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Abstract—Argon glow discharge plasma was applied for treatment of impregnated Ni-Cu/Al,O,-ZrO, nanocatalyst.
The catalytic performance toward CO, reforming of methane and the physicochemical properties were investigated by
means of GC, BET, XRD, FESEM, TEM, EDX, TG-DTG XPS and FTIR techniques. The plasma-treated nanocatalyst
contains smaller crystal size and high dispersion of NiO. Plasma treatment decreased particle size and plasma high
energy species flattened particles on support, increasing the interaction between support and active metals which leads
to high catalytic activity. Low temperature activity and H,/CO ratio closer to 1 was observed for plasma-treated nano-
catalyst compared to non-treated sample. Moreover, higher product yield and H,/CO ratio was found in CH,/CO,=1
rather than CH,/CO,=1.5. Time on stream test during 1,440 min at 850 °C showed plasma-treated Ni-Cu/Al,O,-ZrO,
nanocatalyst did not experience any deactivation in terms of CH, and CO, conversion and H,/CO ratio.
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INTRODUCTION

Recently, carbon dioxide reforming of methane to synthesis gas
has received a great deal of attention [1-7]. This process converts
two undesirable greenhouse gases into valuable products, whereas
the low H,/CO ratio obtained in this process is suitable for further
synthesis of hydrocarbons [8,9]. Another advantage of carbon dioxide
reforming of methane is its capability in utilization of biogas and
natural gas with large amounts of CO, [10,11].

The main reaction in dry reforming of methane is:
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CH,+C0O,—2CO+2H, AH’,s=+247 kJ/mol. (1

While the reverse water gas shift reaction (RWGS (2)), the Boud-
ouard reaction (3) and methane decomposition (4), are the side reac-
tions as follows:

H,+C0O,—~H,0+CO AH’5,=+39.5 kJ/mol. Q)
200 <CO,+C AH’ =171 kJ/mol. 3)
CH, <2H,+C AH’,,s=75 kJ/mol. @)

Nickel-based catalysts have been widely used in carbon dioxide
reforming of methane. However, the Boudouard reaction and the
methane decomposition reaction suffer from low catalytic activity
and instability against coke deposition [12]. In recent years, to im-
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prove the catalytic performance of nickel-based catalysts, a number
of new catalyst preparation and treatment methods have emerged
[6,13,14]. Among these, plasma treatment, as a special kind of energy
donation, is an effective method for catalyst preparation and its modifi-
cation under non equilibrium conditions [15]. Glow discharge plasma,
a kind of non-thermal plasma, has shown broad application pros-
pects in improving metal dispersion, modulating the interaction be-
tween active components and carrier, synthesis of ultrafine catalyst
particles, as well as surface modifications [12]. Cheng et al. [16]
found a high dispersion of active species over support and a better
stability for Ni/ALO; after a glow discharge plasma treatment. Zhang
et al. [17] indicated that non thermal plasma may lead to produce
Ni/ALO, catalyst with lower temperature activity and an enhanced
stability for CO, reforming of methane. Zou et al. [18] reported a
special metal-support interface for Ni based catalysts after argon
glow discharge plasma. It has been proven that the nature of sup-
port [19,20] and the presence of promoters [21-24] can enhance
physicochemical properties, catalytic activity and stability of Ni/
AlO; catalyst. Choi et al. [25] studied the performance of Ni/ALO;
catalysts promoted by addition of Co, Cu, Zr, Mn, Mo, Ti, Ag and
Sn. Only Co, Cu and Zr showed a slight improvement in activity,
compared to the conventional catalyst, while the rest of the addi-
tives reduced the activity in dry reforming. Dong et al. showed that
Cu had a better NiO dispersion in comparison with Co and Fe [26].
Our group at Reactor and Catalysis Research Center has done
systematic research on plasma-treated catalysts to introduce the best
Ni-based catalyst for CO, reforming of methane. At the first part of
the research for Ni/ALO, catalysts, the effect of support promoters
like CeO, [27], ZrO, [28] and MgO [29] and active phase promot-
ers like cobalt [30] and copper [31] has been investigated. From
this part of the investigation, we have addressed that ZrO, and cobalt
are the better support and active phase promoters, respectively. Then
we reported the simultaneous promotion of cobalt and ZrO, in plasma-
treated catalyst [32]. In the next part of the research we focused on
the effect of calcination temperature [33] and effect of Ni loading
in selected Ni-Co/Al,O,-ZrO, catalyst. NiO size reduction, improve-
ment in dispersion, surface enrichment of active phase, low tem-
perature activity and stability against coke deposition have been

(a) Support synthesis: Al,04-ZrO,
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observed in all mentioned plasma-treated samples rather than im-
pregnated catalysts. In the present paper and continuing research in
our research center, we explored the effect of argon glow discharge
plasma on reactivity, stability and structural properties of simultaneous
Cu and ZrO, promoted Ni/AL,O, nanocatalyst in CO, reforming of
methane. The impregnated Ni-Cw/ALO,-ZrO, nanocatalyst has been
treated with plasma and characterized by XRD, FESEM, TEM, BET,
TG-DTG FTIR and XPS analysis. In addition, the effect of operat-
ing temperature, feed composition and gas hourly space velocity
(GHSV) on the feed conversion, product yield and H,/CO ratio have
been investigated. To study nanocatalyst activity in long-term use, a
stability test has been performed for plasma-treated and non-treated
Ni-Cw/ALO;-ZrO, nanocatalysts.

MATERIALS AND METHODS

1. Materials

In this work nickel nitrate hexahydrate (Ni(INO,),-6H,O) and cop-
per nitrate hexahydrate (Cu(NO,), 6H,0) were used as nickel and
copper precursors, respectively, and #Al,O; powder was used as
support. All reagents were purchased from Merck Company and
used without further purification. Methane and carbon dioxide (feed
gas), hydrogen (reducing gas) and argon as plasma forming gas with
high purity, purchased from Technical Gas Services in Ajman, UAE.
2. Nanocatalyst Preparation and Procedures

Fig. 1 illustrates a schematic flowchart of the preparation steps of
Ni-Cw/AlO,-Z10O, nanocatalyst using non-thermal plasma (NCAZ-
P). For synthesis of Ni-Cu/ALO;-ZrO, nanocatalyst, nickel and cop-
per were added simultaneously to Al,0,-ZrO, support. A mixture
of (Ni(NO;),-6H,0), (Cu(NO;),-6H,0) and ALO;-ZrO, was pre-
pared using an appropriate loadings of Cu (3%) and Ni (10%). The
aqueous mixture was stirred for 5 h at 60 °C. The resultant mixture
was dried for 8 h at 120 °C under air flow condition. The dried nano-
catalyst was exposed to glow discharge plasma before calcination.
A schematic flow chart of the glow discharge plasma experimental
setup for treatment of Ni-Cu/ALO;-ZrO, nanocatalysts is illustrated
in Fig. 2.

The plasma reactor was made of glass (id. 50 mm), and the dis-

(b) Co-impregnation of Ni and Cu over Al,05-ZrO,

v
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Fig. 1. Schematic flow chart for the preparation steps of Ni-Cu/ALO;-ZrO, nanocatalyst via impregnation of ZrQ,, Ni and Cu over ALO;

and non-thermal plasma treatment.
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Fig. 2. Schematic flow chart of non-thermal plasma experimental setup for treatment of Ni-Cu/Al,O; nanocatalyst.

tance between positive and negative electrodes was fixed at 200
mm. To generate the required power for glow discharge plasma, a
DC high voltage generator was applied. The generated voltage was
ca. 1,000 V. To remove impurities, the reactor was washed with deion-
ized water and acetone. As it is shown in Fig, 2, 0.2 gr of dried nano-
catalyst (NCAZ-D) was loaded on a quartz plate in the positive col-
umn and was moisturized by two or three droplets of distilled water.
To form glow discharge plasma, it is necessary to use a vacuum
pump. In our research the initial pressure was 10~ torr using a turbo-
molecular vacuum pump (Pfeiffer). The reactor was purged by plasma
forming gas (Argon). The current was 100 mA and when pressure
reached to 100-200 Pa, the plasma was formed clearly. Ni-Cw/ALO;-
ZrO, sample was put in plasma environment for 15 min and the
treatment was repeated three times to get a uniformly treated powder.
In the next step, the sample was calcined at 600 °C for 5 h under air
flow condition. The obtained powder (NCAZ-P) was finally shaped
into cylindrical species (1 mm in diameter, 2 mm in height). For
synthesis of impregnated Ni-Cu/AlLO;-ZrO, nanocatalyst (NCAZ-
1), after drying, the sample was put in the furnace to be calcined for
5 hat 600 °C under air flow condition.
3. Nanocatalyst Characterization Techniques

The structural characteristics of nanocatalysts were examined by
using X-ray diffraction patterns in 26 range from 20° to 90° and scan-
ning rate of 0.02°/s by a Siemens diffractometer D5000 with mono-
chromatized Cu-Kex (A=1.54178 A) radiation at 30 mA and 40 kV.
The phase identification was made by comparison to Joint Com-
mittee on Powder Diffraction Standards (JCPDSs). Microstructure,
particle size and morphology were investigated by field emission
scanning electron microscopy (HITACHI S-4160). To detect active
phase particles and their dispersion on support, transmission elec-

tron microscopy (TEM) was carried out on a VEGAWTESCAN,
BSE DETECTOR. The specific surface area (BET) of nanocata-
lysts was characterized by N, adsorption, and desorption isotherms
were obtained at —196 °C using a Quantachrome ChemBET-3000.
The thermal stability of the nanocatalysts was determined by TGA
analysis. With the PerkinElmer Thermo-gravimetric apparatus, a TGA
analysis was performed in flowing air from room temperature to
800 °C at a heating rate of 20 °C/min. To investigate the surface func-
tional groups, Fourier transform infrared spectroscopy (FTIR, UNI-
CAM 4600) was conducted in the range of 400-4,000 cm™ wave num-
bers. XPS was measured with a Thermo Fisher K-Alpha, equipped
with a monochromatic Al Ko X-ray source. Spectra were obtained
using aluminium anode (Al Ka=1,486.6 ¢V) operating at 150 W.
Spectra were recorded at background pressure of 2x10° mbar. Bind-
ing energies were calibrated using C 1s peak at 284.5 eV.
4. Experimental Setup for Catalytic Performance Test

Fig. 3 shows the experimental setup used for activity measure-
ment of Ni-Cu/Al,0,-ZrO, nanocatalyst. The test was performed
at atmospheric pressure in a 5 mm i.d., U-shape quartz reactor. The
amount of loaded nanocatalyst was 0.1 gr and total hydrogen flow
rate for reduction of nanocatalysts was 30 ml/min. The reactor was
placed in a furnace, which provided the required temperature for
catalytic reaction (550 to 850 °C). The feed gas consisted of CO,
and CH, and its flow rate was controlled by MFCs (Beijing Seven-
star Electronics Co Ltd.). Total feed flow rate was set at 40 ml/min
during catalytic performance tests. To access the stability test of
each nanocatalyst, all tests were carried out for 1,440 min at 850 °C
and GHSV (gas hourly space velocity) of 24 //g-h. Both the inlet
and the outlet gas concentrations were monitored by means of a
gas chromatograph (GC Chrom, Teif Gostar Faraz, Iran), equipped
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Fig. 3. Experimental setup for catalytic evaluation of Ni-Cu/ALO; nanocatalyst toward syngas production from reforming of CH,/CO,

greenhouse gases.

with TCD and FID detectors, using plot U and Molecular Sieve
columns (Agilent Co.) and argon as the carrier gas. The conversion
was defined as the CH, and CO, converted per total amount of CH,
and CO,. The yields of CO and H, are defined as follows:

x(,m%:gﬂéii—-ﬂwxwo (6)
Xco.%= C———————-C"g;i‘"’w x 100 (7
Y, %= %ZH %100 ®)
Y 0% = C—CHS(;O&”CQ,,,X 100 )

where X is conversion of reactants and Y, is yield of products. Ci,,
is the initial molar fraction of component i in the feed, and Ci,, is
the final molar fraction of component i in the product stream.

RESULTS AND DISCUSSION

1. Nanocatalyst Characterizations
1-1. XRD Analysis

Fig. 4 illustrates the recorded XRD patterns of j-alumina support:
(a), dried Ni-Cw/ALO;-ZrO, nanocatalyst (NCAZ-D) (b), impreg-
nated Ni-Cw/ALO,-ZrO, nanocatalyst (NCAZ-I) (c), and plasma-
treated Ni-Cu/AlO;-ZrO, nanocatalyst (NCAZ-P) (d). All alumina
peaks in doped samples shifted to lower 26 angels, compared to
undoped sample. This slight displacement might be due to the forma-
tion of NiALO, spinel. Therefore, doping Ni in all samples (NCAZ-
D, NCAZ-I and NCAZ-P) results in formation of NiALQO,, which
leads to suppression of carbon deposition [34]. The formation of
NiAlO, reveals the strong interaction between Ni and ALO, that
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Fig. 4. XRD patterns of (a) <AL O; and Ni-Cw/ALO;-ZrO, nano-
catalysts: (b) NCAZ-D, (c) NCAZ-I and (d) NCAZ-P.

originates from small Ni crystallites. In fact, small Ni crystallites lead
to relatively more resistance toward carbon formation and sintering
[35,36]. According to the figure, the existence of Ni as nickel oxide
and NiALQ, is revealed. In addition, no characteristic peaks due to
the impurities of utilized materials were detected. No characteriza-
tion peaks attributed to NiO were found in NCAZ-D sample, which
shows lack of formation of this compound before thermal treat-
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ment. NiO (26=37.33, 43.38, 63.02, 75.59 and 79.60) results in
weaker peaks for NCAZ-P in comparison with NCAZ-I, showing
slightly smaller crystal size and higher dispersion for NiO. The results
of the present study show an active phase dispersion enhancement
after plasma treatment in the XRD results, which is consistent with
the results reported in the literature [37-39]. No reflection due to
CuO, Cu,0 or other copper content, was detected in all three samples.
This is because copper is present in small quantities and it might
be considered as the amorphous state.
1-2. FESEM Analysis

Fig. 5 displays the surface morphology of the plasma-treated and
the impregnated Ni-Cw/ALO,-ZrO, nanocatalysts. Obvious agglom-
erated particles were observed in palumina sample. According to
FESEM micrographs, the different synthesis methods used in this
work produce materials with different morphologies and grain sizes.
The particles of NCAZ-I nanocatalyst were large and their surface
was comparatively rough. In contrast, spherical particles of NCAZ-
P nanocatalyst were small with a uniform dispersion. Although a
distinct border between NCAZ-P nanocatalyst particles is not eas-

500nm

15.8kV %X68.0K ' 'S5@88nm

ily visible, large clear agglomerates of particles in NCAZ-I nano-
catalyst can be observed. Plasma treatment decreased particle size
and plasma high energy species flattened particles on support, in-
creasing the interaction between support and active metals. This
comparison indicates the advantage of the plasma method to achieve
a better-dispersed matrix compared to that obtained by impregna-
tion method. Fig. 6 shows a surface particle size histogram of the
NCAZ-P nanocatalyst. The NCAZ-P has a narrow surface particle
size distribution ranging from 8.4 to 58.8 nm. The average surface
particle size of NCAZ-P is 18.3 nm, whereas 100% of surface parti-
cles are less than 100 nm. As can be seen, more than 51.6% of sur-
face particles have sizes between 10-20 nm.
1-3. TEM Analysis

Fig. 7 shows the TEM micrographs of the plasma-treated Ni-Cu/
Al O;-ZrO, nanocatalyst (NCAZ-P). From this figure, small parti-
cles of active phase are present in the plasma-treated sample. No
agglomeration was found and, as it was shown previously in FESEM
micrograph of NCAZ-P, all particles are small and well-dispersed.
Yu et al. [40] proposed an electronic mechanism to study the effect

200nm

15.8kV X158K

(b) NCAZ-I

(c) NCAZ-P

200nm

15.8kV ¥X158K 288nm

Fig. 5. FESEM images of (a) ~ALO; and Ni-Cu/Al,O;-ZrO, nanocatalysts: (b) NCAZ-D, (c) NCAZ-I and (d) NCAZ-P.
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Fig. 6. Surface particle size histogram of Ni-Cu/Al,O;-ZrO, nanocatalyst treated with non-thermal plasma (NCAZ-P).

Fig. 7. TEM image of Ni-Cu/Al,O;-ZrO, nanocatalyst treated with non-thermal plasma (NCAZ-P).

of plasma on nanocatalyst powder. When nanocatalyst powder is
exposed to plasma electrons, each particle can trap thousands of
electrons [18]. The trapped electrons form a plasma sheath around
the particle [41]. While strong Coulomb repulsions exist between
these electrons, the electron flow in the plasma field receives a strong
repulsive force on the sheath [41]. Under these conditions, the bounds
of the precursors or clusters are elongated or distorted and they would
be easily split if colliding with other energetic species, resulting in
a high dispersion [42] and small catalytic particles. High dispersion
of active phase on Al,0,-ZrO, has a direct effect on nanocatalyst
activity and selectivity in CO, reforming of methane. Bombardment
of nanocatalyst surface by plasma species causes fragmentation in
nanocatalyst particles. Moreover, uniformity of plasma environment
results in a homogeneous dispersion. Hence, a small and uniform
dispersion of Ni particles for NCAZ-P nanocatalyst was obtained.
Sietsma et al. showed that a higher metal dispersion was attributed to
a more moderate rate of metal nitrate decomposition [43,44]. Glow
discharge plasma with a completely gentle decomposition could pos-
sibly result in an enhanced Ni and Cu dispersion in NCAZ.
1-4. EDX Analysis

The EDX analysis of the NCAZ-P nanocatalyst is illustrated in
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Fig. 8. All of the elements used in the synthetic procedure (Ni, Cu,
Al and Zr) can be observed in the EDX analysis. From EDX analysis
of all these nanocatalysts, good dispersion of Ni and Cu can be con-
cluded. This observation confirms the effect of plasma in improving
the dispersion of active phase over support. Plasma has a homoge-
neous electric field; therefore, homogeneous dispersion of particles
occurs in nanocatalyst structure. No sintering or particle agglomer-
ation was observed in NCAZ-P.
1-5. BET Analysis

The BET specic surface area was measured to be 116, 21, 71,
and 77 m¥/g for alumina, NCAZ-D and NCAZ-I, and NCAZ-P nano-
catalysts, respectively (Fig. 9). The BET surface area of the non
calcined sample is very low, indicating the existence of water and
precursor residues inside the nanocatalyst pores. It is observed that,
after thermal treatment, the surface area of the dried sample increased.
This reveals the forming of pore structures with higher surface area
during thermal treatment. Small particles synthesized in plasma treat-
ment prevent pore plugging, to some extent, due to gentle decom-
position of metal nitrates and homogeneous fragmentation of parti-
cles in plasma environment. Therefore, a relatively higher surface
area is observed in the case of plasma-treated sample.
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Fig. 9. BET surface area analysis of »~ALQO; and Ni-Cw/ALO;-ZrO,
nanocatalysts: NCAZ-D, NCAZ-I and NCAZ-P.

1-6. TG-DTG Analysis

The TGA and DTG results in Fig. 10 were employed to investigate
the changes in thermal state of NCAZ-D, NCAZ-I and NCAZ-P
nanocatalysts. The weight loss for NCAZ-I sample is more or less
similar to the weight loss of NCAZ-P sample. However, the weight
loss for NCAZ-D was very drastic. The weight changes because
the thermal treatment can be divided into four zones: 25-200 °C,
200-300 °C, 300-500 °C, and 500 °C. According to Gadalla and Yu’s
[45] observation, the first and the second zones may result in water
desorption from the nanocatalyst structure. This water includes sur-
face water and hydrates inside the metal nitrates. In the temperature
range of 300-500 °C, metal hydroxides are converted to metal oxides
while above 500 °C no noticeable change is observed in weight of
nanocatalysts. It seems that, for NCAZ nanocatalyst, temperatures
higher than 500 °C are suitable as the calcination temperature.
1-7. XPS Analysis

The Cu 2p3/2 and Cu 2p1/2 spectra of NCAZ-I and NCAZ-P
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Fig. 10. TG-DTG analysis of Ni-Cu/Al,O;-ZrO, nanocatalysts: (a)
NCAZ-D, (b) NCAZ-I and (c) NCAZ-P.

nanocatalysts are shown in Fig. 11. From the XPS spectra of Cu
2p, the Cu 2p3/2, binding energies at 932.4 eV and 934.3 eV and
Cu 2pl1/2 at 952.8 eV, could be ascribed to the simultaneous pres-
ence of Cu” and Cu™ in both NCAZ-I and NCAZ-P nanocatalysts.
However, XPS spectra indicated that after the plasma treatment more
Cu" was converted to Cu™. It means that the plasma treatment pro-
vides an oxidizing environment to form the most stable form of me-
tallic promoters.

The Cu 2p3/2 and Cu 2p1/2 binding energies of the sample are
slightly higher than the data of pure Cu™ and Cu™ reported by
Avgouropoulos and loannides [46]. According to the previously pub-
lished papers related to CuO-based nanocatalysts, higher binding
energy is possibly caused by the interaction between support and
CuO, resulting in the shift of the Cu binding energy [47,48].

According to the calculations, the Cu/Al ratio, which represents
the CuO dispersion on alumina support, is 5.29 and 9.16 for NCAZ-
I and NCAZ-P nanocatalysts, respectively. The Cu™/Al ratio was

Korean J. Chem. Eng.(Vol. 31, No. 9)
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Fig. 11. XPS analysis of Ni-Cu/Al,O;-ZrO, nanocatalysts: (a)
NCAZ-I and (b) NCAZ-P.

higher for NCAZ-P nanocatalysts, showing the best coverage of
support by CuO active phase in plasma-treated nanocatalyst. A higher
Cu**/Al means well dispersed CuO particles after plasma treatment,
as it was observed in our previous investigations for Ni in plasma-
treated Ni/AlL,O; nanocatalysts with different promoters [28,30].
1-8. FTIR Analysis

FTIR spectra of »#ALO,, NCAZ-D, NCAZ-I and NCAZ-P are

o o
¥ g g & 2 8
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Fig. 12. FTIR spectra of (a) <AL O, and Ni-Cu/ALO;-ZrO, nano-
catalysts: (b) NCAZ-D, (c) NCAZ-I and (d) NCAZ-P.
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indicated in Fig. 12. Six main peaks are observed at 530, 710, 1,400,
1,649, 2,370 and 3,450 cm™ in almost all three samples. The impreg-
nated and the plasma-treated nanocatalysts have similar peak posi-
tions. Despite the NCAZ-I and NCAZ-P, there is no peak at wave
numbers lesser than 1,000 cm™" for j<ALQ;. The absorption peaks
below 1,000 cm™" are related to metal oxides (NiO, CuO, Cu,0)
arising from inter-atomic vibrations. There is no metal oxide ab-
sorption peak for NCAZ-D sample, showing the lack of formation
of metal oxides during drying and the need for a thermal treatment
for emerging them. This observation is in a good agreement with
the XRD results obtained. For all the investigated materials, there
are absorption peaks at 1,400, 1,649 and 3,450 cm™' which can be
attributed to the adsorbed water [29,49,50]. The broad peak at 3,450
cm™' has mainly been assigned to interacting OH or to bridging OH
groups [51-53]. The peak at 1,649 cm™' is the O-H bending vibra-
tional mode of the interlayer water molecules, which are associated
with the adsorbed water on the products [54-56]. The O-H related
peaks are similar in plasma-treated and impregnated nanocatalysts;
however, they are very intense in the dried sample. The latter reveals
the existence of water inside the sample structure and the need for
a calcination step. The peak at 2,370 cm™ is associated with the C-H
stretching mode of atmospheric hydrocarbons on the surface of the
nanocatalysts [57].
2. Catalytic Performance Study toward Reforming of CH,/
CO,
2-1. Effect of Plasma Treatment

Fig. 13 shows the product yield obtained from both NCAZ-I and
NCAZ-P nanocatalysts as a function of temperature. By increasing
temperature, the H, and CO yields were significantly increased for
both samples due to the endothermicity of the reaction. On the other
hand, the CO production is higher than the H, production for both
samples, due to the RWGS reaction [58,59]. Note that the product
yield over NCAZ-P is remarkably higher than that over NCA-I, re-
vealing a better activity of plasma-treated nanocatalyst. Using NCAZ-
P nanocatalyst, the same yield for CO and H, can be obtained at
some regions ca. 200 °C lower temperatures. This observation reveals
the effect of plasma treatment on the formation of nanoparticles with
a better low-temperature activity. According to its intended usage,
the rate of H,/CO is one of the most important parameters of syngas

100

[ H2 (NCAZ-1)
[ H2 (NCAZ-P)
B B T e e
[0 CO (NCAZ-P)

60 1-cH,c0o,=1
GHSV = 24 lig.h

Yield (%)

4}

550 650 750 850
Temperature (°C)

Fig. 13. Effect of temperature on H, and CO yields over NCAZ-1
and NCAZ-P nanocatalysts.
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Fig. 14. Effect of temperature on H,/CO molar ratio produced over
NCAZ-I and NCAZ-P nanocatalysts.

[60].

Investigating the proportion of H, to CO is beneficial in under-
standing the catalytic behavior and the selectivity. This H,/CO ratio
vs. temperature is plotted for both samples in Fig. 14. The H,/CO
ratio is increased by increasing temperature. However, the ratio at
all temperatures of the plasma-assisted sample is higher than that at
the impregnated sample due to the well-defined structure of plasma-
treated nanocatalysts (according to characterization techniques). The
H,/CO<1 was measured for both samples at all reaction tempera-
tures. This observation demonstrates the consumption of hydrogen
through RWGS (reaction 2). The H,/CO ratio gets closer to 1 at higher
temperatures and a final value of H,/CO=0.9 is attained at 850 °C
for plasma-treated nanocatalyst. As mentioned earlier, the ratio of
H,/CO=1 is useful for the synthesis of other hydrocarbons and the
fuel cell applications.

2-2. Effect of CH,/CO, Ratio in Feed

Fig. 15 illustrates the effect of CH,/CO, ratio on product yield in
NCAZ-I and NCAZ-P nanocatalysts. As it is observed, an increase
in the CH,/CO, ratio from 1 to 1.5 decreased the H, and CO yield
in the product stream for both impregnated and plasma-treated nano-
catalysts. When the amount of CH, in feed is higher than the stoichio-

- [ H2 (Ncaz-) -T=850°C 5
GHSV =24 Iig.h

[l H2 (NCAZ-P)

- @ coNcAzly

[ CO (NiCuA-P)

100

80

60

Yield (%)

40 |- JNEE |

1 1.5
CH,/CO, (molar ratio)

Fig. 15. Effect of CH,/CO, ratio in feed on H, and CO yields pro-
duced over NCAZ-I and NCAZ-P nanocatalysts.

T=850°C
GHSV =24 lig.h

[ NCAZ-
1.0 |- @ NCAZ-P

H,/CO (molar ratio)

1 15
CH,/CO, (molar ratio)

Fig. 16. Effect of CH,/CO, ratio in feed on H,/CO molar ratio pro-
duced over NCAZ-I and NCAZ-P nanocatalysts.

metric value, coke formation is more possible [61,62]. Nanocata-
lyst activity can be affected, and the yield of both H, and CO is de-
creased in the nanocatalysts.

The effect of the feed ratio (CH,/CO,) on the H,/CO ratio over
NCAZ-P and NCAZ-I is shown in Fig. 16. The plasma-treated nano-
catalyst is more active in producing higher H,/CO ratios at both stud-
ied feed ratios. The H,/CO ratio increases when CH,/CO, ratio in-
creases from 1 to 1.5. It seems that at higher CH,/CO, ratios, higher
amount of H, are produced due to the reaction (5).

2-3. Effect of GHSV

The effect of GHSV on CH, and CO, conversion and product
yield for NCAZ-I and NCAZ-P nanocatalysts is illustrated in Fig.
17 and Fig. 18, respectively. The CH, and CO, conversions and H,/
CO yield decrease as GHSV increases in both the impregnated and
the plasma-treated nanocatalysts. Different explanations could be pre-
sented for this observation. A decrease in both CH, and CO, con-
versions and H,/CO yield was observed by Mark and Maier [62]
due to the external diffusion resistance at high GHSVs. Basini and
Sanlippo [64] claimed that the decrease in CH, and CO, conver-
sions is attributed to the reverse reactions such as CO hydrogena-
tion to CH, at high GHSVs. According to our observations, more

T=850°C [ CH4 (NCAZ-I)
CH,/CO,=1
100 [ CH4 (NCAZ-P) .
[ coz (NCAZ-)

}-erereeeeee [0 ©O2 (NCAZ-P)-

Conversion (%)
2

48 B0
GHSV (I/g.h)

24 36

Fig. 17. Effect of GHSV on CH, and CO, conversions over NCAZ-
I and NCAZ-P nanocatalysts.
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Fig. 18. Effect of GHSV on H,/CO molar ratio produced over
NCAZ-1 and NCAZ-P nanocatalysts.
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Fig. 19. Time on stream performance of NCAZ-I and NCAZ-P
nanocatalysts in terms of CH, and CO, conversions.

GHSV means lesser contacting time; therefore, the reactants have
less opportunity to diffuse in nanocatalyst pores.

According to its intended usage, the rate of H,/CO is one of the
most important parameters of syngas. With increasing GHSYV, this
value goes far from 1, showing that the optimal conditions have
not been achieved. The latter reveals the consumption of hydrogen
through RWGS at higher GHSVs.

2-4. Time on Stream Performance

The NCAZ-I and NCAZ-P samples were tested for 1,440 min
time on stream at 850 °C and CH,. The CO, conversions and the
produced H,/CO changes vs. time are shown in Fig. 19. Both NCAZ-
I and NCAZ-P nanocatalysts did not reveal deactivation in terms
of CH, and CO, conversion as well as H,/CO ratio. In CO, reform-
ing of methane, carbon is possibly produced from reactions (3) and
(4). At high temperatures, methane decomposition (reaction (4)) is
thermodynamically favored, but reaction (3) leading to consume
carbon. It seems that in the both nanocatalysts, there is a balance
between these two types of reactions. It is known that the metals like
Cu inhibit carbon deposition over nanocatalyst via controlling the
size of Ni ensembles [65]. Furthermore, the oxidation of coke pro-
duced from reaction (4) occurs over ZrO, which guarantees stabil-
ity of the both nanocatalysts.

September, 2014

CONCLUSIONS

The present investigation confirms that the plasma treatment can
lead to the production of Ni-Cuw/Al,O,-ZrO, nanocatalyst with smaller
particles, better dispersion of active phase, higher surface area and
uniform morphology. Moreover, plasma treatment induces an enrich-
ment of active phase species on the alumina-zirconia surface that
influences better catalytic activities of plasma-treated nanocatalyst.
The plasma-treated Ni-Cu/ALO;-ZrO, nanocatalyst showed good
stability, lower temperature activity, higher H,/CO ratio and higher
yield of H, and CO in CO, reforming of methane in comparison
with those obtained using impregnated nanocatalyst.
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