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Abstract

This study focuses on CH, reforming with CO, over Ni supported on yttria mixed with zirconia support. Different loading
of yttria was used to enhance the performance of Ni towards achieving the optimum activity. The physicochemical proper-
ties of both fresh calcined and used catalysts were studied using a range of characterization techniques. The specific surface
area measurement by the BET method showed a progressive increase in the area with an increase in yttria loading. The
monoclinic (m- ZrO,) and tetragonal (#- ZrO,) phases were identified on all the samples by the XRD analysis. A reduction in
the intensity of m- ZrO, was observed on adding Ni to the catalysts while the diffraction pattern of crystalline yttria was not
identified. The reducibility analysis showed the influence of yttria. It induces the formation of NiYOj; species with stronger
active metal-support interaction. From the catalytic test, SNi/10Y-Z-3215 had the highest feed conversion of about 68 and
88% for CH, and CO, respectively. The TEM analysis showed a uniform dispersion of NiO particles over the mixed yttria-
zirconia support with no agglomeration of the active metal particles after the reaction. The measurement of the quantity of
carbon deposits by the TGA revealed that the increase in yttria loading enhanced the gasification of carbon deposits with
5Ni/20Y-Z-3215 recording the lowest weight loss of about 28%.
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CH, + CO, < 2H, +2CO AH = 247 kJ mol™ 1)

This reaction leads to the consumption of the GHG to
yield valuable products, a mixture of H, and CO, well known
as syngas [1]. Using the appropriate combining ratio by
the Fischer—Tropsch process, the syngas could be used to
manufacture varieties of value-added chemicals including
dimethyl ether, olefins and a host of others [2]. Despite how
promising dry reforming of methane may look, the reaction
has yet to be commercialized owing to challenges that are
connected to the catalysts in terms of their performance and
economy [3]. Steam reforming of methane is another way by
which CH, could be used to produce hydrogen; however, this
reaction only involves the consumption of CH, while CO,
is being left out. To solve the challenges associated with the
CH, reforming with CO,, researchers have come up with a
number of approaches.

Higher temperature is required to achieve significant con-
versions in dry reforming of CH, because of the endothermic
nature of the reaction. In light of that, noble metals (platinum,
rhodium, and ruthenium) could be used as catalysts because of
their high performance and less vulnerability to coke forma-
tion and sintering [4]. However, catalysts synthesized using
these precious metals cannot be commercialized because of
their limited availability and cost [5, 6]. Alternatives to these
expensive, scarce, precious-metal-based catalysts are Ni-sup-
ported catalysts [6—8]. On the one hand, Ni is cheap and abun-
dant, in addition to that, its use in catalytic dry reforming of
methane reactions has shown promising results. On the other
hand, at the temperature that is thermodynamically favourable
for CH, reforming with CO,, Ni particles become sintered
due to its low Tammann temperature. Also, carbon deposition
that usually accompanies dry reforming reactions makes Ni
susceptible to deactivation [9]. Owing to that, it has become
necessary to consolidate Ni particles to make them less prone
to deactivation in reforming reactions. Reduction of metal
domain size to the minimum possible, the use of molecular
layer deposition, Ni precursor in perovskites, and other dif-
ferent approaches have been explored towards achieving this
[10-13]. Furthermore, the use of metal oxides as supports is
another promising alternative that could supposedly improve
the interaction between the active metal phase and the supports
[12]. In the case of reducible oxides (e.g., CeO,, ZrO,), the
supports partially transfer oxygen to or from the metal parti-
cles as demonstrated by CeO,-supported catalysts in CO, and
steam reforming of CH, [14, 15]. It has been observed that
the reduced ceria could be oxidized by CO, or steam and the
oxidized CeO, then transfers its oxygen to the metal to become
reduced again [16]. On the one hand, the effect of using oxide
supports could be greatly influenced by decreasing the size
of the catalysts which consequently strengthens the metal’s
interaction with the support and influences the activity of the
catalysts [17]. On the other hand, such strong interaction may

be a disadvantage to the catalyst due to the overgrowth of the
reducible oxide support on top of the metal particles rendering
access to the active metal sites almost impossible. This usu-
ally occurs under reducing agent atmosphere and CH, reform-
ing reaction conditions [18]. A typical occurrence has been
reported by Tauster et al. in their study where the overgrowth
of titania on Pd catalyst lowered the metal’s dispersion with-
out sintering of Pd particles [19]. This phenomenon is well
known as strong metal-support interaction. Thus, understand-
ing the metal-oxide interaction and being able to manipulate it
would offer a greater opportunity to enhance the performance
of the catalyst. Different methods of stabilizing Ni on metal-
oxide supports exist. These are not limited to impregnating Ni
particles within well-defined pores of the support, the use of
mixed metal-oxides as supports and the use of surface phase
oxide [20, 21]. Supports interact with the active metal and alter
the mechanism of carbon deposition[22]. ZrO, with Lewis
basicity is sorted among the prime supports to hinder carbon
formation. as confirmed by the study of Yamazaki et al. [23].
The ZrO, support has numerous morphologies of zirconia that
could display diverse O, mobility and different strengths of the
metal-support interactions. These properties of zirconia could
modify the thermal sintering of active metal particles and the
removal of coke on the surface of the catalyst. The ZrO, phase
change can be stopped by adding a certain amount of metal
oxides such as Y,0;, or CeO, into zirconia. The addition of
yttria vigorously stabilized the cubic ZrO, relative to mono-
clinic and tetragonal ZrO, [24] Bahari et al.; investigated the
impact of Y,0; doping toward dry reforming of methane over
Co/mesoporous alumina (Co/m-Al,0;) catalyst [25]. Their
result exhibited that the Co particle dispersion on m-Al,0;
was distinctly improved after Y,0; blend, resulting in lesser
crystallite size and negligible Co agglomeration. In addition,
the Y,0; lowered catalyst reducibility by strengthening the
m-Al,O; interaction.

Wang et al. reported a better activity and stability in their
study when Ni supported on gamma-alumina were mixed
with yttria [26]. In this work, yttria was mechanically mixed
with zirconia, an underlying support, to tune the interaction
of Ni with these supports. Different loadings of yttria were
used and the optimum percentage was determined. The zirco-
nia employed in this study differs from others that have been
reported in the literature in terms of the average particle size
and specific surface area, as reported by the manufacturer
and we opine that these differences might be as a result of its
preparation.

@ Springer



3634

A. A. lbrahim et al.

2 Experimental
2.1 Materials

Active metal precursor nickel (II) nitrate hexahydrate
[Ni(NO,),.6H,0; 98%, Alfa Aesar] and the support yttrium
oxide nano-powder (Y,0;) were procured from Riedel-De
Haen AG, Seezle, Germany and mkNANO respectively. The
zirconia, Z-3215, was gifted to us by Daiichi Kigenso Kagaku
Kogyo Co., Ltd. Osaka — Japan.

2.2 Catalyst Preparation

Herein, the preparation falls under two categories which
encompass support preparation and the subsequent impreg-
nation of the active metal in the mixed support.

Yttrium oxide nano-powder at different percentages (5,
10, 15 and 20%wt) was mixed mechanically with zirconia
to obtain mixed support (Y-Zr). A predetermined amount of
Ni(NO3),-6H,0 equivalent to 5.0 wt. % loading of nickel oxide
was dissolved in an aqueous medium, stirred and thereafter
Y-Zr was added. Stirring was done over a magnetic heater at
80 °C until a slurry was obtained. Subsequently, the slurry was
positioned in a furnace for drying at 120 °C overnight. The
dried samples were then calcined in air at 700 °C for 3 h. The
synthesized samples are labelled as SNi-xY-Z-3215 (where x
could be 0, 5, 10, 15 and 20).

2.3 Catalyst Evaluation

The reaction of methane with CO, was performed using SNi-
xY-Z-3215 under atmospheric condition and at 700 °C in a
stainless steel, vertically fixed tubular reactor (PID Eng. &
Tech Micro Activity Reference, 9.1 mm i.d. and 30 cm long).
Testing was done with 100 mg of the catalyst that was well
placed over glass wool. A K-type stainless sheathed thermo-
couple was used to monitor the temperature of the reactor. This
was positioned axially at the centre of the catalyst bed. Prior
to the tests, samples were reduced at a temperature of 700 °C
in the atmosphere of hydrogen gas (20 ml/min) for 60 min.
A volume ratio of 3:3:1 was adopted for the feed gas mixture
CH,:CO,:N, with an overall volumetric flow rate of 70 ml.
min~! and gas space of 42,000 ml(h.gcat)~!. A gas chroma-
tography (Shimadzu GC 2014) with a thermal conductivity
detector (TCD) was used to analyse the product stream. Con-
versions of CH, and CO, were evaluated using the following
expressions:

CH, in — CH, out

CH, conversion (% ) = CH
4in

x 100 )

@ Springer

CO, in — CO, out

CO, conversion (% ) = oo n
2

x 100 ?3)

2.4 Catalyst Characterization
2.4.1 Surface Area Analysis

Micromeritics Tristar IT 3020 porosity and surface area ana-
lyser was employed to achieve the Brunauer—-Emmett—Teller
(BET) surface area measurement of the catalysts as well as
the support using N, adsorption—desorption isotherm data
obtained at liquid nitrogen temperature. At first, the sam-
ples were outgassed at 493 K for 3 h. This ultimately led to
the removal of adsorbed moisture and volatile components.
Thereafter, the samples were analysed.

2.4.2 X-ray Diffraction

XRD analysis was performed using Rigaku (Miniflex) dif-
fractometer that is equipped with Cu Ka radiation. The appa-
ratus was operated at 40 kV and 40 mA. The 20 scan range
of 5°-90° was used at a step of 0.02°. X'pert HighScore Plus
software was used to examine the data file of the instru-
ment. Different existing phases were matched with the ICDD
(International Centre for Diffraction Data) data bank.

2.4.3 Temperature Programmed Reduction (TPR)/
Temperature Programmed Desorption (TPD)

The reduction behaviour of the catalysts as well as their
basic strength was studied using Micromeritics Auto Chem
II 2920. For this, 70 mg of the sample were poured inside
the sample tube holder. As for the TPR, argon at 150 °C was
used to outgas the samples for 60 min, followed by cooling
to room temperature. Then the temperature of the furnace
was ramped up to 800 °C at the rate of 10 °C /minute under
the flow of H,/Ar mixture. Peaks that can be assigned to H,
consumption were recorded by a detector (TCD). The same
approach was adopted for the CO,-TPD except that degas-
sing was done with He and 10% CO,/He mixture was used
for the analysis. The CO, desorption peaks were recorded
against the corresponding temperature by a TCD.

2.4.4 Transmission Electron Microscope (TEM)

The shape, morphology, microstructure, and particle size
distribution of the catalysts were investigated using the
Transmission Electron Microscope (JEOL JEM-2100F,
USA). The device was operated at 120 kV accelerating
voltages.
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Table 1 N,-physisorption data of the calcined support together with
5Ni/xY-Z-3215 (x=0, 5, 10, 15, 20)

Fresh samples Specific area Pore volume Pore
(m% 2) (cm3/g) diameter

(nm)
Z-3215 15.2 0.09 23.2
5Ni/Z-3215 9.8 0.05 24.8
5Ni/5Y-Z-3215 359 0.17 20.6
5Ni/10Y-Z-3215 37.9 0.16 15.6
S5Ni/15Y-7Z-3215 43.5 0.17 15.4
5Ni/20Y-Z-3215 35.1 0.14 16.0

5Ni/20Y-Z-3215

5Ni/15Y-Z-3215

5Ni/10Y-Z-3215

5Ni/5Y-Z-3215

Quantity Adsorbed (mmol/g)

5Ni/Z-3215

L\

Z-3215

L]
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p-.)

Fig.1 Surface area and porosity analysis of the calcined support and
SNi/xY-Z-3215 samples

2.4.5 Thermogravimetric Analysis (TGA)

Thermal analysis was carried out at the end of the reaction
to estimate the quantity of carbon that was deposited on the
used catalyst samples. The analysis was performed with a
thermogravimetric/differential analyser (Shimadzu TGA).
About 10 mg of the samples were heated from room temper-
ature up to 1000 °C at a heating rate of 20 °C /minute while
the weight change was recorded with the rise in temperature.

3 Results and Discussion
3.1 Surface Area and Porosity Measurement

The results of the N, adsorption—desorption analysis are
shown in Table 1 and Fig. 1. On the one hand, there is a
drastic decrease in the surface area of the support when the
active metal was added to it. This is an indication partly that
the Ni particles fill up the pores of the support to reduce its

surface area. This is also observed for the pore volume. On
the other hand, the incorporation of yttria to the zirconia
creates an additional surface area for the dispersion of the
active metal particles. The area is observed to increase with
the yttria loading up to 15%. Above this value, the surface
area began to reduce. Similar behaviour was reported by
Hu et al., in their research on hydrogen production using Ni
supported on Y-Zr-O solid solution [27].

The isotherms that are shown in Fig. 1 fall under type
IV IUPAC isotherms classification with H4 hysteresis loop
[28]. At low relative pressure the isotherms show monolayer
N, adsorption while at higher relative pressure above 0.7,
multiple layering was observed with gas condensing inside
the pores of the samples. This is suggestive of mesoporous
material with pore sizes between 2 and 50 nm [29]. The
condensation observed in all the catalysts at relative pres-
sures close to the absolute value represents the condensation
within the voids in-between the particles of the catalysts
[30]. Additional information about the support, Z-3215, is
available in Table S1 in the supporting information file.

3.2 X-Ray Diffraction (XRD)

The results of the XRD diffractogram for the fresh sam-
ples are shown in Fig. 2. Both monoclinic (m- ZrO,) and
tetragonal (t- ZrO,) zirconia phases are identified on the sup-
port and the other samples. m- ZrO, appears at 20 angles
that are equivalent to 28.2, 31.5, 34.2, 34.4, 35.3 and 40.7°,
JCPDS 01-081-1314, while the t- ZrO, phase can be seen at
Bragg angles 29.98, 34.96, 42.88, 50.09, 59.77, 64.53, 74.31
and 82.1° (JCPDS 01-079-1769) [31]. Upon adding Ni, the
intensity of the diffraction peaks for monoclinic zirconia,
at 28.2 and 31.5°, drastically reduced while a large part of
them was transformed into tetragonal phase, as shown in
Fig. 2A. This occurrence shows the influence and dispersion
of Ni particles within the phases of this support. Also, peaks
that are close to each other in the support are seen to have
merged to form peaks having a wide base with relatively
higher intensity after adding Ni and yttria. Peaks that can
be assigned to NiO phases appear at 20=37.3 (1 1 1), 43.3
(200) and 62.8° (2 2 0) [32]. The diffraction peaks for NiO
phases are not that conspicuous, but among all, the angle
for the plane (2 2 0) seems obvious as it overlaps with an m-
ZrO, phase in the Ni containing samples. Usually, diffrac-
tion peaks that are typical of yttria do appear at Bragg angles
29.3, 33.7 and 48.4° (JCPDS 083-0927). However, for the
yttria containing samples in this study, these characteristic
peaks were not detected. It can be inferred that the used
yttria lacks the necessary crystallinity i.e., it is amorphous,
or the particle size is below the detectable lower limit of the
machine. A similar occurrence was reported by Damyanova
et al. in their characterization of nickel supported on alumina
and yttria modified alumina support [33].
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Fig.2 Powder X-ray diffraction pattern of the fresh samples; Z-3215 and 5Ni-xY-Z-3215 (x being 0, 5, 10, 15)

—— 5Ni/Z-3215
—— 5Ni/5Y-Z-3215
—— 5Ni/10Y-Z-3215
—— 5Ni/15Y-2-3215
——— 5Ni/20Y-Z-3215

TCD Signal
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Temperature (°C)

50

Fig.3 H,-TPR displaying the reduction behaviour of the fresh cal-
cined 5Ni/xY-Z-3215 (x=0, 5, 10, 15 and 20)

3.3 Temperature Programmed Reduction

The reducibility of the samples, as well as the interaction
of the active metal with the support, was analysed and the
results obtained are shown in Fig. 3. From the results, the
profile shows that the catalysts are characterized by two
reduction peaks and complete reduction occurred at a
temperature below 600 °C. The peak at low temperature
(325-345 °C) can be related to the reduction of free sur-
face NiO species, which is in agreement with the reduction
of pure NiO particles [34], while the reduction peak that
appeared at high temperature (500-535 °C) can be assigned
to the NiO species that are strongly bonded to the support
[35].

@ Springer

On adding yttria, it was observed that there was a progres-
sive decrease in the intensity of the peaks because of the
reduction of free NiO quantity [25] and a slight shift towards
the right side of the temperature axis.

This observation is pronounced at higher loading of yttria
(i.e., 15 and 20%). The intensity of NiO particles at higher
temperature is seen to fall below that at temperatures less
than 350 °C.

This is an indication that at higher yttria loading larger
proportion of NiO particles have weak interaction with
the mixed supports. The closeness of NiO particles to the
yttria could facilitate the formation of NiYO,-like species
at the chosen calcination temperature. It has been proven
that NiYO; species were formed at calcination temperature
around 720 °C due to the diffusion of NiO particles into the
structure of the yttria [26].

3.4 Temperature Programmed Desorption (TPD)

The basic sites density and strength within the supports
have strong influence on the performance of the catalysts
in dry reforming of methane. The different spectra obtained
in temperature-programmed desorption analysis fall under
different categories depending on the desorption tempera-
ture. We have weak basic sites that usually appear within
100-228 °C, sites with medium strength appearing in the
range 228-420 °C and lastly, desorption temperature at
420-500 °C can be attributed to strong basic sites [33].
The results presented in Fig. 4 shows that the catalysts are
characterized by multiple peaks (weak, medium and strong)
at different desorption temperatures. Also, an additional
weak basic site appeared on all yttria promoted samples at
around 145 °C. The yttria promoted catalyst reduced the
amount of strong basic sites at 500 °C. All this will surely
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Fig.4 Temperature controlled CO, desorption over 5Ni/x—Y-Z-3215
fresh catalyst samples

offer positive contributions to the performance of these
catalysts.

3.5 Catalyst Performance

The catalysts were tested in a dry reforming reaction after
being activated under the flow of H,/Ar mixture following
the procedure mentioned in Sect. 3.3. We ensured that the
system was purged of any unused hydrogen gas before the
start of the reaction. The reactions were carried out under
the condition outlined in Sect. 3.2 while the evaluation of the
catalysts was based on the feed conversions using Egs. (2)
and (3). The results of our findings are presented in Fig. 5.
Generally, all the catalysts with mixed oxide support (Y—Z-
3215) gave a better activity performance with better stability
when compared with 5Ni/Z-3215. This behaviour can be
linked to the dominance of t- ZrO, phase in the former cata-
lysts relative to the latter, as revealed by the XRD analysis of
the catalysts. It has been established that better performance
is obtained when zirconia exists mostly in tetragonal phase
than in monoclinic phase [36]. Also, the performance of
the catalyst could be related to the higher specific surface
areas exhibited by the catalysts containing yttria, as shown in
Table 1. The table shows that SNi/xY-Z-3215 catalysts have
higher surface area owing to the addition of yttria which
is expected to offer more room for the spread of Ni rela-
tive to Z-3215 alone. This will translate into better disper-
sion of the active metal to increase the number of the active
sites. Thus, the better activity of the catalysts (i.e., SNi-x Y-
Z-3215) could probably be linked to the better dispersion
of the active metal on these mixed oxide supports. More
so, CO, conversion is higher than the CH, counterpart for
all catalysts confirming the occurrence of reverse water gas

75
(A) —a—5Ni/Z-3215 —e— 5Ni/5Y-Z-3215
70 4 —4A—5Ni/10Y-Z-3215 —v—5Ni/15Y-Z-3215
5Ni/20Y-Z-3215
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60 -
Q
& 554
~
S 504
)
o 454
S}
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35 4
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25 T T T T T T T T T T
20 60 100 140 180 220 260 300 340 380 420 460
Time (min)
75
(B)
70
65
s
>
=
S
S 45 —=— 5Ni/Z-3215
O —o— 5Ni/5Y-Z-3215
40 —4— 5Ni/10Y-Z-3215
35 —v— 5Ni/15Y-Z-3215
5Ni/20Y-Z-3215
30
25 T T T T T T T T T T
20 60 100 140 180 220 260 300 340 380 420 460
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Fig.5 Catalyst’s evaluation in terms of A CH, and B CO, conversion
at 700 °C, atmospheric pressure and 42,000 ml (h. gcat)‘l gas space
velocity

shift (RWGS) reaction [37]. It can be inferred that the added
yttrium oxide favours this shift reaction as the percentage of
CO, conversion increased with increasing the yttria loading.

Furthermore, 5SNi/10Y-Z-3215 had the highest initial feed
conversion of about 68 and 70% for CH, and CO,_ respec-
tively while the 5Ni/Z-3215 catalyst had the lowest conver-
sion. Moreover, this catalyst suffered a marked decline in
activity, just a few minutes after the start of the reaction. The
additional oxygen content present in the catalysts containing
yttria arguably played a role in the stability of these catalysts
by gasifying some quantities of carbon deposits to the oxide
of carbon. Table 2 gives a summary of the performance of
the catalyst. It was observed that the catalyst performance
increased with yttrium oxide addition up until 10% and then
loss of activity started, with little or no difference in the per-
formance of catalysts containing 15% and 20% yttria. In the
same manner, the catalysts became less prone to deactivation
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Table 2 Catalytic performance Catalyst CH, C X Co. C Deactivati
of Ni/xY-Z-3215 catalysts Ay 4 0TV T 2 Conv Xcoz faii‘grl(vg )l-f "
(where x=0, 5, 10, 15, 20) Initial (%) Final (%) Initial (%) Final (%)
5Ni/Z-3215 57.5 35.2 57.8 48.5 38.8
5Ni/5Y-Z-3215 62.5 50.5 69.2 59.8 19.2
5Ni/10Y-Z-3215 68.2 57.0 69.8 63.7 16.4
5Ni/15Y-Z2-3215 56.1 48.2 64.3 59.0 14.1
5Ni/20Y-Z-3215 55.4 47.2 63.0 58.7 14.8

L. Xicn, — X C o .
Deactivation Factor = ——%—"% % 100% where X; and X; represent the initial and final conversion

iCHy
respectively

as yttria loading was increased. This can be seen from the
percentage relative loss that was calculated from the cata-
lysts’ performance (Table 2). 5Ni/Z-3215 suffered the high-
est activity loss of about 38.8%. As for the yttria containing
samples the relative loss reduces with yttria loading.
What’s more, the H,:CO ratios obtained during the time-
on-stream for each of the catalysts are reported in the supple-
mentary file as Figure S1. From the figure,, the profiles of all
the catalysts are affected by the RWGS reaction i.e., the H,
produced undergoes reaction with CO, to form more CO. On

(A)

average the initial H,/CO ratio of 5Ni/Z-3215 is around 1.02
while the final value dropped to about 0.87 showing poor
stability. As for the yttria containing samples, they exhibit
better stability in their H,/CO ratio values.

3.6 Transmission Electron Microscope (TEM)
The TEM images of calcined fresh and spent SNi/10Y-

Z-3215 are shown in Fig. 6A and B. The dark area rep-
resents the coverage of Ni particles which appears to be

14 (C) Fresh 5Ni/10Y-Z-3215

121

101

Frequency

M

Frequency
S n
55

—
W

~_]

40] (D) Used 5Nii10Y-2-3215

N

\

—
<

wn

e

3 04 5 6 7 8 9 10 11 12
Diameter (nm)

—
N~

2 4 6 8 10 12 14 16 18 20 22 24 26

Diameter (nm)

Fig.6 Transmission electron microscope images for A fresh and B used 5Ni/10Y-Z-3215 catalyst sample and the particle size distribution of C

fresh and D used 5Ni/10Y-Z-3215
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homogenously distributed over the support. Figure 6C and
D show the particle size distribution of both calcined fresh
and spent 5Ni/10Y-Z-3215. From these figures the parti-
cle size of the active metal before reaction, on average,
was 5.8 nm while in the used sample the size changed to
6.7 nm. Consequently, the Ni particles did not undergo sin-
tering at the end of the reaction. As for the used catalyst,
there is the presence of carbon in the form of nanotubes
with varying diameter.

Yttria modified support have a history of preventing the
agglomeration of Ni metal particles and ensuring homo-
geneity in the distribution of the metal particles. Just as
it was reported in a study that compared the performance
and characterization of Ni supported on alumina with that
supported on yttria modified alumina [33].

3.7 Thermogravimetric Analysis (TGA)

Thermal analysis was performed to determine the quan-
tity of carbon that was deposited on each one of the spent
catalyst samples. Figure 7 shows the weight-loss curves
of the TG analysis that was conducted in the atmosphere.
From this result, weight loss began at around 500 °C and
ended within 770-820 °C for spent catalysts containing
yttria; whereas, the combustion of carbon deposits contin-
ued until around 870 °C for used 5Ni/Z-3215 catalyst. The
latter had the highest amount of carbon deposits of about
53% while 5Ni/20Y-Z-3215 had the least weight loss cor-
responding to 28% carbon deposits. It was observed that
the amount of carbon deposit decreases with the increase
in yttria loading owing to the higher oxygen density of
yttrium oxide, which could gasify carbon deposits.

110

100 [===
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S
2 80 —— 5Ni/z-32155
= o —— 5Ni/5Y-2-3215
g7 —— 5Ni/10Y-Z-3215
5 —— 5Ni/15Y-2-3215
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50
40
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Fig.7 TGA of spent catalyst samples collected after 7 h. of reaction

4 Conclusions

This work investigated the influence of different loadings
of yttria (5-20% at a step of 5%), being mixed with zirco-
nia as a support, on CH, reforming with CO, using Ni as
the active metal. It found that the surface area increased
with the addition of yttria. This showed that the yttria
offered more room for the dispersion of Ni particles which
was possible owing to the difference in the sizes of both
particles. All the fresh samples exhibited type IV adsorp-
tion—desorption isotherms with H4 hysteresis. The XRD
analysis showed the presence of monoclinic and tetrago-
nal phases of zirconia. Phases of NiO and yttria were not
identified due to their homogenous scatter in the zirconia.
The temperature-programmed reduction indicated the
effect of the higher loadings of yttria on the reducibility
of the catalysts, where decrease in the H, consumption and
a slight shift in the reduction temperature was observed.
This has occurred probably due to the formation of NiYO,
species as Ni particles diffused into the pores of the yttria.
The performance of the catalysts showed a tremendous
increase in activity and stability with the addition of
yttrium oxide. This continued up until 10% yttria loading
which has the highest CH, and CO, conversion of about 68
and 70% respectively. Transmission electron microscope
of both fresh and used showed a uniform distribution of Ni
particles with no sign of sintering. Carbon in the form of
nanotubes with different diameter was observed. The TGA
analysis denoted the gasification effect of yttria and that
5Ni/Z-3215 gave the highest weight loss of about 53%.
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