced, but the
formation of carbon black was inhibited. Metal-organic-frameworks (MOFs) was successfully
used by Vakili et al. [23] in the plasma-assisted dry reforming of methane, the improved CH4
and CO: conversion compared to the plasma-alone mode was attributed to the favorable
generation of filamentary micro discharges and surface discharges with the highly porous
material.

An important point is that the combination of plasma with simple oxides possessing no thermal
activity exhibited higher performances compared with plasma only: a significant improvement
in CH4 and CO2 conversion over AlO3 and La,O3/Al>03 was observed when coupled with
plasma at 573 K [24]. A higher CO2 conversion and a lower CH4 conversion were reported by
Zhang et al. [25] using La2O3/Al>03 under pulse corona plasma. Michielsen et al. [26] have
shown that a-Al,O3 and y- Al.Oz are beneficial for CO2 and CH4 conversion compared to other
oxides such as ZrO», SiO, or BaTiOs. In a recent paper [27] we studied the dry reforming of
methane by non-thermal plasma coupled with different metal oxides: BaO, La;Os, ZnO, CaO,
o-Al203, MgO, y-Al203, TiO2 and CeO2 and it was observed that the CO2 and CH4 conversions
were enhanced when the permittivity of solid was reduced, the best results being obtained with
v-Al203,

In this context the main objective of the present study was to investigate the influence of
physico-chemical properties of different alumina oxides compared to a commercial gamma
alumina. The aim was to correlate the physico-chemical properties of the solid to the CH4 and

CO. transformations in a single plasma reactor at a fixed deposited power.



2. Experimental part

2.1 Experimental setup

The reaction was performed in a coaxial dielectric barrier discharges (DBD) reactor (Fig. 1) at
room temperature and atmospheric pressure. The reactor is an alumina tube with 4mm internal
and 6 mm external diameter. A stainless steel rod (diameter: 1mm) is centered inside the
alumina tube and set as the high voltage electrode while a copper electrode (100 mm long) is
wrapped around it and set as the ground electrode.

Helium, CH4 and CO, were flown at a total flow rate of 40 mL min (residence time of 1.6 s)
with a ratio CO2/CHs4 of 2 and a constant concentration in He (75 %).

The material (alumina) filled the entire plasma zone. Powders were sieved before experiments
in the range: 355-650 um, since we showed in a previous study that it corresponds to an
optimized grain size to perform the reaction under plasma discharge [28]. The advantage of
using small grains has also been highlighted by Kasinathan et al. for the CH4 conversion into
hydrocarbons over MgO/Al;O3 [29] and by Zhou et al. [30] for the decomposition of CO2 on
Zr0,.

A sinusoidal AC supply of power was applied across the electrode (TG1010A Aim-TTi,
Thurlby Thandar Instruments Brand). The discharge power was calculated through the figure
of Lissajous and fixed at 8 watts, while the frequency was kept constant at 800 Hz. The voltage
was varied from 13.2 to 14.3 kV depending on the nature of the material in order to fix the
deposited power at 8W. The applied voltage was measured with high voltage probes (PMK,
model PHV4-2757) using an oscilloscope (waveRunner 62 Xi, Lecroy).

An Ametek ®, Solartron Analytical apparatus was used to determine dielectric constants of
oxides: a sinusoidal voltage of 50 V was applied with a scan from 0,1 Hz to 1 MHz. The oxides

were pressed at 5 tons for measurements, producing wafers of 2 mm thick that allows to neglect



the contribution of air permittivity. Before analysis, wafers were placed in an oven at 100 °C to

avoid water adsorption.

2.2 Al20s3 synthesis and characterization

Mesoporous macroporous alumina were prepared according to the procedure inspired by Z-Y.
Yuan et al. [31]: 10.42 g of cetyltrimethylammonium bromide (CTMABT) were dissolved in
93.93 g of deionized water. The suspension was stirred at 40 °C for 1 h before the addition of
24.12 g of aluminum isopropoxide, under stirring. The resulting gel was further agitated for 3
h at 40 °C. The obtained gel was placed in a closed polypropylene bottle at 80 °C for 24 h,
under static conditions. After a cooling down at room temperature, the suspension was filtered
and washed with water (200 ml, 2 times). The resulting paste was dried at 100 °C overnight.
The obtained powder was washed again with 200 ml of water, and then dried overnight at 100
°C. Finally, the obtained alumina was calcined at 400, 600 or 800 °C for 6 h (heating rate: 2 °C
mint). Characterization of the materials was carried out before and after reaction under plasma.
The specific surface areas were obtained according to the BET procedure. The nitrogen
adsorption-desorption isotherms were carried out using a Micromeritics Flowsorb 11 2300
apparatus at -77 K. The commercial y-alumina was purchased from Alfa Aesar (CAS: 1344-28-
1). It was calcined before use at 400 °C for 6h (heating rate: 2 °C min) and noted y-Al,Os.
The surface acidity was measured by temperature programmed desorption of ammonia (NHz-
TPD). NH3-TPD experiments were carried out using a homemade apparatus equipped with a
TCD detector. Prior to the measurements, about 80 mg of sample were pretreated by heating at
200 °C for 1 h under helium with a ramp of 5 °C min, and, after cooling for 5 min to 30 °C,
ammonia adsorption was carried out. A flow of 30 mL min™ containing 5 vol % NHs in helium
was passed over the sample during 45 minutes at 30 °C. Physically adsorbed ammonia was

removed by purging with helium at 50 °C for 3 h. The NH3-TPD was carried out by increasing



the temperature linearly from 50 to 600 °C with a heating rate of 5 °C min™ and a helium flow
rate of 30 mL min™.,

The amount of acidic sites on the catalyst was calculated from the desorption amount of NH3,
which was determined by measuring the areas of the desorption profiles.

In a previous work, we have shown that the amount of CO2 adsorbed in the monolayer is directly
linked to the basic site number present at the material surface [32]. CO2 monolayer content was
calculated from the analysis of CO2 adsorption isotherm by BET model. Adsorption equilibrium
data were measured at 25 °C using a symmetrical SETARAM microbalance. 40 mg of samples
were out-gassed under secondary vacuum at 350 °C for 12 h and cooled down to 25 °C prior to
the sorption measurements. The temperature of the system was kept constant during analysis
by a water circulation in the double walls of the analysis tubes. The CO, pressure was then
increased step by step in order to obtain the entire adsorption isotherm. For each uptake, the
equilibrium was reached when the mass recorded versus time and the pressure were stable.
Thermogravimetric analysis were performed with a TA instruments SDTQ600 analyzer under
a 50 mL min flow of air to 900 °C (10 °C min™).

Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) were performed on a
SDT Q600 apparatus from TA Instruments coupled by a heated capillary column with a QGA
mass spectrometer from Hiden. The samples were heated up to 800 °C (heating rate: 10 °C min°
1y under an air flow (50 mL min™).

The catalysts were characterized by X-Ray Diffraction (XRD) using a Siemens D-5005
diffractometer with CuKa. = 1.5417 A, operated at 40 kV and 30 mA. The diffraction patterns
were recorded in the 26 range of 10-90 ° with a step interval of 0.02 ° and period of 1 s.

2.3 Gas phase analysis and calculation

The gas analyses were conducted on-line by gas chromatography. A flame ionization detector

allowed the identification of oxygenated products, while a thermal conductivity detector



identified the hydrogen, carbon monoxide, carbon dioxide and methane. All the reactions lasted
1 hour.

Each experiment was repeated 3 times, changing the catalyst and cleaning the inner electrode
each time, resulting in a margin error of + 3 %.

The conversion, yield, selectivity and energy efficiency were defined as:

Conversion (%) of CHs and CO2 = 100 x mole of CH4 (or CO2) converted / mole of CHa (or
COy) in the feed

Yield in H2 (%) = 100 x mole of H2 / 2 x (mole of CH4) introduced

Selectivity to CnHy (%) = 100 x n x mole of CnHy / (mole of CH4 converted + mole of CO>
converted)

Selectivity to CO (%) = 100 x mole of CO / (mole of CH4 + mole of CO3) converted

Carbon Balance: CB (%) = 100 x (mole of CO +Y_ n x mole of CrHy) / (mole of CH4

converted + mole of CO; converted)

3 Results and discussion

3.1 Textural properties of alumina

The BET specific surface area, BJH desorption cumulative pores volume and average pore
width are gathered in Table 1. As expected, the alumina materials synthesized in the laboratory
possess a large surface area compared to the commercial alumina. As the calcination
temperature increases from 400 to 800 °C, the Sget decreases from 313 to 261 m? g*. The pore
volumes are low especially for the gamma alumina with the lowest surface area. Nitrogen
adsorption desorption isotherms and pore size distributions are shown in Fig. 2. According to
the IUPAC classification, the prepared alumina exhibit type IV isotherm with H2 hysteresis
loop, typical of mesoporous materials with a complex porosity. The commercial y-Al.O3

exhibits a loop of type Ilb, indicating the presence of macropores, the porosity being not



completely filled by N2 condensation [33]. The pore size distribution (Fig. 2) confirms the
presence of large pores for the commercial alumina (dV/dD pore volume maximum around 400
A —average pore diameter of 142 A), while for the materials synthesized in the laboratory, this
maximum is around 50 A (average pore diameter from 42 to 72 A).

The SEM images (Fig. 3) show the presence of abundant pores whatever the calcination
temperature 400, 600 or 800°C.

XRD patterns of y-Al.O3, Al203 400, Al,O3 600 and Al203 800 are presented in Fig. 4. They

all show the representative diffraction peaks of gamma alumina (ICDD 00-010-0425).

3.2 Physical and electrical discharge characteristics of alumina packed plasma reactor
Substantial alterations are observed for the Lissajous Q-V curves of the four alumina oxides (Fig.
5). Note that a peak voltage of 13.2kV was required to obtain a deposited power of 8W for Al.O3
600, while 14.3 kV was used for y-Al,O3. The charges accumulated at the surface of the dielectric
material and the capacitances slightly differ between materials. Lines BC and DA correspond to
the plasma-off phase, the slope of these lines gives Ccen (capacitance of the dielectric and of the
gap). The discharge-on is represented by lines AB and CD, the slope of these lines corresponding
to the effective capacitance (Table 2). The differences in capacitances prove that the electrical
properties of the alumina oxides are different, whereas similar grain size was used (355-650 pum).
Note that the lowest values were obtained for the commercial alumina material, which also has
the smallest surface area. The effective capacitance is supposed to depend on the spatial
distribution of the discharge across the discharge gap. The higher value obtained for the prepared
v-Al>O3 can be explained by the expansion of the discharge at the surface of the alumina material
[34].

The dielectric constant measurements of the alumina materials were low (2-4) compared to

those reported in the literature for - and y-alumina (generally between 9 and 10) [35-37]. These



differences can be explained from the different measurement methodology followed. In this
work, dielectric constants were measured experimentally, while published data were
determined mathematically, as a sum of electronic and lattice contributions in most cases. The
differences could come from the interfacial polarizations originating from sub-grain boundary
and grain boundary barriers [38], which is not taken into account when the data come from

calculation.

3.3 Influence of the type of alumina for CHs and CO2 conversion

The alumina materials, freshly calcined at 400 °C and sieved in the range 355-650 um, were
introduced into the reactor, filling completely the plasma zone. The deposited power was
adjusted at 8 W (13.2-14.3 kV and 800 Hz). The conversion of methane and carbon dioxide are
plotted versus the surface area in Fig. 6. The highest conversions were obtained with the
commercial alumina, possessing the lowest surface area: 72 m? g%, methane conversion reached
31.3 % against 23.4, 22.6 and 26.8 % for alumina calcined at 400, 600 and 800 °C, respectively.
From these results, it seems that the active sites localized into the mesoporosity of alumina
(Al203 400, 600 and 800) are not accessible to reactants under the plasma discharge. The
accessibility of the porosity of solid is a key point in DBD plasma conditions. In fact, the
formation of micro-discharges is possible only when the pores diameter is larger than the Debye
length value, which lies between 100 nm to 1um. This value depends on the electron density
and temperature of the plasma streamer. A. Bogaerts group showed that plasma can diffuse in
pores of about 50 nm, corresponding to the upper limit size of mesopores, but to a certain extent
and in a very limited time period [39, 40]. Nevertheless, in a study on VOC removal by non-
thermal plasma using a y-Al2O3, Roland et al. [41] suggested the stabilization of short-lived
oxidant species on the surface and their diffusion from gas phase into the pores of 7.4 nm

(diameter). Moreover, based on EPR spectroscopy, the authors [42] proposed the formation of



an Al-O-O° aluminium peroxyl group via oxygen present in the gas atmosphere. The results
obtained in the present study showed experimentally that the coupling of plasma with catalyst
depends strongly on the nature of surface active species (presence of OH) and in a lower extend
to the amount of active sites as soon as there are located in small pores of oxides. Results in
Table 3 reveals that the hydrogen yield and selectivity towards CoHe are maximum for the
commercial y-Al203 compared to the other Al,O3 materials. Oxygenates were formed only
when using the commercial alumina, the main products being formaldehyde > acetone >
methanol > acetaldehyde > ethanol. However, the amount of oxygenates remains very low. The
experimental conditions (excess of CO.), not favorable for oxygenates production, were chosen
to avoid carbon deposition [43]. The formation of oxygenates was also reported by Li et al. [44]
using SiO2 coupled with plasma in an excess of CO3, they obtained mainly methanol, ethanol
and acetic acid. In our study, the carbon balance is always lower than 100% especially in the
presence of alumina with the highest surface area, suggesting that other products, not analyzed
by GC, are formed. They could be hydrocarbons other than C2, because insignificant amount
of ethylene and acetylene were detected. The formation of volatile oxygenated products such
as ethers, peroxides or carboxylic compounds could also be produced, along with carbon
deposition and/or product condensation at the surface of the material or in the setup lines.

DRM was studied by different groups using Al2O3 as packing material (Table 5). Important
differences in terms of reactant conversion and selectivity to products are observable. These
differences could be explained by the reactor design (gap, volume of plasma discharge...) and
process conditions. Note that comparison between non-packing and packing reactor makes no
sense if the gas flow is not adjusted in order to maintain the contact time at the same value. This
aspect is unfortunately rarely taken into account in many papers. Nevertheless from the reported
data, it appears that high deposited power promotes the selectivity to CO [45-47]. Michielsen

et al. [26] show that o-Al.O3 material exhibits a slightly higher activity than y-Al20s3,
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suggesting that other effects than surface area or dielectric constant explain the results. The
authors propose that the surface acidity of the material may lie at the base of this observation.
In order verify this hypothesis, the influence of the number of acid and basic sites per unit
surface of the alumina materials on CH4 and CO. conversion was verified (Fig. 7). The highest
activity is obtained with the commercial alumina exhibiting the highest number of acid and
basic sites. Note that the acidity of y- Al,Ozis associated with the ionic nature of the Al-O bond
[48]. More specifically the acid sites would be localized closed to the —OH groups of the surface
[49]. The role of acid sites in methanol production was proposed by Chawdhury et al. [50]. The
authors obtained higher selectivity to oxygenates using Cu/yAl>Oz catalyst presenting more acid
sites than Fe/yAl>Oz in the plasma-catalytic partial oxidation of methane. Also, the presence of
basic sites favors the reactant conversion (Fig. 8). Indeed, the basicity of alumina is associated
with the presence of surface O™ ions as counterpart of acid sites [51]. These basic sites adsorb
carbon dioxide leading to an increase of CO> conversion and also methane conversion [52]. The
effect of a stronger basicity, increasing CO. and CH4 conversions was suggested by Wang et
al. [53] investigating a series of Ce-promoted nickel catalysts (NiCexC). Moreover, Wen et al.
[54] proposed that strong CO. adsorption on y-Al,O3 plays an important role in CO, decomposition
under corona discharges, favoring CO production. Using diffuse scattering IR spectroscopy Gadzhieva
[55] showed that CH. adsorption sites were formed by molecular and dissociative mechanisms under
the action of the electric-discharge plasma at the surface of y-Al,Os.

So according to the results presented here and based on works of Chawdhury et al. [50] and D. Li [44]
possible reaction pathways for CH, and CO; transformation into CO and H. is proposed in Fig. 9. The
reaction takes place in gas phase under plasma discharge by electron-induced dissociation of reactants.
Surface reactions are also involved, adsorption of methane can be followed by the cleavage of a C-H
bond to produce surface CHx species. It is also possible to propose the adsorption of CHx formed in gas

phase under plasma. CO- can also be activated directly in the gas phase or after adsorption leading to

CO formation and a radical O able to react with CHx to produce CO.

11



3.4 Characterization of alumina materials before and after reaction under plasma

The BET specific surface area, BJH desorption cumulative pores volume and average pore
width for the catalysts after reaction under plasma are gathered in Table 1. We observe a slight
decrease of the surface area after plasma, except for Al>Os 400, while pore volumes remain
constant. The pore size increases for y—Al>Os and Al,Oz 800 and remains stable for the two
other solids. TGA-TDA analysis reported in Fig. 10 exhibits mainly two weight loss in the
temperature ranges 100-300 °C and 300-600 °C, corresponding respectively to hydroxyl and
carbon elimination. TGA coupled with mass spectrometry analysis (Fig. 11) confirms that H,O
is eliminated at low temperature while carbon oxidation proceeds at the highest temperature
(analysis of COy). The values of weight loss are also reported in Table 4 for the alumina
materials before and after plasma. It appears that the amount of —OH groups differs significantly
from one material to another one. As expected a higher calcination temperature (from 400 to
800 °C) leads to dehydroxylation. The lowest amount of hydroxyl is obtained with the
commercial alumina due to its lowest surface area. After plasma, the amount of OH has
significantly decreased for the commercial gamma alumina, from 3.3 % before plasma to 1.1
% after plasma. It indicates that dehydroxylation occurred under plasma, which could be related
to the selectivity into oxygenates (Table 3) with the commercial alumina. The weight loss in
the temperature range 300-600 °C is low after reaction indicating that carbon deposition is
limited under the experimental conditions used in this study for the four alumina samples.

Indeed the excess of CO> used in this study avoid carbon deposition by methane cracking.

3. Conclusion
The dry reforming of methane reaction was performed by coupling plasma with different types

of alumina materials, while the granulometry was fixed in the range: 355-650 um. Physical
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characterization of the discharge through the Lissajous Q-V figures exhibited significant
differences for the four alumina oxides. The lowest effective capacitance being obtained for the
commercial alumina. As expected, excess of CO2 (CO2/CHs = 2) leads to a low carbon
deposition, as evidenced by TGA analysis after reaction. We showed that besides y-Al>O3
materials, the highest conversions were obtained with the commercial alumina, possessing the
lowest surface area: 72 m? g1. Methane conversion reaches 31.3 % against 23.4, 22.6 and 26.8
% for alumina exhibiting surface area of 313, 301 and 261 m? g respectively. These results
suggest that the active sites generated into the mesoporosity of alumina synthesized in the
laboratory are not accessible to reactants under the plasma discharge. A correlation between the
number of acid and basic sites is clearly visible. The results obtained in the present study
confirmed experimentally that the coupling of plasma with catalyst depends strongly on the
nature of surface active species (presence of OH) but in a lower extend to the amount of active

sites as soon as there are located in small pores of oxides.
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Table 1. Characterization of alumina materials, S get, pore volume and pore size before and
after plasma

SBET? (m?.gY) Pore volume® (cm®.g™) Pore size® (R)
Alumina Before After Before After Before After
plasma plasma plasma plasma plasma plasma
v-Al,O3 72 55 0.2 0.2 142 165
Al,03400 313 334 0.6 0.7 61 61
Al>,03600 301 275 0.7 0.7 72 71
Al,03 800 261 165 0.3 0.6 42 104

a. Specific surface area calculated by the BET method.
b. Total pore volume determined at P/P;=0.99.
c. Average pore width deduced from the BJH method using the desorption branch.

Table 2. Physical characterization of the materials dielectric constant and resulting
capacitances of the reactor filled with the different alumina materials

Dielectric constant Capacitance
Alumina C dielectric C effective
800 Hz 1 MHz (PF) (bF)
v-Al>03 3.07 2.94 9 22
Al203400 4.11 3.30 13 32
Al203 600 3.79 3.23 16 39
Al203 800 3.97 2.90 10 25

Table 3. Influence of the nature of alumina on product selectivity and hydrogen yield (average
value, reaction time: 30 minutes), grain size: 355-650 pm, P = 8 W, total flow: 40 mL min™,
CO2/CH4 = 2, He: 75 %.

H> yield Selectivity (%) CB

catalyst (%) CO CoHs Oxy* (%)
v-Al,O3 12.0 70 8.8 2.3 83
Al>03400 7.8 71 6.7 0.0 78
Al>O3 600 8.4 69 8.8 00 77
Al;03 800 7.8 65 6.4 0.0 72

* OXy. = oxygenates
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Table 4. Mass loss from TGA analysis, before and after plasma (1 h, grain size: 355-650 pum,

P =8 W, total flow: 40 mL-min™, CO2/CH4 = 2, He: 75 %)

Mass loss (%)

Oxide before plasma after plasma
100-300°C  300-600°C  100-300°C  300-600°C
7-Al20s3 3.3 1.7 11 3.2
Al203400 0.1 2.6 5.8 4.7
Al205 600 6.0 25 3.2 3.0
Al203800 3.7 1.7 3.6 4.1
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Table 5. Performance of plasma + alumina processes

Plasma Elow _ _ Conversion  Selectivity

type CH4/CO; (mL.min) P(W) T(°C) packing shape size (%) (%) comments Ref.
CHs CO2 CO HC

DBD 1 33 19 240 o-Al,O3 beads 1-2 mm 36.5 219 19 43 P=1.2 bar, 24% 11

CaoHs

DBD 1 50 100 room o-Al,Os sphere 2-224mm 33 225 722 185 26

DBD 1 50 100 room  y-Al20s3  sphere 2-2.24mm 32 14 70.1 18.0 26

DBD 1 50 35 room vy-AlbOs pellets  500-850um 225 75 325 17 CB=92%, 9% CoHs 43

DBD 1 30 130 room  y-Al,Os  beads 1-2 mm 503 30 50 18 44

Plasma 0.7 16660 770 room y-AlbOs n.i. n.i. 45 30 86 n.i. 45

jet

n.i.: not indicaded

22



Figure 1: Plasma reactor scheme
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Figure 2: N2 sorption isotherms and pore size distributions of the Al.Os materials
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Figure 3: SEM images of the Al.O3 materials calcined at different temperatures, a), b) 400 °C,
c), d) 600 °C and e), f) 800 °C
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Figure 4: XRD patterns of commercial y- Al203, Al.03 400, Al,O3 600 and Al>O3 800.

i

Al,04 600

__nl

Al,04 400

Intensity (a.u.)

1-Al,04

A

-Al,O5 : 1CDD 00-010-0425

10 20 30 40 5 60 70 80 90
26 (°)




Figure 5: Lissajous figures of the CH4/CO2/He DBD with alumina materials and typical
Lissajous figure of DBD
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Figure 6: CH4 and CO> conversion versus surface area for alumina, grain size: 355-650 pum, P
=8 W, total flow: 40 mL min, CO2/CHs = 2, He: 75 %
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Figure 7: CH4 and CO> conversion versus number of acid sites for alumina, grain size: 355-
650 um, P = 8 W, total flow: 40 mL-min™, CO2/CH4 = 2, He: 75 %
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Figure 8: CH4 and CO> conversion versus number of basic sites for alumina, grain size: 355-
650 um, P = 8 W, total flow: 40 mL min, CO2/CH4 = 2, He: 75 %
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Figure 9: Suggested reaction pathways for the transformation of methane and carbon dioxide
in the plasma-catalytic system in the presence of y-Al2O3
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Figure 10: TGA-TDA analysis before and after reaction under plasma (60 minutes), grain size:
355-650 um, P = 8 W, total flow: 40 mL min, CO2/CH4 = 2, He: 75 %,
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Figure 11: TGA-MS analysis after reaction under plasma (60 minutes), Al.Oz 800, grain size:
355-650 um, P = 8 W, total flow: 40 mL-min™, CO2/CH4 = 2, He: 75 %
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