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Abstract: Recently, the dry reforming of methane (DRM) has received much attention as a conversion
technology of greenhouse gases. Ni-based catalysts supported on ternary metal oxide composite
(ZrTiAlOy) were prepared to improve the coke resistance properties in the DRM (CH:CO, = 1) at
low temperature. The ZrTiAlO, supports with different ratios of Zr/Ti were prepared through the
modified Pechini sol-gel method, and then the Ni was impregnated on the synthesized support via the
incipient wetness impregnation method. Considering the Zr/Ti ratios, different catalytic activity and
durability in the DRM were identified. The Ni/ZrTiAlO, catalyst with Zr/Ti of 2 exhibited enhanced
coke inhibition property compared to the others at low temperature DRM for 50 h. The catalysts with
a high Zr/Ti ratio under the same condition were rapidly deactivated, while the catalyst with a low
Zx/Ti ratio showed deficient activity. It was found from temperature-programmed surface reactions
(TPSR) and DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) analysis that the
addition of Ti has led in to higher catalytic stability at Zr/Ti = 2, which could be as a result of oxygen
vacancies generated by the ternary metal oxides. Ni/ZrTiAlOy catalyst with ratio of Zr/Ti = 2 showed
high stability and good catalytic activity towards DRM for the production of syngas.

Keywords: Ni-based catalyst; dry reforming of methane; Strong Metal-Support Interaction (SMSI);
Sol-Gel

1. Introduction

Climate change, air pollution, and global warming have become severe issues; thus, many efforts
have been made to reduce greenhouse gases with main focus on CO, and CHy. Among use and
storage technologies, dry reforming of methane (DRM) has been considered a desirable technology for
producing syngas and using greenhouse gases in recent decades [1-3]. Moreover, through the DRM,
the synthesis gas ratio can be tuned for the Fischer—Tropsch processes to produce value-added chemicals
such as dimethyl ether (DME) and methanol [4-7]. Ni-based catalysts have generally been reported
to produce the syngas through various hydrocarbon-based feedstock [8,9]. Furthermore, Ni-based
catalysts are considered to be a suitable catalyst for the reforming reaction due to the availability and
abundance of Ni compared to Nobel metals. It was reported that nickel could be activated through the
cleavage of C-H, O-H, and C-C bonds in the water—gas shift (WGS) reaction [10]. Even though the
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Ni-based catalyst showed promising active phases, it is prone to be deactivated by coke deposition
during the reaction. In particular, the DRM has difficulty in commercialization due to its tendency to
form carbon. It was reported that catalysts are deactivated quickly in the DRM because of the coke
formation on the active sites [11]. Therefore, the design and development of an efficient and durable
catalyst are necessary. Improvement of the catalyst basicity through the addition of alkaline earth
metals to prevent the coke deposition in DRM [12,13] is recommended. Furthermore, the preparation
of nano-sized nickel particles has been also reported [14]. Many studies have studied the modification
of catalyst support, which strongly influences the catalytic behavior and carbon deposition during the
DRM [13,15]. Various supports such as Al,O3, SiOy, ZrO,, and TiO, were investigated to improve
catalytic activity and the coke resistance feature [16-20].

It was reported that the TiO, as support in Ni/TiO; catalyst could influence to the deactivation of
catalytic activity because of migrating TiOx over the nickel surface [21]. It has been indicated that TiOx
species inhibit the coke deposition on the surface of Ni/TiO, catalyst, whereas large ensembles of metal
atoms were geometrically abolished [22]. Also, based on density function theory (DFT) analysis, it is
expected that the substituted the surface of Ti-substituted zirconia (111) could provide the oxygen
vacancies near a solely isolated Ti dopant. The presence of Ti could significantly alter the chemical
behavior in the catalyst surface. In other words, catalytic reducibility is improved by means of oxidation
states related to the Ti centers [23]. TiO,-ZrO,, as mixed oxide composite support, exhibited good
thermal stability and high mechanical strength with enhanced surface acidity. Moreover, Ti doped
on the ZrO, mainly amends the electronic structure by decreasing its optical absorption bandage.
This occurs when the Ti 3d band is formed in the ZrO, bandgap.

Ti®* centers are formed through transferring the internal electron from intrinsic defects (e.g., oxygen
vacancies) [24]. Among various metal oxide supports, it was reported that the TiO,-ZrO, composite
metal oxide had shown identical features as catalyst supports. The addition of ZrO, does not affect the
main structural characteristics; however, it boosts the catalyst [25].

In our previous research, a series of Ni/ZrO,-Al, O3 catalysts were synthesized successfully for use
in the DRM [26]. To our knowledge, there are few studies on mixed metal oxide support TiO,-ZrO,,
and there has been no report about ternary support composition (Zr, Ti, Al) in the DRM. In this work,
the Ni-based catalyst supported on ZrO,-Al,O3-TiO; was investigated to develop a high-performance
catalyst with sufficient coke resistance for the DRM process at low temperatures. The optimization
of proper composition for the support material in Ni-based catalyst is significant to application in
the DRM.

2. Results and Discussion

2.1. Physico-Chemical Analysis

Table 1 lists the physical properties of Ni/ZrTiAlO, catalysts and the particle sizes calculated from
XRD patterns. Greater pore diameter was attributed to the lower Zr/Ti ratio. The addition of TiO; in
the support led to the expansion of the pore size range [27]. Moreover, the lower Zr/Ti ratio displays
higher surface area.

Figure 1 exhibits the X-ray patterns of Ni/ZrTiAlO, catalyst with varied molar ratios of Zr to Ti.
The synthesized catalysts were calcined at 800 °C and the broad XRD peaks indicated a fine crystalline
size. NiAl,Oy spinel structure (JCPDS No. 10-0339) and NiO (JCPDS No. 47-1049) were detected
in all the synthesized catalysts. With increasing ZrO; in the ternary support mixture (ZrTiAlOy),
the crystalline size of the nickel oxide showed a decline trend. Additionally, by increasing the Zr
contents in Zr/Ti molar ratio, it was found that the peak of tetragonal ZrO; (t-ZrO;) (JCPDS No. 80-0965)
showed higher intensity than low Zr/Ti molar ratios. It meant that the crystalline size of t-ZrO, becomes
larger with higher Zr/Ti molar ratio of the catalysts. In case of the NTA catalyst, the main peaks of TiO,
were detected as anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276). The peak of NiTiO;
was also confirmed in the NTA catalyst (JCPDS No. 033-0960). It was found that the prepared catalysts
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have similar structures to each other from the XRD patterns, which means that the supports were
formed as physical mixed structure.

Table 1. Physicochemical properties of prepared catalysts (Ni/ZrTiAlOy).

Catalysts Support Component Zx/Ti Molar

Surface Pore Average Pore . Q
i i NiO S
Code Molar Ratio Ratio Area Volume ! Diameter l(nm;ze
Ti Zr Al (m?/g) (em3/g) (nm)

NTA 1 - 3 - 4.9 0.028 23.5 8.9
NZTA (1) 0.5 0.5 3 1 20.6 0.065 12.7 10.7
NZTA (2) 0.3 0.7 3 2 7.5 0.022 12.3 10.0
NZTA (4) 0.2 0.8 3 4 6.9 0.060 7.9 74

NZA - 1 3 - 17.3 0.037 8.5 15.2

Lat P/Py ~ 1.

NZTA (4)

Intensity (a.u.)

NZTA (2)

NZTA(1)

2 Theta (degree)

Figure 1. XRD pattern of the prepared catalysts calcined at 800 °C; (¥ NiAl,O4 *NiO &t-ZrO, ¢TiO,
anatase ®TiO, rutile ONITiO3).

The reducibility of Ni/ZrTiAlO, catalysts was investigated to understand the redox properties
and the hydrogen-temperature-programmed reduction (H,-TPR) profiles are summarized in Figure 2.
The TPR profiles of the catalyst which include ZrO, consist of three peaks. It was expected that
the peak at T = 400 °C is related to the reduction of NiO. The peaks at T = 470 and 800 °C are
credited to the reduction of bulk NiO particles involved with support and the NiAl,O4 spinel structure,
accordingly. Meanwhile, the TPR profile for the NTA catalyst indicated peak at 650 °C, which is
related to the reduction of NiTiOj3 [28]. Peaks in the NZTA (2) catalyst were shifted to a higher
temperature compared to the other synthesized catalysts. This phenomenon could resemble the
strong metal-support interaction (SMSI) effect with Ni and the support. Furthermore, the peak for the
NiAl,O4 with existing TiO, on support shifted lower temperature compared to NZA catalyst. It could
be interpreted that the incorporation of TiO, with ZrO,-Al,O3 weakens the interaction between NiO
and Al,Os. It was previously confirmed that increasing TiO, could cause a decrease in the quantity of
spinel structures [18,29].
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Figure 2. H,-TPR profiles of the prepared catalysts.

2.1.1. Temperature-Programmed Surface Reaction (TPSR)

Figure 3 depicts the TPSR profiles for the synthesized catalysts with various Zr/Ti ratio.
The composition of product was continuously analyzed by mass spectrometry. It was found that as the
Ti content in the catalyst increases, the surface reaction initiated at a high temperature. It was found
that the initiation temperature of TPSR over the synthesized catalyst increased from 400 to 480 °C
under the tested conditions and the order of the initiation temperature for the reaction on the surface of
catalyst are as follow: NTA > NZTA (1) > NZTA (2) > NZTA (4) > NZA. It was reported that the rate
determining step which is the breaking of the C-H bond from CH,4 to CHy surface species occurs over
nickel active sites [10]. XRD and TPR results confirmed that in the lower ratios of Zr/Ti =0, 1, and 2,
strong interaction between metal and support was observed. Therefore, decomposition rate of CHy is
slowed down and consequently the starting temperature for catalysts with low Zr/Ti ratio is higher.

The dehydrogenation of methane ensues on Ni, and CO; adsorbs as carbonate on the support [30].
To better understand the cracking of CHy, the temperature-programmed dehydrogenation of methane
was performed over NZA, NZTA (2) and NTA reduced catalysts (Figure 4). It was found that as
an addition of Ti into ZrO,-Al,O3 support system, the reaction temperature is observed at a higher
temperature than NZA. This result can translate that the addition of Ti as NTA and NZTA (2) could
interrupt the formation of the coke deposition, which cause the deactivation of the catalyst, and the
coke resistance increases as follows: NZTA (2) (612 °C) > NTA (602 °C) > NZA (526 °C).
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Figure 3. Temperature-programmed surface reaction profiles over the prepared catalysts with different
Zr/Ti ratio in the dry reforming of methane (a) NZA, (b) NZTA (4), (c) NZTA (2), (d) NZTA (1), (e) NTA;
Reaction condition: Total flow: 50 cm®/min; feed composition: CH4:CO,:He = 1:1:8.
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Figure 4. Temperature-programmed decomposition of methane over the reduced NZA, NZTA (2),

and NTA catalysts. Reaction conditions: Total flow: 30 cm3/min; feed composition: CHy = 1.

2.1.2. In Situ DRIFT Study on Dry Reforming of Methane

Figure 5 shows the DRIFT spectra which was collected at the steady-state condition using reduced
catalysts. The DRIFTS spectrum of the synthesized indicates a broad peak between 1468-1588 cm™!
which is attributed to the carbonate components on the support. The peak around 3500-3750 cm™! is
related to the O-H stretching mode of hydroxyls in the support. Moreover, in this analysis only the
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gaseous phase contribution such as CO, (2357-2310 cm™!), CHy (3016 cm™?), and CO bands (2166 and
2116 cm™!) were observed. The lack of linearly adsorbed carbon monoxide on the Ni active sites
reveals it can be desorbed prior to more decomposition. Hence, this observation confirms that the coke
deposition from Boudouard mechanism could be decreased through lowering the CO adsorption on
Ni active sites. The peaks attributed to carbonate in NZTA (2), NZTA (1), NTA catalysts were much
broad and weaker compared to the NZA, and NZTA (4). This phenomenon offers that there are more
oxygen vacancies in catalysts with lower Zr/Ti ratio, which also influences the absorption of carbon
dioxide [31].
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Figure 5. In situ DRIFT spectra of CH4-CO, adsorbed over the prepared catalysts at different reaction
temperature over reduced catalysts (a) 600 °C, (b) 550 °C, (c) 500 °C, (d) 450 °C, (e) 400 °C.

The oxygenated components from the support could play a key role in the reaction mechanism
for gasification of the deposited carbons [31]. The sequential CH4/CO,/CH4 DRIFTS analysis were
carried out at 500 °C to investigate the effect of support on the formation intermediate species. Figure 6
illustrates the results of in situ DRIFT using CH4/CO,/CHj. It has to be noticed that in addition to
methane, peaks related to the carbon dioxide were detected at 2360 cm ™! which indicates that the lattice
oxygen from the support is prone to oxidize the coke species deposited on the catalyst. This capability
of ZTA catalyst to oxidize CH, in the absence of CO; is important as a feature for catalysts with high
resistance of coke formation. The coke resistance of NZTA (2) catalyst depicted in Figure 4 could
be due to the lattice oxygen which was also confirmed by DRIFTS in Figure 6. Due to the lack of
linearly adsorbed peaks related to the carbon monoxide on the NZTA (2) catalyst and the oxidation
capability of the deposited cokes, it could be assumed that the DRM over NZTA (2) catalyst follows
a bi-functional redox mechanism. Herein, the lattice oxygen acts actively in the coke gasification.
Somehow, CH4 would follow dissociative adsorption on nickel to initially generate C-Ni. Then by the
aid of oxygen sites Oy, the coke will be decomposed and consequently CO and an oxygen vacancy Oy_q
will be released. It is expected that the oxygen vacancies could act as the active sites with capability
of adsorption for carbon dioxide. With bearing this assumption in mind, the dissociation of the CO,
could occur on the supports and not the Ni sites for NZTA (2) catalyst. Therefore, an Ni-CO component
would not be formed through the dissociation of carbon dioxide in case of NZTA (2) catalyst.
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Figure 6. DRIFTS spectra obtained over the reduced NZTA (2) in the sequential DRIFTS experiment of
CH4-CO,-CHy at 500 °C (a) first CHy inject (b) subsequent CO, inject (c) subsequent CHj inject.

2.2. Catalyst Evaluation in the Dry Reforming of Methane

2.2.1. Dry Reforming over the Prepared Catalyst

Based on the results for the catalytic performance tests, it was observed that according to different
Z1/Ti contents in support the catalytic performance and H,/CO ratio each on the time on stream (TOS)
are shown in Figure 7. It was confirmed that the higher the Zr/Ti ratio of the catalysts would also
led into the higher the activity, but at the moment catalytic stability could be also low and catalyst
deactivation occurs through the coke deposition very quickly.

To study the effect of various ratios of Zr/Ti towards the coke deposition, TGA, and TPH analysis
were performed. Figure 8 shows the TPH profiles for the used the spent catalysts which reacted for
5 h in the DRM. The results confirmed the presence of two main types of carbonaceous components
on the catalysts. The peak located around T = 200-300 °C is related to Cy which could be due
to the hydrogenation of adsorbed carbon dioxide on the support [32]. The other peak which was
detected around T = 600 °C could be related to Cg which is for hydrogenation of cokes as whisker-type
filamentous carbon [33]. It was concluded that as the Zr contents in the support increased, the Cg
intensity became greater.

Figure 9 shows the TGA profiles of the spent catalysts reacted for 5 h in the DMR. The trend for the
amount of deposited coke detected by TGA was following similar order in TPH analysis. The weight
change was primary was indicated at T = 400-500 °C, which could be related to the oxidation of
nickel to nickel oxide. Additionally, NZA and NZTA (4) in Figure 9 is also related to the presence
of C« which would be a stronger weight loss at lower temperature. The coke oxidation occurred
at T > 500 °C. This result confirms that increasing Ti content in the support could lower the rate
of CHy dehydrogenation. This could be explained by the SMSI effect between Ni and the ternary
support. Therefore, it was observed that synthesized catalysts with lower Zr/Ti ratio showed lower
coke deposition during the DRM. Furthermore, based on the DRIFT and TPSR results (shown in
Figures 3 and 5) it was concluded that oxygen vacancies were presented more in the catalysts with
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higher Ti content. It is important to notice that the oxygen lattice could drastically enhance the coke
gasification during the reaction.
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Figure 7. Catalytic performance of the prepared catalysts with different Zr/Ti ratio under the tested
conditions for 5 h (a) CH4 conversion (%) (b) CO, conversion (%).



Catalysts 2020, 10, 1335

CH, Signal (a.u.)

Mm

NZTA (4)

NZTA (2)

NTA

T
200

T J T T T Y
400 600 800 1000

Temperature (C)

14 of 22

Figure 8. The temperature-programmed hydrogenation (TPH) profiles of the spend catalysts for 5 h.
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Figure 9. The TGA profiles of the spend catalysts reacted for 5 h.

Catalytic stability tests were performed for two catalysts: NZTA (2) and NTA. The DRM reaction
was carried out for 50 h. The result is shown in Figure 10. Each conversion curve was compared by
linear fitting analysis. Compared with the methane conversion of NTA and NZTA (2), the time of
achieved zero conversion of NTZA (2) is 79 h and NTA is 64 h.

It is considered that NTZA (2) has better stability than NTA by about 19%. Additionally, NZTA (2)
catalyst explicitly exhibited higher coke resistance based on the TGA results shown in Figure 11.
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Figure 10. Catalytic stability of the prepared catalysts (NZTA (2) and NTA) reacted for 50 h.
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Figure 11. The TGA profiles of the spent catalysts (NATA (2) and NTA) reacted for 50 h in the DMR.

Itisreported that beside catalytic deactivation by the coke formation there is another pathway when
using Ni/TiO, in DRM. In fact, the catalyst deactivation could also occur as a result of migration of the
TiOy to the surface of nickel sites. This site blockage could drastically cause catalyst deactivation [21,34].
In this research it was found that the Ni/ZrTiAlOy catalyst with low Zr/Ti ratio elucidated the enhanced
catalytic performance with the sufficient durability in DRM.

Figure 12 illustrates the influence of temperature and GHSV on CH,4 conversion and syngas ratio
in atmospheric pressure with the feed molar ratio of CH4:CO, = 1 over NZTA (2) catalyst. This result
confirms that the reaction conditions are important parameters to adjust the syngas ratios in the DRM.
It is understood that the H,/CO ratio could be adjusted via the reaction conditions in the DRM over
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NZTA (2) catalyst and eventually it can be applied for the production of the synthetic fuels such as
dimethyl ether (DME), methanol, gas-to-liquid (GTL) and other value-added chemicals.

100"
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<D
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CO conv. (%)
.
=]
A

1.07

0.9

0.8

01"

1 /CO

(b)

Figure 12. The effect of temperature and GHSV on (a) the CHy conversion and (b) Hy/CO ratio in the
DRM at the pressure of 1 bar and feed molar ratio of CH;:CO, = 1 over NZTA (2) catalyst.
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2.3. The Role of ZrO; and TiO, over Ni/ZrO,-Al,O3-TiO; Catalyst in the Dry Reforming of Methane

To obtain a commercial catalyst, various criteria are essential as owning high catalytic performance
with durable stability, the low-pressure drop in the process, excellent heat transfer, high mechanical
strength, robust formulation, and specifically high resistance to coke deposition. Schematic view for
the reaction mechanism for the DRM has been illustrated in Figure 13. General reaction mechanism of
catalytic DRM is described as follows:

CHy - CH; +H (1)
CO, + H— CO + OH 2
CH, + O - CH; + OH (3)

CH; - CH, + H 4)

CH, > CH+H ©)

CHx -» C+xH 6)
CHx + O - CO + xH (7)
CHx + CO, — 2CO + xH (8)
2H - H, 9)

20H — H,0 (10)

The DRM follows dehydrogenation of CHy after adsorption on the Ni particles to initiate the
carbon and hydrogen needed. As a next step the dissociative adsorption of CO, and H; continues by
the CO, reduction into CO. It must be noticed that CO, is also prone to be converted to CO through the
reverse water—gas shift reaction (RWGS). Moreover, the small portions of syngas can also be produced
via the reaction of CHy with internal generated steam.

In this research the addition of zirconia to the support inhibited the coke formation. A bi-functional
mechanism is suggested as ZrO, in the support can significantly enhance the dissociation of CO,
through the generation of the oxygen intermediates in the catalyst surface. The coke can be gasified by
the immense effect of ZrO,. Furthermore, the methane activation can take place by the surface reaction
with adsorbed oxygen atoms.

It was recognized that TiO, would have reduced the carbon nucleation on the Ni active sites,
which consequently decreased the binding energies between carbon atoms and Ni particles on the
catalyst surface. Based on our results the resistance for the coke formation in the Ni/ZrO;-Al,O3-TiOy
catalyst has been improved, which can confirm this assumption. It is imperative that the catalyst can
oxidize the surface carbon efficiently without C-C bond formation.
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Figure 13. Schematic sketch for mechanism and the role of ZrO, and TiO; in the Ni/ZrO,-Al,O3-TiO,
catalyst for the dry reforming of methane.

3. Experiment

3.1. Preparation of Supports

The ZrTiAlO, supports were synthesized via the modified Pechini sol-gel method. Al(NOs3)3-9H,0
(98%, Samchun Chem., Gangnam-gu, Republic of Korea), titanium tetraisopropoxide (97%, Alfa Aesar,
Ward Hill, MA, USA), and Zr(NO3)4 (35 wt.% diluted in the HNO3, Sigma-Aldrich, St. Louis, MI,
USA) were purchased to be used as metal precursors for the synthesis of support. Metal nitrates
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and citric acid (CA) were mixed. Then, ethylene glycol (EG) was added gradually to this solution
(CA/EG = 2.4). The pH of solution was set to 7 using NH4;OH. Next, this mixture was dried in a
vacuum rotary evaporator until a viscous yellow residual was obtained. It was eventually dried at
110 °C overnight and calcined at 800 °C under airflow for 6 h. The molar ratio of Al/(Zr + Ti) was
adjusted to 3:1. Nickel (15 wt.%) was doped to the calcined ZrTiAlO, supports by an impregnation
method. The molar ratio of Zr/Ti in the support was selected 1, 2, and 4 and known as NZTA (1),
NZTA (2), NZTA (4) respectively. For the comparative study, two different supports, ZrO,-Al, O3,
and TiO,-Al,O3 were synthesized. Simultaneously Ni/ZrO,-Al,O3, and Ni/TiO,-Al,O3 were known
as NZA, and NTA, respectively.

3.2. Characterization of Catalysts

The synthesized catalysts (fresh and used) were characterized by various analysis such as XRD,
N, physisorption, temperature-programmed techniques (Hy-TPR, TPSR, and CH4-TPD), in situ DRIFT,
and thermos-gravimetric analysis (TGA).

Crystal structure was studied using an XRD-6000 diffractometer (Shimadzu Co., Kyoto, Japan)
operated with a Cu-Ka radiation of 1.5406 nm at 40 kV and 30 mA. The scanning range was 10 to
100° with the step size of 0.04°/s. The average crystallite sizes of nickel oxide were estimated with the
Scherrer equation [35].

N,-physisoption was carried out to measure specific surface area, pore diameter, and volume.
For this purpose, a N-physisorption analyzer (Moonsorp-I, KIST, Seoul, Republic of Korea) was
used with nitrogen adsorption at —196 °C. Before starting the analysis, the degassing of catalysts
was performed at 200 °C under vacuum condition (0.01 bar) for 3 h to remove physically adsorbed
impurities and moisture [36].

Autochem 2910 (Micromeritics Co., Dr. Norcross, GA 30093-2901, USA) was used to carry out
the temperature-programmed techniques. It was equipped with a Thermal Conductivity Detector
(TCD). The reducibility of all synthesized catalysts was investigated using temperature-programmed
reduction (TPR) of hydrogen. Synthe sized catalysts were loaded in a U-shape quartz tube with gas
stream of 5% Hy/Ar flow (50 mL/min) heated from room temperature up to 1000 °C (10 °C/min) [37].

As an in situ reaction analysis and in order to study the carbon intermediate components with
their influences in the DRM, temperature-programmed surface reactions (TPSR) were performed on the
synthesized catalysts. It was coupled with a Mass Spectrometer (MS) and Quadstar 320 (ThermoStar
GSD 220, Pfeiffer Vacuum, Asslar, Germany). Initially all the catalysts were reduced with 5% Hj/Ar
stream at 800 °C for 2 h. The reduced catalysts were tested using mixed gas (CO,, CHy, and He)
with flow rate of 50 mL/min and CHy (30 mL/min). The samples were heated up to 1,000 °C with
heating rate of 10 °C/min. The desorbing components were constantly screened by their characteristic
mass fragments (m/e): 2(Hy), 18(H,0), 4(He), 28('2CO), 29(13C0), 44(12C0Oy), 45(1*CO,), 15(12CHy),
and 17(*3CHy,) [38].

Used catalysts were initially treated at 400 °C for 1 h with He stream, then, temperature-
programmed hydrogenation (TPH) was performed using 5% Hjy/Ar (flow rate of 50 mL/min) and
heating up to 1000 °C with a ramping rate of 10 °C/min [37].

Thermogravimetric analysis (TGA) was used for measuring the coke formation in the used
catalysts after the DRM with SDT Q 600 (TA instruments, New Castle, DE, USA). The TGA analysis was
carried out from T = 25-1000 °C under air atmosphere and a ramping temperature of 10 °C/min [39].

A FT-IR Spectrometer (Nicolet iS50, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a
diffuse reflectance cell was used for the in situ DRIFTS (Diffuse Reflectance Infrared Fourier Transform
Spectroscopy) analysis. All synthesized catalysts prior to the analysis were reduced with 5% Hy/Ar
stream at 800 °C for 2 h. Then, the setup was purged by He to sweep out any impurities. Initially the
background spectra for the loaded catalyst was taken at certain temperature, then mixed gas including
CO;,, CHy4, and He with flow rate of 40 mL/min was inserted to the system for 0.5 h [31]. The spectra
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were recorded with 5 min intervals, and subsequently the background was subtracted. In this research
we used OMNIC-FTIR software.

3.3. Catalytic Performance Test under the Dry Reforming of Methane

The DRM was performed in a fixed-bed down-flow tubular reactor (O.D. = 12.7 mm). To activate
the catalyst, 250 mg of the synthesized catalyst was in situ reduced with 5% Hy/Ar stream at 800 °C for
2 h. The feed molar ratio was CHy4/CO, = 1 and the DRM reaction was carried out at 600 °C, 1 bar,
with the GHSV of 45,000 h~!. N was used as the internal standard gas. The products were analyzed
using online gas chromatography (HP Aglient GC 7890A, Agilent Technologies, Santa Clara, CA, USA).
The GC was equipped with a carbosphere 60/80 packed column. Table 2 lists further details on the
analytical conditions.

Table 2. Analytical conditions by online G.

Parameters Conditions
Packing type Carbosphere packed column 60/80 meshes 2.5 m x 2.16 mm L.D.
Injector temp. 200 °C
Oven temp. 120 °C
TCD temp. 250 °C
Ar flow rate (carrier gas) 20 mL/min
recording intervals ~20 min

The feed conversions for carbon dioxide, and methane were calculated by the following
Equations (11) and (12).
COz, N — COz0ur

CO; conv. (%) = COrm x 100 (11)
CH, n — CH
CHy conv. (%) = 4’U\(ITH4 IN“'O”T x 100 (12)

4. Conclusions

The Ni-based catalysts (15% Ni/ZrTiAlOy) with different Zr/Ti ratios were successfully synthesized
by the modified Pechini sol-gel and an impregnation method. The synthesized catalysts were
characterized and the catalytic performance tests for DRM were carried out at low temperature.
All synthesized Ni/ZrTiAlOy catalysts showed similar patters based on the XRD results. It is found
that the addition of TiO, could boost the coke resistance in DRM; however, there is a drawback that
migration of TiO, to the Ni sites would deactivate the catalysts as well. Therefore, to overcome
this issue, in this research the addition of ZrO, in the support was studied. Ni/ZrTiAlO, catalysts
with various Zr/Ti ratios were synthesized. The catalytic performance and durability mainly relies
on the Zr/Ti ratios in the catalysts. It was concluded that ratio of Zr/Ti = 2 exhibited better coke
inhibition features in DRM compared to the other synthesized catalysts under low temperature for
50 h. Higher ratios of Zr/Ti would lead to higher catalyst activity but at the moment the catalysts were
also rapidly deactivated. Based on the results of in situ DRIFTS and TPSR analysis, it was found that
Ni/ZrTiAlOy catalyst 15% Ni contents and Zr/Ti = 2 showed higher catalytic stability and sufficient
activity. In fact, the introduction of Ti to the ZrO,-Al,O3 provides the oxygen vacancies in the ternary
metal oxide composite. It was suggested that the Ni/ZrTiAlO, catalyst with Zr/Ti = 2 showed high
catalytic performance with the significant catalyst stability towards coke deposition.
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