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Steam methane reforming (SMR) is a process widely used in industrial
scale for H, production. Ni-based catalysts are generally used in SMR process
since they offer low cost and high catalytic activity. However, Ni-based catalysts
suffer from rapid deactivation resulting from carbon deposition. This research
work focuses on the improvement to the stability of Ni catalysts. The addition of
Ca0-ZrO, promoter into Ni/Al,O3 catalyst was expected to improve its stability.
This work is divided into three main parts.

First, effects of CaO to ZrO, mole ratios (0, 0.2, 0.35, 0.45, and 0.55) on
the performance of Ni/y-Al,O3 catalyst prepared by sequential impregnation are
investigated. Ni/y-Al,O; catalyst containing CaO-ZrO; at 0.55 mole ratio provided
the highest H, yield; however, it showed some amount of deposited carbon. The
results were attributed to the appropriate mole ratio leading the formation of
CaZrO3 and then oxygen vacancies. The oxygen vacancies preferred to adsorb
water molecules facilitating the reactions of carbon gasification and then water gas
shift (WGSR).

Secondly, preparation methods between co-impregnation and sequential
impregnation of Ni/y-Al,O3 catalyst at the appropriate mole ratio (0.55) are
examined. The activity of co-impregnation—prepared catalyst was higher and more
consistent than that of sequential impregnation—prepared catalyst. Nevertheless, at
time on stream of 30 h the activity of co-impregnation—prepared catalyst
significantly dropped due to the formation of encapsulating carbon. The results
were attributed to the different preparation methods leading to their significant
difference in physico-chemical properties and then catalytic activity.

Finally, a-Al,O3 was used as supporter for preparing the (CaO-ZrO,)-
modified Ni catalyst through sequential impregnation. Loading percentage of CaO-
ZrO, fixed at 0.5 mole ratio of CaO/ZrO, was varied from 0 to 15 wt%. The
addition of CaO-ZrO, at 15 wt% indicated the highest H, yield and the small
amount of deposited carbon. The results were attributed to the appropriate amount
of formed CaZrO; nanoparticles leading to the favorable conditions for SMR
reactions.
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CHAPTER |

INTRODUCTION

At present, Ni/Al,O5 catalyst is widely used in industrial for H, production via
steam reforming of methane (SMR). Nickel is the most possible metal due to its high
activity and low cost compared to noble metals having high activity but high cost.
For the systems of reforming, SMR offers high hydrogen concentration (70-80%)
compared to partial oxidation and auto-thermal reforming (40-50%) on a dry basis.
However, there are still a certain challenges for this system, such as the improvement
of reforming efficiency and the production of more durable catalyst. Therefore, this
research focuses on the improvement of catalyst stability while the activity is still
high. In order to improve either activity/selectivity or stability, promoters are usually
added to the catalyst in small amount. From literature reviews, we found that CaO and
ZrO, are interesting promoters because with an appropriate amount, they can improve
both activity and stability of Ni/Al,O3 catalyst in SMR. The synergy effect of CaO-
ZrO, composite is possible to make Ni/CaO-ZrO,/Al,O3 catalyst with high
performance in steam methane reforming. The appropriate composition and
preparation of CaO with ZrO, in Ni/CaO-ZrO,/Al,O3 catalyst likely provide good
surface structure and properties for catalytic activity in steam methane reforming.

The assumption about improving the catalytic performance of Ni/Al,O3
catalyst is concerned with adding CaO-ZrO, as promoter into the catalyst in order to
obtain appropriate surface structure and excellent properties for steam methane
reforming. An interaction between CaO and ZrO, is likely to make the synergetic

effect of CaO-ZrO, composite. Due to the low acidity and high thermal stability of



CaO with the capability of oxidizing deposited carbon of ZrO; in steam reforming,
their synergy effect might improve the catalyst performance [1-4]. The composite is
expected to enhance the dispersion of Ni active phase and the metal-support
interaction, etc. In addition, this work will also study the effect of catalyst preparation
process which influences the surface structure of catalyst, on the -catalytic

performance because they.

The objectives of this research are as follows:
1. Establish a SMR system

2. Develop a catalyst which has both high activity and stability in the SMR process.

This work firstly focused on improving the stability of the nickel catalysts in
SMR by the coke gasification, we prepared and characterized nickel catalyst
supported on y-Al,0; modified by CaO-ZrO,. CaO and ZrO, were used as promoter;
therefore, the total amount of CaO-ZrO; in the nickel catalyst was to only 5% by
weight. y-Al,O3; was used as support to obtain the Ni catalysts with high specific
surface area. The effects of y-Al,O3 support modified by different molar ratios of
Ca0/ZrO; on catalytic activity and stability of the Ni catalysts were studied. The
Ni/CaO-ZrO,/y-Al,03 catalysts were prepared by sequential impregnation method and
tested in the SMR system at steam/carbon ratio (S/C ratio) of 1 and reaction
temperature of 600°C.

Secondly, the variation of CaO/ZrO, mole ratios between 0 and 0.55 in the
modified Ni catalysts has various effects on the activity and stability of the modified
Ni catalysts. The Ni catalyst modified with CaO-ZrO, at 0.55 mole ratio of CaO/ZrO,

provided the highest H; yield, although it showed some amount of deposited carbon



filaments. Since the modified Ni catalyst with the optimum mole ratio of CaO/ZrO,
prepared by sequential impregnation offers the promising results. It is noteworthy for
comparing the effects of impregnation methods between co-impregnation and
sequential impregnation on the performance of prepared catalysts, because the co-
impregnation method is easier for the Ni catalysts preparation than the sequential-
impregnation method.

Finally, since the Ni/CaO-ZrO,/y-Al,O3 catalysts prepared from our previous
works did not clearly show the higher activity and stability than the unmodified Ni
catalyst (Ni/y-Al,0s3), we used a-Al,O3 as a supporter instead of y-Al,Os. It is well
known that a-Al,O3 has not only high mechanical stability but also high thermal
resistance [5]. As a result, the use of a-Al,O3; as supporter of Ni catalysts is
considered to be suitable for industrial SMR process since it offers (1) high attrition
resistance and (2) no phase transformation during SMR at high temperature for a long
time. Since a-Al,O3 has low surface area (~ < 10 m?/g) [6,7], variation in loading
percentage of CaO-ZrO, in Ni/CaO-ZrO,/a-Al,O; catalysts might affect its

performance in SMR.



CHAPTER I

BACKGROUND

H, production by SMR is an interdisciplinary research. Only the key areas are

briefly explained.

2.1 Steam methane reforming

The steam reforming of methane (SMR) consists of two reversible reactions as

shown in Egs. 2.1 and 2.2.

Reforming reaction:

CH; + H,O < CO + 3H; AHCg9g = +206 kJ/mol (2.1)
Water Gas Shift Reaction (WGSR):
CO + H)O «— CO; + Hy AH%gg = -41 kJ/mol (22)

Eqg. 2.1 is the strongly endothermic reaction and Eqg. 2.2 is moderately
exothermic reaction. Due to its endothermic character, reforming is favored at high
temperatures. Also, because reforming is accompanied by a volume expansion, it is
favored at low pressures as shown in Fig. 2.1 [1]. In contrast, the exothermic shift

reaction is favored at low temperatures, while unaffected by changes in pressure.



% Gonversion of methane

600 700 800 900
Temperature, °C

Fig. 2.1 — Equilibrium conversion against temperature, pressure and steam/carbon
ratio in steam reforming of methane
The reaction rate for the disappearance of methane can be written as the

following equation.

X

[y, =t — (2.3)
CH, — '
Wcat / I:CH4
r = Reaction rate (mol/ges — )
X = Conversion

W/F = Ratio of catalyst weight (g) and gas flow (mol/h)

Water gas shift reaction can occur very fast under the reforming conditions.
As a result, the water gas shift equilibrium is always established during steam
reforming. Steam methane reforming generally involves two catalytic functions: (1) a
metal surface for dissociated adsorption of methane and (2) an oxide sites for
dissociated adsorption of water. Oxide sites are generally located on the surface of a
promoter or support, the latter of which also serves to maintain the stability of the
well-dispersed metallic phase. Because of the severe, high-temperature reaction

conditions in the steam reforming, catalyst for this process must exhibit high thermal



stability. In addition, because of the tendency towards deactivation by coke and
carbon deposition, promoters and supports are needed for the enhancement of carbon
gasification by steam. This requires careful selection of the metal, promoter and
support functions.

SMR over supported nickel catalysts with various promoters has been
provided by many researchers [2-4]. For example, alkaline earth oxides were added to
reduce carbon deposition [4-5]. Effect of supports such as silica, alumina, and
zirconia for nickel catalysts have been studied in steam methane reforming at low
temperatures of 500 °C compared to the usual conditions of above 700 °C.
Decomposition of methane on the nickel surface is believed to be the first step of the
SMR process. The carbon species formed on the surface subsequently react with
steam or surface oxygen species. It was shown that zirconium oxide, which can
absorb water at 500 °C, is an effective support and its surface hydroxyl groups
contribute significantly to the steam reforming at 500 °C [6].

The choice of catalyst support in the steam reforming is critical to its survival.
Thermally stable supports of low acidity are needed to prevent deactivation by
sintering and carbon deposition. The order of decreasing acidity of supports is as
shown [6].

SiOz-Al,03 > SiO,-MgO > SiO; > a-Al,O3 > TiO, > ZrO, > MgAl,O, >
CaO, MgO

Therefore, CaO, MgO, and MgAI,O, are the most desirable supports to
prevent carbon formation. The order of decreasing thermal stability of support is as
shown [6].

Zro, > MgO > CaO > BaO > AlL,O; > Cr,03 > WO,



Thus, ZrO,, MgO, and CaO are among the most thermally stable supports; a-
Al,O3 (not listed above) is also a highly thermally-stable support and finds application
in the steam methane reforming. The support itself may also actively participate in the
catalytic reaction. This can be achieved with so-called oxy-transporters, such as ZrO,
or CeO,, which are capable of oxidizing deposited carbon. Supports with a basic
nature, such as MgO, are known to enhance the activity of steam (i.e., dissociation

into reactive OH and H species) as shown in Fig. 2.2 [12].

Supported Ni-Catalyst
Impact of Steam

H,0/H, Spill-Over of H,O
<ir !
OH S | 15
V + H20 + *Supp = Hzo*supp
Ni k-
HEO*supp + ¥gupp = 0H=|=Supp + Hi¥gpp

OH*¥gypp + *p OH*p; + *g,0p

H20‘ + 2*Ni OH=* Ni T H*Ni

Fig. 2.2 — Spill-over of steam [12]

Fundamental studies suggest that there is a critical crystallite size for optimum
performance, thus the steam reforming is apparently a structure-sensitive reaction.
Steam reforming catalysts are typically formed into relatively large, dense rings,
grooved cylinders, and holed cylinders. The shape and structure are designed for low-
pressure drop, minimum pore diffuse limitations, and good thermal conductivity since
heat transfer is critical. Table 2.1 lists compositions of some typical industrial steam-

reforming nickel-containing catalysts [6].



Table 2.1 — Typical commercial steam-reforming catalysts [6]

Particle Bulk Operating
Catalyst Composition (wt%)" form/Size density  temperature
(mm)° (g/cm?®) (’C)
10-16 x 13-20,
JM Katalco 23-4  17%Ni/a-Al,0;3 4-hole 1.1-1.2 <850
quadrulobe
11-19 x 15-20,
JM Katalco 57-4  18%Ni/CaAl,04 4-hole 0.99 < 1,000
quadrulobe
_ Ring, 16/6 x
SC G 56 15-25% Ni/CaAl;04 0.83 600-870
16mm
16 x11x3.41t0
Tops@de R-67-7TH  12-15% Ni/MgAl,O, 20x 18 x 3.4, 7- 1.06 700-870
hole tablet

& JM = Johnson Matthey, SC = Stid Chemie Group, Tops@e = Haldor Tops@e A/S.

® percentage of NiO before reduction.

°Ring dimensions refer to outer diameter/inner diameter x length

2.2 Catalyst deactivation in steam reforming

Carbon and coke depositions require a special attention in the steam reforming

process since it leads to the deactivation and even disintegration of the catalyst. Three

reactions are considered as potential sources of the deposition as shown in Egs. 2.4-

2.6:

Methane cracking:  CHy4 « C + 2H,

Boudouard reaction: 2CO ~ C+ CO,

(2.4)

(2.5)



CO-reduction: CO+H; < C+H0 (2.6)

Carbon is a product of the disproportionation of carbon monoxide into carbon
dioxide and graphite as shown in Boudouard reaction, while coke is produced by
decomposition or condensation of hydrocarbons on catalyst surfaces and typically
consists of polymerizes heavy hydrocarbons [6].

Deposition of carbon and/or coke on a steam reforming catalyst can lead to
catastrophically high rates of catalyst deactivation due to poisoning/fouling of the
surface with carbonaceous species, plugging of catalyst pores, and pellet destruction.
Three types of carbon have been observed in a reformer: pyrolytic, encapsulating and

whisker as imaged by TEM in Fig. 2.3 [13].

Fig. 2.3 — Electron microscopy images of pyrolytic carbon on a MgAl,O, carrier (A),

encapsulating carbon (B), and whisker carbon (C) on Ni/MgAl,O, catalysts [13]

Pyrolytic carbon (Fig. 2.3A) is formed by the exposure of heavy hydrocarbons
to high temperatures. High temperatures in the reformers may exist as a result of low
activity of higher hydrocarbons for example due to sulfur poisoning or sintering of the
catalyst in the colder upper parts of the reactor tubes.

Encapsulating carbon (gum) (Fig. 2.3B) consists of a thin CHx film or a few
layers of graphite covering the nickel particles. This results in the loss of activity and

deactivation of the catalyst bed. The rate of gum formation is increased with
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decreasing temperatures and higher final boiling point of the hydrocarbon mixture.
Deactivation of a prereformer due to gum is observed as a drift of the temperature
profile in the catalyst bed with no increase in the pressure drop.

Carbon whiskers, fibers, or nanotubes are the most common carbon forms
observed in steam reforming. These filamenteous carbons are grown by the reaction
of hydrocarbons or CO at one side of the nickel particle and nucleation of graphitic
carbon as a carbon whisker on the other sides of the nickel particle, as shown in Fig.
2.3C. Although filamenteous carbon does not poison the nickel surface, it causes
activity loss from plugging catalyst pores and ultimately at high level, disintegration
of catalyst pellets. In those regions of the catalyst bed where pores have been plugged,
the loss of catalytic activity leads to hot spots because the desired endothermic
reaction (Eg. 2.1) is no longer cooling that portion of the tube. This process is self-
accelerating, since rates of carbon deposition are higher in the regions of higher
temperature. When the outside of tubes reach temperature sufficiently high to cause
metallurgical failure, the reactor shutdown is necessary. As carbon builds up to
sufficiently high level, fines formed from the pellet disintegration cause the plugging
of the reactor voids and increasing the pressure drop. Again, when the pressure drop
reaches uneconomic levels, the reactor must be shutdown. Nickel-catalyzed formation
of carbon filaments in steam reforming is favored at high reaction temperatures and at

low S/C ratios.

2.3 Surface science and mechanisms in steam methane reforming

Catalytic reactions could formally be divided into four classes as shown in

Fig. 2.4 [14].
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Fig. 2.4 — Typical dependencies of the reaction turnover rates (W) on the particle size

(d), W, is the turnover rate at d = 10 nm

The turnover rates of structure-insensitive reaction (Fig. 2.4a) are nearly
independent of the particle size — (d) (within a factor of 2). Such reaction can however
be considered as exceptions at d < 10nm. As a rule, catalytic reactions are structure-
sensitive on this scale. In the latter case, the turnover rates may be increased (Fig.
2.4b), passed through a maximum (Fig. 2.4c), or decreased (Fig. 2.4d) with increasing
particle size.

Since 1990, extensive fundamental mechanistic and kinetic studies of SMR
and COy/dry methane reforming (CMR/DMR) have produced new reaction models
that combine important features of steam and CO, reforming of methane. For
example, a microkinetic model proposed by Aparicio [6] incorporates a 13-step
sequence. The elementary steps in microkinetic model of SMR/CMR are shown

below.

1. CHs + 2 *CH; + *H

2. *CH; + * *CH, + *H
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3. *CH,+* &  *CH+ *H

4, *CH+* o  *C+*H

5. HO+* o  *H,0

6. *H0+* &  *OH + *H

7. *C +*OH <  **CHO

8. CO; +2* o  **CO,

9. **CO; + *H <  **COOH + *

10.  **COOH + *H + 2* «  **CHO + *OH + 2*
11, **CHO + 3* « **CO + *H + 2%

12.  **CO o CO + 2%

13. 2*H > Hy + 2*

There are, however, some aspects of the Aparicio model that must be
questioned. In fact, these assumptions and predictions may be contradicted to recently

observed facts that support a much simpler reaction mechanisms.



CHAPTER Il

EXPERIMENTAL SECTION

3.1 Steam methane reforming system

The diagram of methane—steam reforming system is shown in Fig. 3.1.

Type-K
thermocouple

Mass flow controller

Check valve

gl —
] ==
Heating tape

Moisture
trap

Furnace

Rotameter

eck valve

Ch
—0
‘@ D E] Steam furnace

CH4 C2H6 Ar H2

A Check valve
(" Syringe pump

Fig. 3.1 — The diagram of steam methane reforming system




The actual system of steam methane reforming process is shown in Fig. 3.2

H, Ar CHy
Rotameter
Quiartz tube
Mass flow controller
Check valve Reactor

Syringe pump Steam furnace  Heating tape

Fig. 3.2 — The actual system of methane—steam reforming
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3.2 Experimental procedure for variation in the mole ratios of CaO-ZrO,

3.2.1 Preparation of Ni/CaO-ZrO,/y-Al,0O5 catalysts

Nickel catalysts supported on (CaO-ZrO,)-modified y-Al,O3; were prepared by
the sequential impregnation method. y-Al,O3 powder (132 m?/g, Merck) was used as
the support. y-Al,O3 was first impregnated with the mixed solution of Ca(NO3),-4H,0
(Sigma-Aldrich) and ZrO(NO3),-xH,0 (Sigma-Aldrich) at CaO/ZrO, mole ratios of 0,
0.20, 0.35, 0.45 and 0.55 before drying overnight in air at 90 °C. The dried powder
was calcined at 500 °C for 1 h to modify y-Al,O3 surface by ZrO, and CaO-ZrO;
phases. The modified powder was then secondly impregnated with the solution of
Ni(NO3),-6H,O (Merck) before drying overnight in air at 90 °C. The dried powder
was finally calcined at 600 °C for 1 h to obtain the deposition of NiO on the modified
v-Al0s.

All the modified Ni catalysts were prepared with a load of 10wt%
nickel and 5wt% CaO-ZrO,. The 10wt% nickel with the (CaO-ZrO,)-modified y-
Al,O; at CaO/ZrO, mole ratios of 0, 0.20, 0.35, 0.45 and 0.55 were referred to as
NZA, N20CZA, N35CZA, N45CZA and N55CZA, respectively. The unmodified
catalyst, 10%Ni/y-Al,O;3 was also prepared by the impregnation method for

comparison to the modified Ni catalysts and referred to as NA.

3.2.2 Catalyst characterization

The chemical compositions of the prepared catalysts were determined by

inductively-couple plasma mass spectrometry (ICP-OES, Perkin Elmer, PLASMA-
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1000). The specific surface area and average pore diameters were examined by N,
adsorption/desorption isotherms at liquid nitrogen temperature using Quantachrome
Autosorb-1C instrument. The crystalline phases were identified by JEOL: TDX-3530
operated at 30KV and 40mA, employing Cu Ko (A1 = 1.5405 nm). Temperature-
programmed reduction (TPR) experiments were performed in a quartz tube reactor
heated by an electric furnace with a ramping rate of 20°C/min. A stream of 4%H,/Ar
at a flow rate of 20ml/min was fed to 0.05 g of catalyst sample. The samples were
heated up to 400°C for moisture removal and cooled down to 200°C before reduction.

After the catalytic testing, the spent catalysts were characterized by
Thermogravimetric analysis (TGA) using TGA/SDTA 851° (Mettler Toledo)
instrument. The amount of carbon deposited on the spent catalysts was monitored by
temperature-program oxidation (TPO). A high-resolution transmission electron
microscope (HRTEM) was used to study the morphology of the deposited carbon.
The samples of spent catalysts were ultrasonically dispersed in ethanol and dropped

on copper grids for the HRTEM analysis.

3.2.3 Steam reforming of methane

The steam reforming of methane was carried out at atmospheric pressure in a
continuous fixed-bed reactor. The quartz tube reactor with an inner diameter of 11
mm was heated in an electric furnace. The temperature was monitored by a K-type
thermocouple placed above quartz wool. Before reaction, 100 mg of catalyst was
loaded and reduced at 650 °C for 1 h with a stream of 10%H,/Ar (20 ml/min). Water
was completely vaporized by passing through a furnace at 300 °C. A reactant mixture

was maintained at CH4:H>O:Ar ratio of 1:1:3 with total flow rate of 100 ml/min. The
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catalytic testing was conducted at 600 °C and S/C ratio of 1 for 30 h. The reaction
products were periodically sampled and analyzed using an on-line gas chromatograph
(SRI Instruments, SRI-8610C) equipped with a thermal conductivity detector (TCD)
and flame ionization detector (FID). Methane conversion and hydrogen yield were

calculated according to the following Eqgs 3.1 — 3.2 on dry basis.

CH,, —CH
CH4c0nversion(%):( Ain 4“}100 (3.1)
4,in
H, yield (%) = o x100 (3.2)
? (CH,;,»+H,0,)3

3.3 Experimental procedure for the comparison of preparation methods between

co-impregnation and sequential impregnation

3.3.1 Preparation methods of catalyst

v-Al,O3 powder (Merck) with BET (Brunauer, Emmet and Teller theory)
surface area of 132 m?/g was used as a support. Ni(NOs), - 6H,0 (Merck), Ca(NO3), -
4H,0 (Sigma-Aldrich), and ZrO(NOs), - H,O (Sigma-Aldrich) were used in the
catalyst preparations. The (CaO-ZrO,)-modified Ni/y-Al,O3 catalysts were prepared
by the methods of co-impregnation and sequential impregnation. For the preparation
method of co-impregnation, y-Al,O3; powder was impregnated in the mixed solution
of the nickel, calcium, and zirconium nitrate hydrate before drying overnight in air at

90 °C and then calcination at 600 °C for 1 h. The catalyst prepared by co-
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impregnation method was named NCZA (Cl). In the case of sequential impregnation
method, y-Al,O; powder was impregnated in the mixed solution of the calcium and
zirconium nitrate before drying overnight in air at 90 °C and then calcination at 850
°C for 1h. The high-temperature calcination was performed to obtain the stable
structure of CaO-ZrO, phases. At this step, the phase of CaO-ZrO; being in form of
CaZrOg3 perovskite oxide (as expected from 0.5 molar ratio of CaO/ZrO,) would be
deposited on the y-Al,O3 surface. The calcined powder was subsequently impregnated
in the solution of nickel nitrate before drying overnight in air at 90 °C and calcination
at 600 °C for 1 h. At this step, NiO was deposited on the surface of (CaO-ZrO,)-
modified y-Al,Os. The catalyst prepared by sequential impregnation method was
referred to as NCZA (SI).

In addition, two other catalysts were prepared for the comparison to the (CaO-
ZrO,)-modified Ni/y-Al,O3 catalysts: (1) ZrO,-modified Ni/y-Al,O3 catalyst was
prepared the sequential impregnation; (2) typical Ni/y-Al,O3 catalyst was prepared the
wetness impregnation method. For the preparation of ZrO,-modified Ni/y-Al,O3
catalyst, y-Al,O3 powder was impregnated in the solution of zirconium nitrate before
drying at 90 °C and calcination at 850 °C. The calcined powder was impregnated in
the solution of nickel nitrate before drying at 90 °C and calcination 600 °C (the
conditions for two times of drying and calcination of ZrO,-modified Ni/y-Al,O;
catalyst are identical to that of NCZA (SI)). The ZrO,-modified Ni/y-Al,O3 catalyst
was referred to as NZA (SI). The typical Ni/y-Al,O3 catalyst was prepared by the
wetness impregnation of y-Al,O3 in the solution of nickel nitrate before drying at 90
°C and calcination at 600 °C (in the same condition as NCZA (CI)). The typical Ni/y-

Al,O5 catalyst was referred to as NA.
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All Ni-based catalysts contained 10 wt% Ni. NCZA (CI) and NCZA (SI) were
modified with 15 wt% (CaO-ZrO,) at 0.5 mole ratio of CaO/ZrO,. NZA (SI) was

modified with 15 wt% ZrO..

3.3.2 Catalyst characterization

Surface area of the samples was calculated by BET method obtaining from N,
adsorption/desorption isotherms using a Quantachrome Autosorb-1C instrument.
Average pore diameter of samples was determined by BJH (Barret-Joyner-Halenda)
method from desorption branch of nitrogen isotherm. Before the measurement,
degassing was conducted at 200 °C for 12 h to remove possible moisture. X-ray
diffraction patterns of samples were measured on a JEOL: TDX-3530 using Cu Ka
radiation (1.541 A) operated at 30 kV and 40 mA. TPR measurements were carried
out in a tubular quartz reactor heated by an electric furnace with a ramping rate of 20
°C/min. The samples were heated up to 400 °C to release moisture and then cooled
down to 200 °C prior to the TPR experiments. A stream of 4% H,/Ar at a flow rate of
20ml/min was fed to 0.05 g of catalyst sample. The amount of H, uptake was
measured with a TCD detector in a temperature range of 200 to 1000 °C. HRTEM
(JEOL:JEM2010) was used to investigate the morphology of the deposited carbon and
the nickel sintering on the spent catalysts. The samples of spent catalysts were
ultrasonically dispersed in ethanol and dropped on carbon-coated copper grid for the
HRTEM analysis. The amount of deposited carbon in the spent catalysts was
determined by TGA using TGA/SDTA 851° (Mettler Toledo) instrument. The
samples of spent catalysts were heated up from 30 to 1000 °C in a stream of O; at a

flow rate of 60 ml/min.
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3.3.3 Steam reforming of methane

Steam reforming of methane was carried out under atmospheric pressure in a
continuous fixed-bed quartz reactor. The tubular quartz reactor was heated by an
electric furnace and reaction temperature was monitored by a K-type thermocouple
placed above quartz wool. Each catalyst (100 mg) was loaded into the quartz reactor
with an inner diameter of 11 mm. Before catalytic testing, the catalysts sample was
reduced at 650 °C for 1h with a stream of 10% Ha/Ar (20 ml/min). Water was injected
by a syringe pump and vaporized by passing through a furnace at 300 °C prior to
mixing with CH, reactant and Ar carrier. Feed compositions were maintained at
CH4:H,O:Ar ratio of 1:2:3 with total flow rate of 120 ml/min. The catalytic
performance was tested at 800 °C and S/C ratio of 2 for 30 h. The reaction products
were periodically sampled and analyzed using an on-line gas chromatograph (SRI
Instruments, SRI-8610C) equipped with a TCD and FID. CH,4 conversion and H,

yield were calculated according to the following Egs. 3.1 and 3.3 on dry basis.

H
H2yield(%)=|:2 ~CH 2v°“tH 5 }100
( 4,in+ 2 in) (33)
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3.4 Experimental procedure for variation in the loading percentage of CaO-

ZrO,

3.4.1 Preparation of catalyst

Ni/Ca0O-ZrO,/a-Al,O3 catalysts were prepared by sequential impregnation
method. A commercial a-Al,O; powder (AMS-9, Sumitomo Inc., Japan) with BET
surface area of 7.85 m?/g and average pore diameter of 15.96 nm was used as a
support. a-Al,O3 powder was impregnated in the mixed solution of Ca(NOs), - 4H,0
(Sigma-Aldrich), and ZrO(NO3), - H,O (Sigma-Aldrich) before drying overnight in
air at 90 °C and then calcination at 700 °C for 1h. The calcined powder was
impregnated in the solution of Ni(NOs), - 6H,O (Merck) before drying overnight in
air at 90 °C and then calcination at 700 °C for 1 h.

Each of the prepared catalyst consisted of 10 wt% Ni and CaO-ZrO, at 0.5
mole ratio of CaO/ZrO,. The prepared catalysts were named N5(CZ)A, N10(C2)A,
and N15(CZ)A according to the variation in total amount of contained CaO-ZrO; at
5, 10 and 15 wt%, respectively. The unmodified catalyst (10 wt% Ni/a-Al,O3) was
also prepared by the impregnation method for comparison with the modified Ni

catalyst and named NA.

3.4.2 Catalyst characterization

X-ray diffraction measurements were carried out using a JEOL: TDX-3530

diffractometer with Cu Ka radiation (A = 1.541 A) generated at 30 kV and 40 mA.
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The crystallite size of metallic Ni (111) based on peak broadening at 26 = 44° in the
prepared Ni catalysts were calculated using the Scherrer equation as shown in Eq. 3.4.

0.97 (34)

Scoso

Where D is the crystallite size, 1 is the X-ray wavelength, £ is the full width of half
maximum (FWHM) in radians, and @ is the diffraction angle. The N, adsorption—
desorption isotherms of the prepared catalysts were measured on a Quantachrome
instrument (Autosorb—1C). All the samples were evacuated at 300 °C for 12 h to
release the possible moisture prior to the measurements of BET surface area. Average
pore diameters were calculated from the desorption isotherms using BJH method.
TPR of samples was performed in a tubular quartz reactor heating by an electric
furnace with a ramping rate of 20 °C/min. The samples were heated up to 400 °C to
release moisture and then cooled down to 200 °C before reduction. A stream of 4%
Ho/Ar at a flow rate of 20 ml/min was fed to 50 mg of catalyst sample. The H;
consumption was measured by a thermal conductivity detector (TCD) in a
temperature range of 200-1000 °C. A JEOL JEMZ2010 high-resolution transmission
electron microscope (HRTEM) was used to observe the deactivation of spent
catalysts. TEM specimens were prepared by ultrasonic dispersion of catalyst samples
in ethanol and then a drop of the suspension on carbon-coated copper grid.
Temperature—programmed oxidation (TPO) analyzes of spent catalysts were carried
out using a thermo-gravimetric analyzer (Mettler Toledo, TGA/SDTA 851°) to
determine the amount of coke deposited on the catalysts. The samples of spent
catalysts were heated up from 30-1000 °C in a stream of O, at a flow rate of 60

ml/min.
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3.4.3 Steam reforming of methane

Activity tests were performed in a continuous fixed—bed quartz reactor at
atmospheric pressure. Catalysts sample (100 mg) was placed in the quartz reactor
with an inner diameter of 11 mm. The sample was reduced by heating in a stream of
10% H./Ar (20 ml/min) from room temperature to 700 °C for 1 h. Feed compositions
were maintained at CH4:H,O:Ar ratio of 1:2:3 with a total flow rate of 120 ml/min.
The catalytic tests were conducted at 700 °C and S/C ratio of 2 for 10 h. A cold trap at
the outlet of the reactor was used to condense any water from the reaction products.
The products were periodically sampled and analyzed using an on-line gas
chromatography (SRI Instruments, SRI-8610C) equipped with a TCD and FID. CH,
conversion and H, yield were calculated according to the Egs. 3.1 and 3.3 on dry

basis.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Effect of variation in CaO-ZrO, molar ratio

4.1.1 Catalysts characterization

The chemical compositions of the prepared catalysts were determined by ICP-

OES as shown in Table 4.1. The results confirmed that the mole ratios of CaO/ZrO5 in

the prepared catalysts were corresponding to the designed compositions.

Table 4.1 — Chemical compositions of the fresh catalysts determined by ICP-OES

Catalysts ~ NiO (%)  CaO (%)  Zr0,(%)  AlOs (%) (%Zﬂt?g)
NA 12.8 i i 87.2 i
NZA 13.0 0 35 83.5 0
N20CZA 13.0 0.4 33 83.3 0.20
N35CZA 12.9 0.7 3.1 83.3 0.34
N45CZA 12.4 11 28 83.6 0.46
N55CZA 12.7 15 26 83.1 0.56

Fig. 4.1 shows XRD patterns of unmodified and (CaO-ZrO,)-modified
supports after calcination at 500 °C. All the unmodified and modified supports
showed the similar amorphous characteristic of y-Al,Os. In addition, the patterns of
all the modified supports did not show CaO-ZrO, phases. Fig. 4.2 shows XRD
patterns of Ni catalysts supported on the unmodified and modified y-Al,O3 after the

calcination at 600 °C. All XRD patterns showed the diffraction peaks of NiO and vy-
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Al;O5. However, CaO-ZrO, phases still did not appear in these XRD patterns. Fig.
4.3 shows XRD patterns of Ni catalysts supported on the unmodified and modified y-
Al,O3 after reduction at 650 °C. All the Ni catalysts on the unmodified and modified
supports showed the diffraction peaks of metallic Ni and y-Al,O3. Nevertheless, XRD
still could not detect CaO-ZrO, phases. The invisible phases of CaO-ZrO, may be
attributed to very small amount of CaO-ZrO, in all the Ni catalysts and the

crystallites of CaO-ZrO, smaller than 3-5 nm, which is below the detection limit of

XRD [6].
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Figure 4.1 — XRD patterns of unmodified and (CaO-ZrO,)-modified y-Al,O5 after

calcination at 500°C
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Figure 4.2 — XRD patterns of Ni catalysts supported on unmodified and (CaO-ZrO)-

modified y-Al,Oj3 after calcination at 600 °C
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Figure 4.3 — XRD patterns of Ni catalysts supported on unmodified and (CaO-ZrO,)-

modified y-Al,Os after reduction at 650 °C
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Fig. 4.4 shows BET surface area of both the supports and the calcined and
reduced catalysts. There was no trend of the relationship between BET surface area
and mole ratios of CaO/ZrO; in all the supports and Ni catalysts. The BET surface
area of unmodified and modified supports was in the range from 130-150 m%g. The
BET surface area of calcined catalysts was in the range from 95-115 m?/g and that of
reduced catalysts was in the range from 119-144 m?g. The results indicated that the
surface area decreased when all the supports were calcined after nickel deposition,
and then that of calcined catalysts increased when all the calcined catalysts were
reduced in H, atmosphere.

After the first calcinations of the CaO-ZrO, modification of support surface,
their BET surface area increased compared to the unmodified supports. This result is
attributed to the occurrence of neck and pores between the nanoparticles of CaO-ZrO,
after calcination at 500 °C. However after the second calcination for the deposition of
NiO, the BET surface area of all the Ni catalysts decreased. These results might be
because NiO was deposited inside the pores of y-Al,Os;, and the increase of
calcination temperature to 600 °C leading to the disappearance of the neck and pores
between CaO-ZrO, nanoparticles and the growth of the considerable amounts of
nanoparticles [15]. The changes that occurred during this calcination process are
related to solid state sintering of the CaO-ZrO, nanopartices. After reduction, the
surface areas of all the Ni catalysts were increased due to the loss of the oxygen atom
in NiO to form metallic Ni. The result revealed that N5S5CZA had the highest surface
area (144 m?/g) after reduction, which was even higher than the surface area after the
calcination of its support.

Average pore diameters of all supports and reduced Ni catalysts determined by

BJH method are shown in Fig. 4.5. All the average pore diameters were in a range
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between mesopore (5-50 nm) and micropore (<5 nm). The largest pore diameter of y-
Al,O3 was at 7.4 nm; therefore, it had the lowest surface area. The pore diameter of
all the modified Ni catalysts after reduction was larger than that of their supports
except for N55CZA. In addition, N55CZA after reduction has the smallest pore

diameter of 4.6 nm, which is in the range of micropore.
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Figure 4.4 — BET surface area of both supports and Ni catalysts
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Figure 4.5 — Average pore diameter of both supports and reduced Ni catalysts

In order to identify CaO-ZrO, phases existing in the fresh catalysts, we
investigated the literature on the CaO-ZrO, phases after calcination at 600 °C. The
phase diagram of CaO-ZrO; in Fig. 4.6 [16] suggests that after the calcination of
Ca0O-ZrO, at 600 °C, CaO-ZrO, phases became monoclinic solid solution ZrO,,
CaZr,O9 CaZrOgs, and CaO, depending on mole ratios of CaO/ZrO,. We performed
the TPR using TGA in H, atmosphere to monitor the reduction behavior of perovskite
(ABO3) catalysts [17]. Since CaZrOs (perovskite structure) might exist in the prepared
catalysts, N35CZA, N45CZ and N55CZA, we examined all the Ni catalysts using
TGA in 4%H,/Ar at 20 ml/min. Before the examination of all the Ni catalysts in H,
atmosphere, the Ni catalysts were heated up to 500 °C in Ar atmosphere for the
release of moisture content and then cooled down to 100 °C prior to switching to H,

atmosphere.
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Fig. 4.7A shows TPR using TGA in H, atmosphere of all the Ni catalysts. In a
temperature range of 100-150 °C, all the TGA profiles showed the same pattern due
to the switch of atmosphere from Ar to H,. All TGA profiles similarly indicated the
weight loss of catalysts after reduction except for N4A5CZA and N55CZA, which
showed the weight loss in the temperature range of approximately 580-630 °C. In the
temperature range of 580-630 °C, N55CZA clearly showed the weight loss of 0.4%
(Fig. 4.7B). This weight loss of N55CZA at the temperature range was low because
the total amount of CaO-ZrO; in the catalyst was of only 5%. However, its DTA
profiles supported the weight loss from the existence of endothermic peak in this
temperature range (not shown here). This weight loss was attributed to the formation
of oxygen vacancies in CaZrOs; perovskite-type oxides — CaZrOs; [18,19].
Therefore, the suggestion of the phase diagram and TGA results confirmed that CaO—
ZrO; phases existed in the form of monoclinic solid solution ZrO, for NZA, CaZr,Oq
for N20CZA, the mixed CaZr,Oq with CaZrO; for N35CZA and N45CZA, and the
mixed CaZrO; with CaO for N55CZA. As a result of the significant amount of
oxygen vacancies formation in N55CZA after reduction, its average pore diameter
was the smallest, yielding the highest surface area after reduction. No trend in
relationship between the surface area and mole ratios of CaO/ZrO, may be attributed

to the existence of different phases of CaO-ZrO; in each individual Ni catalyst.
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Figure 4.6 — Phase diagram of CaO-ZrO; [16]
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Figure 4.7A — TPR using TGA in H, atmosphere for unmodified and (CaO-ZrO,)-

modified Ni catalysts
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Figure 4.7B — TPR using TGA in H, atmosphere in more detail for N5S5CZA

TPR profiles of all the catalysts are displayed in Fig. 4.8. It is well known that
the reduction peak of bulk NiO appears at approximately 500 °C, and that of nickel
aluminate (NiAl,O,4) appears at a high temperature of approximately 800 °C [20,21].
NiO specie reduced in the range of 700-770 °C might be attributed to the strong
interaction between NiO and monoclinic solid solution ZrO, leading to a high
reduction temperature. Reduction bands in the range of 570-700 °C are attributed to
the reduction of CaZrO; to be CaZrOg3;. It was observed that the temperature range of
CaZrOg3 reduction using TGA in H, atmosphere corresponded with that using TPR. In
addition, the area under peaks indicating H, consumption of CaZrQO3 increased with
the increase of CaO/ZrO; mole ratios from 0.35 to 0.55. Thus, these results confirmed
that the order of increasing CaZrO3; amount in the Ni catalysts (N35CZA < N45CZA
< N55CZA), corresponding with the CaO-ZrO, phase diagram. Consequently, each
individual catalyst revealed the peaks of reduced species consisting of bulk NiO (470-

570 °C), CaZrO; (570-700 °C), NiO on monoclinic solid solution ZrO, (700-770
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°C), and NiAl,O4 (800-900 °C). All the Ni catalysts indicated the reduction of bulk
NiO. The reduction of NiO on monoclinic solid solution ZrO, was shown only in
NZA and that of NiAl,O4 was found in NZA and N55CZA. However, since all the
catalysts were reduced at 650 °C prior to actual catalytic testing in this, only bulk Ni

and CaZrO4_; existed in the Ni catalysts before steam methane reforming.
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Figure 4.8 — TPR profiles of unmodified and (CaO-ZrO,)-modified Ni catalysts

4.1.2 Catalytic testing and catalysts deactivation

Fig. 4.9 shows CH, conversion of unmodified and (CaO-ZrO,)-modified Ni
catalysts with respect to time on stream during steam methane reforming for 30 h at
600 °C and S/C ratio of 1. The conversion of CH, was classified into three ranges
according to the percentage of CH,; conversion. NA and N20CZA provided the

conversion of approximately 60% whereas NZA, N45CZA and N55CZA provided
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approximately 45%. However, N35CZA indicated the unstable characteristic of CH,4

conversion.
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Figure 4.9 — CH,4 conversion with time on stream of unmodified and (CaO-ZrO,)-

modified Ni catalysts after steam methane reforming at 600 °C, S/C ratio = 1

H, yield of the unmodified and (CaO-ZrO,)-modified Ni catalysts with
respect to time on stream in the steam methane reforming for 30 h are shown in Fig.
4.10. N55CZA revealed the highest H, yield of approximately 35%. The order of
decreasing H, yield was found to be N55CZA > NA > N45CZA > N20CZA.
Nevertheless, NZA and N35CZA indicated unstable characteristics of H, yield.
Interestingly, although N55CZA provided the lower CH, conversion than NA,
N55CZA provided the higher H, yield. This result is attributed to the enhanced
adsorption of water on CaZrOs;. Since CaZrOs_s lost its oxygen sites, the oxygen
atom in the adsorbed might prefer to substitute the oxygen vacancies to maintain its
stability [19]. This water adsorption can led to the enhancement of carbon gasification

as confirmed by high CO concentration in Fig. 4.11 and then that of water gas shift
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reaction as confirmed by high CO; concentration in Fig. 4.12. Therefore, CaZrO; acts

as a chemical promoter in N55CZA supplying water molecules onto the active Ni

sites.
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Figure 4.10 — H, yield with time on stream of unmodified and (CaO-ZrO,)-modified

Ni catalysts after steam methane reforming at 600 °C, S/C ratio of 1
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Figure 4.11 — CO concentration in outlet product compositions on dry basis after

catalytic testing for 30 h
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Figure 4.12 — CO, concentration in outlet product compositions on dry basis after

catalytic testing for 30 h

In the case of N20CZA, although N20CZA showed the high percentage of
CH, conversion (~58%) and CO, concentration (~10%), H; yield of only 22% was
obtained. CaZr,Og in N20CZA was believed to act as a structural promoter, i.e., the
improvement of Ni dispersion followed by the strong metal-support interaction
(SMSI) in N20CZA leading to the high BET surface area after reduction (Fig. 4.4).
This might be responsible for the high CH, conversion. However, the facility for
water adsorption on CaZr,O9 was negligible. Therefore, the water adsorption arose
only from y-Al,O3 resulting in the low water dissociation on the active Ni sites.

N35CZA showed the lower CH,4 conversion, H; yield and CO, concentration
than N45CZA. Although both catalysts consisted of CaZr,O9 and CaZrO3z phases,
N45CZA contained a higher amount of CaZrO; than N35CZA as confirmed by the
higher reducibility of N45CZA in TPR profiles. Therefore, NA5CZA contributed to

the higher carbon gasification and water gas shift reaction than N35CZA. This implies



37

that the existence of CaZrOs in nickel catalysts improved the activity in steam
methane reforming.

TEM images of the spent catalysts in steam methane reforming for 30 h are
shown in Fig. 4.13. Table 4.2 shows the amount of carbon deposition on all the spent
catalysts. The total amount of carbon in Table 4.2 agreed with the TEM results. NA
and N20CZA showed a low total amount of coke (5%) in TGA results corresponding
with their TEM images because there was no appearance of whisker carbon.
However, NZA, N35CZA, N45CZA and N55CZA showed a considerable amount of
whisker carbon. The order of decreasing the total amount of carbon was N35CZA >
N45CZA > NZA > N55CZA > NA, N20CZA. NA and N20CZA had the low amount
of whisker carbon due to their strong metal-support interaction. This result differed
from NZA, N35CZA, N45CZA and N55CZA with weak metal-support interaction.
Due to their weak metal-support interaction, Ni particles were pushed away by the
carbon deposition and separated from their supports. The carbon was then
continuously grown in the form of whiskers or carbon nanotubes [22,23]. In addition,
TGA results showed that the total amount of carbon in the spent catalysts containing
CaZrO3 (N35CZA, N45CZA and N55CZA) was decreased with increasing amount of
CaZrOg3 in the modified Ni catalysts. This result is attributed to the increase of water
adsorption with increasing CaZrQs, resulting in the increase of carbon gasification
and the decrease of carbon formation. The oxidation of nickel appeared only in NA

and N20CZA due to the effect of the modified supports.



NA

20nm

=

N20CZA

N45CZA | NS5CZA | B 33

Figure 4.13 — TEM images of spent catalysts after catalytic testing for 30 h



39

Table 4.2 — Total amount of carbon after catalytic testing and nickel oxidation by
TGA

Total amount of carbon

Catalysts Oxidation of nickel (%)

(MYcarbon/ecat.)
NA 6 0.3
NZA 177 0
N20CZA 4 0.5
N35CZA 181 0
N45CZA 172 0
N55CZA 59 0

The used catalysts with the large amount of whisker carbon as appeared in
NZA, N35CZA and N45CZA were found to exhibit unstable activity, i.e., CHy
conversion and H, yield sharply decreased and then increased. This result was not
because Ni surface is poisoned by whisker carbon. Instead, whisker carbon
completely covered Ni surface leading to the inactive Ni sites for the catalytic
reaction. Moreover, the loss of the catalytic activity arose from plugging the catalysts
pores by whisker carbon. When the carbon built up to a substantial level, the pressure
drop was increased, which mean that the Ni catalysts showed very low activity [6]. In
our catalytic testing, when pressure drop was significantly increased, the Ni catalysts
powder completely separated each other, which mean that the powder moved into
quartz wool. Ultimately, these Ni catalysts were active again, which mean the
increase in their activity again because active Ni sites were no longer covered by

whisker carbon.
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4.2. Comparison between co-impregnation and sequential impregnation

4.2.1 ldentification of phases

XRD patterns of all the Ni catalysts after calcination are shown in Fig. 4.14.
All the XRD patterns indicated amorphous characteristics of y-Al,Os. In general, y-
Al,O3 is transformed into 6-Al,O; at the temperature of about 900 °C [8,24].
Therefore, the phase identification in this work corresponded to the common
characteristic of Al,O3 powder. All the Ni catalysts clearly showed the existence of
NiO phase. XRD detected the existence of ZrO, (tetragonal ZrO,) phase only in NZA
(S1) and NCZA (SI); however, no tetragonal ZrO, phase was observed in NCZA (CI).
The invisible phase of both CaO and ZrO, in NCZA (CI) are attributed to the
preparation method of co-impregnation leading to the fine dispersion of NiO, CaO,
and ZrO, on pore wall and surface of y-Al,O3 in NCZA (CI). In addition, XRD is

unable to detect the phase of CaO in NCZA (CI) and NCZA (SI).
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Figure 4.14 — XRD patterns of all the calcined Ni catalysts

Fig. 4.15 exhibits the XRD patterns of all the Ni catalysts after reduction at
650 °C for 1h. All the XRD patterns demonstrated not only the diffraction peaks of
metallic Ni, but also small diffraction peaks of NiO phase at 20 = 43 and 63°. This
means that NiO phase converts incompletely into metallic Ni at the reduction
temperature of 650 °C. Furthermore, it was noticeable that NiO peak of NZA (SI) at
20 = 63° was larger than that of the other reduced catalysts. The result implied that it
was difficult to reduce NiO phase in NZA (SI). From all the XRD patterns, the results
revealed that the types of impregnation method significantly influenced the crystal

size and the existing phases in all the Ni catalysts both after calcination and reduction.
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Figure 4.15 — XRD patterns of all the reduced Ni catalysts

4.2.2 Textural characteristics

BET surface area of all the calcined and reduced Ni catalysts is sh

80

own in Fig.

4.16. After the calcination, BET surface area of NCZA (CI) was higher than that of

NA. However, BET surface area of NZA (SI) and NCZA (SI) was lower

NA. The increase in BET surface area of NCZA (Cl) was resulted from

than that of

the suitable

dispersion among NiO, CaO, and ZrO, during the co-impregnation and drying stages.

When the solid state sintering of the oxides occured during the calcination

and pores among the oxides formed [6]. The mechanisms resulted in the

stage, neck

increase in

BET surface area of NCZA (Cl). In each Ni catalyst, their surface area after reduction

was larger than that after calcination. Interestingly, after reduction NCZA (SI)

indicated considerable increase in its BET surface area compared to the other Ni

catalysts. The percentage increase in BET surface area of all the calcined

Ni catalysts
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after reduction step was displayed in Table 4.3. Obviously, although the composition
of NCZA (CI) was the same as that of NCZA (SI), the percentage increase in BET
surface area of NCZA (SI) was almost six times higher than that of NCZA (CI). The
significantly higher percentage increase in surface area of NCZA (SI) is attributed to

its preparation by sequential impregnation method.
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Figure 4.16 — BET surface area of all the calcined and reduced Ni catalysts

The average pore diameter of all the calcined and reduced Ni catalysts was in
the range of mesopore (5-50 nm) (Fig. 4.17). The highest average pore diameter (the
lowest surface area) was observed in NZA (SI). All the calcined catalysts exhibited
the increase in their average pore diameters after the reduction stage, except NCZA

(SI). Table 4.3 demonstrates the percentage change of average pore diameters of all
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the calcined Ni catalysts after the reduction stage. NCZA (SI) indicated the negative
percentage change in average pore diameter (approximately -1), whereas the other Ni
catalysts indicated the positive value. The negative change in pore diameter of NCZA
(SI) was an evident supporting the high percentage increase in its surface area after

the reduction stage.
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Figure 4.17 — Average pore diameters of all the calcined and reduced Ni catalysts

Table 4.3 — Changes of BET surface area and average pore diameters of all calcined
Ni catalysts after reduction stage at 650 'C for 1 h

Catalysts Surface area change (%)  Pore diameter change (%)
NA +0.9 +1.02
NZA(SI) +2.5 +1.02
NCZA(CI) +1.5 +1.04

NCZA(SI) +8.5 -0.95
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4.2.3 Reducibility of catalysts

TPR profiles of all the Ni catalysts are shown in Fig. 4.18. All the Ni catalysts,
except NZA (Sl), consumed H; in the temperature range of 440-600 °C, which is the
range for the reduction of bulk NiO strongly reacting with y-Al,O3 [25]. NZA (SI) did
not consume H, over performing the TPR experiment. The result is attributed to the
preparation method by sequential impregnation of NZA (Sl)—that is the first
calcination for the ZrO, deposition at 850 °C and then the second calcination for the
NiO deposition at 600 °C. The sequence of impregnation and then calcination is
believed to have major effect on the formation of ZrO,-Al,O3; and NiO-ZrO, solid
solution on the y-Al,O3 support [25-29]. Both clusters of the solid solution have
thermodynamically stable characteristic, resulting in almost unreducible condition of
active phases in NZA (SI). The unreducible characteristic of NZA (SI) was in
agreement with the larger NiO peak at 26 = 63° in its XRD pattern. The reduction
bands in the range of 600-700° C were observed in only NCZA (CI1) and NCZA (SI).
The existence of both bands, which show particularly high H, uptake, is attributed to
the existence of perovskite CaZrOz;. When CaZrO3; was reduced under H, atmosphere,
oxygen vacancies were generated by the reaction between oxygen atoms in the
CaZrO3 structure and H, molecules, from which led to the formation of H,O
molecules. As a result of the reaction in which consumed considerable amount of H,,
it involved the release of lattice oxygen in CaZrO; perovskite oxide [17,19,30]. This
reduction band is identical to the reduction band in TPR profile of the Ni catalyst
containing CaO-ZrO; at 0.55 mole ratio of CaO/ZrO, in our previous work [31]. In
addition, the equal height of both the bands in the TPR profiles of NCZA (Cl) and

NCZA (SI) implied that both catalysts consisted of the equal amount of CaZrOs.
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Thus, although NCZA (CI) and NCZA (SI) were prepared from the different methods

of impregnation, both catalysts contained the same phase and equal amount of

CaZrOs.
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Figure 4.18 — TPR profiles of all the Ni catalysts

It should be noted that TPR experiments provided the strong evidence on the
existence of CaZrO; phase, whereas XRD did not. Moreover, the existence of CaZrO;
phase is confirmed by ZrO,—CaO phase diagram. The phase diagram, considered at
0.5 mole ratio of CaO/ZrO, suggests that CaO reacts with ZrO, to form CaZrO; at
temperatures higher than 500 °C. The effects of calcination at 600 °C involved 2
stages of bonding among the oxides within NCZA (CI): (1) initial bonding between
the particles of CaO and ZrO, becoming CaZrOjs after heating from ~500 °C, (2)
subsequent bonding between the particles of CaZrOz; and NiO, and also that of ZrO,
and NiO. Therefore, it was possible that CaZrOs; with nanometer size, which was

below the detection limit of XRD (<5nm), was formed in both the Ni catalysts. The
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reduction band in the temperature range of 700-800 °C is attributed to the reduction

of NiO specie strongly reacted with ZrO, in NCZA (ClI).

4.2.4 Relationship between the impregnation methods and structural

characterizations

By combining XRD, BET surface area, average pore diameters and TPR
results, although both NCZA (Cl) and NCZA (Sl) had the same composition, the
different methods of impregnation led to the distinguishable structural characteristics.
NCZA (SI) revealed (1) an additional diffraction peak of ZrO,, (2) the negative
percentage change of pore diameter and (3) the irreducible condition of NiO on ZrO..
These characteristics of NCZA (SI) are attributed directly to its preparation method by
sequential impregnation. For the first impregnation and calcination, the surface of the
modified y-Al,O3 consisted of the highly-stable phases of ZrO, and CaZrO; due to the
high-temperature calcination (850 °C). The results, therefore, involved the strong
peak of ZrO, in the XRD pattern and also the smaller pore diameter due to the
formation of oxygen vacancies on the surface of CaZrOs;. For the second
impregnation and calcination, NiO was deposited on some part of ZrO, and CaZrO;
particles and on y-Al,O3 surface. The deposition of NiO on the stable, separated ZrO,
particles offered strong interaction between NiO and ZrO, due to the high-
temperature calcination leading to the unreducible condition of NiO on ZrO, particles.

For NCZA (Cl), its structural characteristics resulted from fine dispersion and
intimate connection among NiO, CaO, and ZrO, particles leading to the existence of
nanocomposite of the three phases. Therefore, NCZA (Cl) did not show the

diffraction peaks of ZrO, due to the nanometer-size particles of ZrO,. The larger pore
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diameter after the reduction stage in the nanocomposite catalyst is because NiO and
CaZrOs that contact with each other and were reduced simultaneously released their
oxygen atoms and then led to the combination of oxygen vacancies to the larger

pores.

4.2.5 Catalytic testing

CH, conversion during steam methane reforming over all the Ni catalysts for
30 h is shown in Fig. 4.19. NA indicated the CH,4 conversion between 85 and 98%
over 30 h. CH4 conversion of NCZA (SI) was in the range of 75-95%. CH,
conversion of NCZA (CI) was low (~55%) at the time on stream of 1 h, increased to
98% and then continue at this level over a period of time, and finally dropped to
~45% at the time on stream of 30 h. NZA (SI) showed the wide fluctuation in CH,4
conversion from 0-98%. Fig. 4.20 exhibits H; yield during steam methane reforming
over all the Ni catalysts for 30 h. H, yield of NA (~65%) was slightly higher than that
of NCZA (SI) (~60%). For NCZA (ClI), the trend of H, yield was similar to that of its
CH, conversion, i.e., H, yield was low (~35%) at the early stage, and then increased
to 65% over the subsequent 20 h, and finally dropped to 45%. In the case of NZA

(SI), the H, yield widely fluctuated from 0-80% similar to its CH4 conversion.
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Figure 4.19 — CH4 conversion during steam methane reforming over all the Ni
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catalysts at 800 °C and S/C ratio of 2 for 30 h
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Figure 4.20 — H, yield during steam methane reforming over all the Ni catalysts at

800 'C and S/C ratio of 2 for 30 h
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Fig. 4.21 and 4.22 demonstrate the CO and CO, concentrations, respectively,

in the outlet products, obtained from steam methane reforming over all the Ni

catalysts. The concentration of both product gases is useful for discussion on the

reactions of carbon gasification and water gas shift reaction (WGSR) (Eg. 2.2) and

Boudoudard reaction (Eg. 2.5).
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Figure 4.21 — CO concentration in outlet product compositions during steam methane

reforming over all the Ni catalysts at 800 'C and S/C ratio of 2 for 30 h
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Figure 4.22 — CO, concentration in outlet product compositions during steam methane

reforming over all the Ni catalysts at 800 'C and S/C ratio of 2 for 30 h

According to Fig. 4.21, NA yielded the highest concentration of CO (17%)
over 30 h. The result is attributed to the more, continued existence of Boudouard
reaction (Eq. 2.5) on NA. At T >730 °C, the backward reaction takes place causing
the deposited carbon to react with CO, providing the higher CO concentration
[32,33]. NCZA (CI) and NCZA (SI) provided rather low CO concentration (6-8%) in
contrast to NA. The results suggested that the existence of CaO-ZrO, in NCZA (Cl)
and NCZA (SI) did not facilitate the Boudouard reaction on the surfaces of both
catalysts. NZA (SI) showed the wide fluctuation in CO concentration, similar to its
fluctuation in CH,4 conversion and H; yield. The results of CO, concentration revealed
that the existence of water gas shift reaction on the surface of all the Ni catalysts was

almost the same.
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4.2.6 Catalyst deactivation

TEM images of all the spent catalysts are exhibited in Fig. 4.23. After the
catalytic testing, the Ni crystal sizes in NA and NZA (SI) were significantly smaller
than those of NCZA (CI) and NCZA (SI). The results are attributed to the sintering of
both Ni catalysts due to the existence of CaO and ZrO,. Zou et al. [34] found that the
small amount of additives can accelerate and decelerate the sintering and
transformation of y-Al,O3. Thus, CaO-ZrO, promoter could accelerate the sintering
of both Ni catalysts. However, the sintering of both Ni catalysts showed no significant
effect on their activity over the period of catalytic testing in this work. NA and NZA
(S1) revealed the existence of whisker carbon, whereas NCZA (CI) and NCZA (SI)
did not. The non-existence of whisker carbon in NCZA (CI) and NCZA (SI) resulted
from the existence of CaO and ZrO, in both catalysts leading to strong metal-support
interaction (SMSI) between Ni active sites and CaO-ZrO, phases and thus inhibited
the formation of whisker carbon in steam methane reforming at 800 °C. The
morphology of deposited carbon on the spent catalysts is closely examined by
HRTEM as shown in Fig. 4.24. HRTEM images with scale bar of 40 and 90 nm
exhibited the existence of whisker carbon in NA and NZA (SI). HRTEM images with
scale bar of 7 nm revealed the existence of encapsulating carbon in NA, NZA (SI) and
NCZA (CI). NCZA (SI) was not affected by the formation of encapsulating carbon
due to its structural characteristics. Most Ni active sites deposited on CaZrOs_; leading
to the continuous supply of water molecules from CaZrOg3; sites to the Ni active sites
through the connected area between them. The process of facilitation in the supply of
water molecules resulted in carbon gasification inhibiting the formation of

encapsulating carbon in NCZA (SI). However, although the amount of CaZrOgs; in
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NCZA (CI) was comparable to that in NCZA (SI) as suggested by TPR results, the
considerable amount of encapsulating carbon existed only in NCZA (Cl) after
catalytic testing. This result implied that the different method of impregnation affect

the formation of encapsulating carbon differently and significantly.

NA NZA (SI)
t* - .
<o ol % '_
;, e | )
.. -
_‘q, ¥ 3 e
200nm
e NCZA (Cl)

Figure 4.23 — TEM images with 200 nm scale bar of all the spent Ni catalysts
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Figure 4.24 —- HRTEM images with 7, 40 and 90 nm scale bars of all the spent Ni

catalysts
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Table 4.4 shows the total amount of carbon in all the spent catalysts using
TGA in O, atmosphere. The order of increase in the total amount of carbon was
NCZA (Cl) < NCZA (SI) < NA < NZA (SI). It was noticeable that although NCZA
(C1) indicated quite low total amount of carbon, its CH, conversion and H, yield
dramatically dropped at the time on stream of 30 h. The results confirmed that the
large amount of encapsulating carbon in NCZA (CI) was a crucial factor in its rapid
deactivation [24]. NZA (SI) exhibited the largest amount of deposited carbon due to
the more existence of whisker carbon as shown in Fig. 4.23 and 4.24 resulting in the
marked fluctuation in the activity of NZA (SI). The reason why whisker carbon led to

the fluctuation in activity was clearly explained in our previous work [31].

Table 4.4 — Total amount of carbon after catalytic testing by TGA in O, atmosphere

Catalysts Total amount of carbon (MQgcarbon/Jcat)
NA 107

NZA(SI) 123

NCZA(CI) 5

NCZA(SI) 100

4.2.7 Relationship between the impregnation methods and catalyst

performance

NCZA (CI) showed the high, steady activity for 30 h of time on stream.
However, its activity rapidly dropped due to the higher amount of encapsulating
carbon. The existence of encapsulating carbon was because the structural features of

Ni—CaO-ZrO, nanocomposites (fine dispersion and close contact among NiO, CaO,
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and ZrQO,) involved the appropriate characteristics of surface for the adsorption and
dissociation of CH4; molecules; however, these mechanisms competed against the
adsorption and dissociation of water molecules on the nanocomposite surface. Since
the mechanisms of CH; dominated, the carbon was accumulated on the
nanocomposites resulting in the formation of encapsulating carbon on Ni-CaO-ZrO,
nanocomposites.

For NCZA (SI), although its activity was slightly fluctuated, the relatively
small amount of carbon with the non-existence of encapsulating carbon was observed.
The slight fluctuation in its activity is attributed to the imbalance between carbon
deposition and gasification on its surface. In other words, its activity decreases
because the carbon deposition rate (CH, dissociation) is higher than the carbon
gasification rate (the supply of water from CaZrOs.s sites to Ni active sites through
their connected area). For the range of steady activity, the carbon deposition rate is
comparable to the carbon gasification rate.

In comparison with our previous work—the catalyst (N55CZA) was prepared
by sequential impregnation at the same composition, except that it was calcined at 600
°C after first impregnation stage for the deposition of CaO-ZrO; on y-Al,O3 and
examined in steam methane reforming at 600 °C, the performance of N55CZA
differed from that of NCZA (SI). N55CZA showed the more existence of whisker
carbon, whereas NCZA (SI) hardly revealed that of whisker carbon. In addition,
N55CZA provided the higher H, yield than NCZA (SI1). The different results implied
that a reaction rate in steam methane reforming over (CaO-ZrO)-modified Ni/y-

Al,O3 catalyst calcined at 600 °C differed from that at 800 °C.
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XRD patterns of all the Ni catalysts after calcination at 700 °C for 1 h

are shown in Fig. 4.25. All the XRD patterns indicated the existence of a-Al,0O3 and

NiO phases. All the (CaO-ZrO,)-modified Ni catalysts revealed CaZr,Oq9 peaks at 20

= 30.5 and 50.5°. The intensity of CaZr,O9 peaks increased with increasing of CaO-

ZrO, content from 5 to 15 wt%. The CaZr,09 peaks showed amorphous characteristic.
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Figure 4.25 — XRD patterns of all the unmodified and modified Ni catalysts after

calcination
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Figure 4.26 — XRD patterns of all the unmodified and unmodified Ni catalysts after

reduction

Fig. 4.26 exhibits XRD patterns of all the Ni catalysts after reduction at
700 °C for 1 h. All the XRD patterns showed the phases of metallic Ni and a-Al,Os.
The intensity of CaZr,Og peaks increased with increasing the amount of CaO-ZrO in
the same way as the XRD patterns of all the Ni catalysts after calcination. However,
we noticed that the intensity of CaZr,Og peaks for the reduced Ni catalysts was lower
than that for the calcined Ni catalysts. From the observation, it is noteworthy to
determine the crystallite sizes of CaZr,Oq peaks at 20 = 30.5° for all the modified Ni
catalysts both after the calcination and reduction stages. The results of CaZr,O9 and
Ni crystallite sizes calculated from the Scherrer equation (Eq. 3.4) were shown in
Table 4.5. In addition, the crystallite sizes of metallic Ni for all the Ni catalysts were

indicated in Table 4.5.
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Table 4.5 — Crystal sizes of metallic Ni and CaZr,Oq from calculation by Scherrer

equation
CaZzrsOg (nm) at 26 = 30.5°
Metallic Ni (hm)
= 440 Change of
Catalysts at 20 = 440, After ' g .
plane (111) o After reduction  crystal sizes
calcination
(%)
N5(C2)A 19 4.3 4.1 -4.7
N10(C2)A 16 4.6 4.1 -10.9
N15(C2)A 15 5.6 4.6 -17.9
NA 26 - - -

The results exhibited the decrease of metallic Ni crystallite sizes, when
the total amount of CaO-ZrO; increased from 5 to 15 wt% in the modified Ni
catalysts. The unmodified Ni catalyst, NA, showed the largest crystallite size of
metallic Ni. In addition, when the total amount of CaO-ZrO, in the modified Ni
catalysts both after calcination and reduction increased, the crystallite sizes of
CaZzr,Og increased. The crystallite sizes of CaZr,Og in the modified Ni catalysts after

calcination were larger than that after reduction.

4.3.1.2 Textural characteristics

BET surface area of all the calcined and reduced Ni catalysts is
indicated in Fig. 4.27. Both after calcination and reduction, the surface area of NA
was the smallest in comparison to the modified Ni catalysts. After the addition of

Ca0-ZrO; into the unmodified Ni catalysts from 5 tol5 wt%, the surface areas of
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the modified Ni catalysts increased. The surface area of all the calcined Ni catalysts
decreased after the reduction stage. The percentage changes of surface area in all the
calcined Ni catalysts after the reduction stage were shown in Fig. 4.28. N5(CZ)A with
the low total amount of CaO-ZrO, showed the most negative—percentage change in
BET surface area after the reduction stage. When the total amount of CaO-ZrO; in
the modified Ni catalysts increased up to 10 and 15 wt%, the percentage changes
being negative in their BET surface areas were almost equal. It is interesting that the
percentage changes in the surface areas of N10(CZ)A and N15(CZ)A were almost

identical with NA.
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Figure 4.27 — BET surface area of all the calcined and reduced Ni catalysts
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Figure 4.28 — Percentage changes in BET surface area and average pore diameters of

all the calcined Ni catalysts after reduction stage at 700 °C for 1 h
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Figure 4.29 — Average pore diameters of all the calcined and reduced Ni catalysts



62

Fig. 4.29 shows the average pore diameters of all the Ni catalysts after
calcination and reduction. The average pore diameters of the modified Ni catalysts
were smaller when the total amount of CaO-ZrO, increased from 5 to 15 wt%. After
calcination, N15(CZ)A showed the smallest pore diameter in comparison to the other
Ni catalysts. The percentage changes in average pore diameters of all the calcined Ni
catalysts after reduction stage were indicated in Fig. 4.28. The average pore diameters
of all the calcined Ni catalysts were smaller than those of all the reduced Ni catalysts.
The percentage change in average pore diameter of NA was insignificant after the
reduction stage. On the other hand, the percentage changes in average pore diameters
of the (CaO-ZrO,)-modified Ni catalysts increased with increasing amount of CaO-

ZrO, from 5 to 15 wt%.

4.3.1.3 Temperature—programmed reduction (TPR)

TPR profiles of all the Ni catalysts are indicated in Fig. 4.30. NA
consumed H; in three ranges of temperature, i.e., 420-580, 580-680 and 680-950 °C.
All the (CaO-ZrO,)-modified Ni catalysts showed three—temperature ranges of
approximately 420-550, 550-710, and 650-740 °C, depending on the reducibility of
each catalyst. It is interesting that the highest H, consumption range (~550-710 °C)
began at almost the same temperature of 540, 570, and 555 °C for N5(CZ)A,
N10(CZ)A, and N15(CZ)A, respectively. In addition, the H, consumption finished at
the different temperature for each the modified Ni catalyst, i.e., at approximately 650,
700, and 680 °C for N5(CZ)A, N10(C2Z)A, and N15(CZ)A, respectively. When the
total amount of (CaO-ZrO,) increased from 5 to 15 wt%, the end points of H,

consumption were extended to the higher temperature. Nevertheless, N15(CZ)A
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showed the slightly lower end-temperature than N10(CZ)A. In addition to the lower
end-temperature of N15(CZ)A, the highest H, consumption was in the temperature

range of 420-550 °C.

=

S

[

S

o NA
£

2

[

o

(]

5 N15(CZ)A

N10(CZ)A

N5(CZ)A

200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 4.30 — TPR profiles of all the unmodified and modified Ni catalysts

4.3.1.4 Catalytic performance

CH, conversion during steam methane reforming over all the Ni
catalysts for 30 h is shown in Fig. 4.31. NA and N5(CZ)A showed the wide
fluctuation in CH,4 conversion, whereas N10(CZ)A and N15(CZ)A displayed the
rather constant conversion of CHs; N15(CZ)A provided the highest and most

continuous conversion of CH, (averagely 70%). The fluctuation in CH4 conversion
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decreased when the total amount of CaO-ZrO, in the modified Ni catalysts increased

from 5 to 15 wt%. NA showed the highest fluctuation and lowest conversion of CHj.
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Figure 4.31 — CH,4 conversion during steam methane reforming over all the Ni

catalysts at 700 'C and S/C ratio of 2 for 10 h
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Figure 4.32 — H; yield during steam methane reforming over all the Ni catalysts at

700 "C and S/C ratio of 2 for 10 h

H, yield during steam methane reforming over all the Ni catalysts for
30 h is displayed in Fig. 4.32. Obviously, N15(CZ)A provided the highest yield of H,
(~55-65%) in comparison with the other Ni catalysts (~22-50% H, yield). NA and
N5(CZ)A indicated the high fluctuation in H; yield similar to their fluctuation in CHa
conversion. It is interesting that although the CH4 conversion of N10(CZ)A was
almost identical to that of N15(CZ)A, N10(CZ)A noticeably provided the lower H,
yield than N15(CZ2)A.

Fig. 4.33 shows the CO concentrations in the outlet products during
steam methane reforming over all the Ni catalysts. N10(CZ)A and N15(CZ)A

provided the high CO concentration (~12%), whereas NA and N5(CZ)A provided low
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CO concentration (~4-5%). N15(CZ)A showed the unsteady concentration of CO in

contrast to the other Ni catalysts.
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Figure 4.33 — CO concentration in the outlet products during steam methane

reforming over all the Ni catalysts at 700 °C and S/C ratio of 2 for 10 h

The concentration of CO; in the outlet product compositions during
steam methane reforming over all the Ni catalysts is shown in Fig. 4.34. CO,
concentrations in the outlet products of N10(CZ)A and N15(CZ)A was higher than
that of NA and N5(CZ)A, which was similar to the CO concentration results. It is
interesting that although CO concentration of NA was identical to that of N5(CZ)A,
CO; concentration of NA was slightly higher than that of N5(CZ)A. In comparison to
N10(CZ)A, N15(CZ)A showed the lower CO concentration, while provided the

higher CO, concentration.
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Figure 4.34 — CO, concentration in the outlet products during steam methane

reforming over all the Ni catalysts at 700 'C and S/C ratio of 2 for 10 h

4.3.1.5 Catalyst deactivation

HRTEM images of all the spent catalysts are shown in Fig. 4.35. The
HRTEM images indicated the difference between the unmodified and (CaO-ZrO,)-
modified Ni catalysts. The unmodified Ni catalysts, NA, indicated the large particle
size of a-Al,O3 support. In addition, NA exhibited the existence of large metallic Ni
crystallite size, according to the calculation by Scherrer equation. The amount of
CaZrO3 nanoparticles was increased with increasing the total amount of CaO-ZrO,.
The agglomeration and sizes of calcium zirconate nanoparticles were also increased

with increasing CaO-ZrO, amount.
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Figure 4.35 - HRTEM images with 200 nm scale bar of all the spent Ni catalysts

Fig. 4.36 shows HRTEM images (7-90 nm scale bars) of all the spent
catalysts to observe the morphology of deposited carbon. For the scale bars of 40 and
90 nm, NA (the unmodified catalyst) indicated the more existence of whisker carbon
whereas the other catalysts (the modified catalysts) did not indicate the existence. In
the case of HRTEM images with 7-nm scale bar, each spent Ni catalyst exhibited the
different morphology of deposited carbon. N5(CZ)A revealed the considerable
existence of whisker carbon whereas N10(CZ)A did not indicated the existence of any
species of deposited carbon. N15(CZ)A showed the existence of encapsulating

carbon. NA exhibited the existence of both encapsulating and whisker carbon.
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Figure 4.36 — HRTEM images with 7-, 40- and 90-nm scale bars of all the spent Ni

catalysts
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Table 4.6 indicated the total amount of carbon and nickel oxidation in
all the spent catalysts. The order of increase in the total amount of carbon in the spent
Ni catalysts was N10(CZ)A =~ N15(CZ)A < NA < N5(CZ)A. In comparison to NA,
N5(CZ)A showed the highest amount of carbon deposition, whereas N10(CZ)A and
N15(CZ)A indicated the smaller amount of carbon deposition. In the case of the
oxidation of nickel in all the spent catalysts, the order of increasing nickel oxidation

of all the spent catalysts was N10(CZ)A < N15(CZ)A < N5(CZ2)A < NA.

Table 4.6 — Total amount of carbon and nickel oxidation in all the spent Ni catalysts

determined by thermo-gravimetric analysis (TGA) in O, atmosphere

Total amount of carbon

Catalysts Oxidation of nickel (%)
(MQcarbon/Jeat.)

N5(CZ)A 32.6 0.34

N10(CZ)A 6.6 0.03

N15(CZ)A 6.9 0.16

NA 13.4 0.37

4.3.2 Discussion

4.3.2.1 Effect of CaO-ZrO, loading percentage on physico—chemical

properties of catalyst

The (CaO-ZrO,)-modified Ni catalysts indicated the increasing sizes
of CazZr,O9 peaks (20 = 30.5 and 50.3°) when the total amount of CaO-ZrO,
increased from 5 to 15 wt% as shown in Fig. 4.25. In our estimation, the prepared

catalysts with 0.5 mole ratio of CaO/ZrO, should also exhibit CaZrO3 phase since the
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phase diagram of CaO-ZrO, suggested that CaZrO; was a stable phase at that
composition [16]. The undetectable phase of CaZrO; by XRD is attributed to its
crystallite being under the detection limit of XRD (~3-5nm) [6]. Although XRD was
unable to detect CaZrO3; phase, the decreasing size of CaZr,Og peak (20 = 30.5°) in
the modified Ni catalysts after the reduction stage implied that the CaZrO3 phase
existed in the modified Ni catalysts. In other words, CaZr,Og remained stable under
H, atmosphere at high temperature; thus, the crystallite of CaZr,O9 should be
unchanged. Since cubic CaZrO; displays its diffraction line at 20 = 31.4 and 50.7°
which are close to the diffraction line of CaZr,Oq, it is believed that the decreasing
sizes of CaZr,Oq peaks originated from the release of oxygen atoms in CaZrOs;
structure during the reduction stage leading to the decrease in size of CaZr,Oq peaks.
In addition to the confirmation of CaZrO; existence from the decreasing size in
CaZr,Oq diffraction peaks, TPR results (Fig. 4.30) strongly confirmed the existence of
CaZrOg3 phase. TPR profiles of the modified Ni catalysts showed the clear evidence of
H, consumption from ~550 to 710 °C which is the temperature range of reaction
between oxygen atoms in CaZrO3 phase and H, molecules to form H,O molecules.
The amount of H, consumption in the above temperature range is comparable to that
of the modified Ni catalysts in our previous work [31,35]. However, the unmodified
catalyst, NA, indicated the consumption of H, at the peak temperature of
approximately 670 °C which was the same temperature rage of CaZrO3 reduction. The
H, consumption of NA is attributed to the uptake of H, by NiO specie strongly
reacting with a-Al,O3 [36].

From Table 4.5, the crystallite size of the metallic Ni was decreased
with increasing total amount of CaO-ZrO, from 5 to 15 wt%. The decreasing

crystallite size of the metallic Ni was resulted from the increase of the CaO-ZrO,
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amount in the Ni catalysts leading to the fine dispersion of NiO clusters. In addition,
the crystallite size of calcium zirconate (CaZr,Oq, CaZrO3) was increased when the
total amount of CaO-ZrO, increased (the meaning of calcium zirconate after this
explanation covered the phases of CaZr,Oq and CaZrOs). The result may be attributed
to the occurrence of solid state sintering of the nearby calcium zirconate particles.

The percentage change of the CaZr,Oq crystallite size was increased
from -4.7 to -17.9% with increasing CaO-ZrO, amount. The negative increase
confirmed the increase of the oxygen vacancies with increasing CaO-ZrO; in the
modified Ni catalysts. The unmodified Ni catalysts (NA) showed the largest
crystallite size of metallic Ni due to the low surface area of unmodified a-Al,O3
support (7.85 m?/g). The small area with low porosity of a-Al,O5 caused the non-
uniformity in NiO dispersion and larger Ni crystallite.

XRD and TPR results proved that the (CaO-ZrO,)-modified Ni
catalysts at 0.5 mole ratio of CaO/ZrO, consisted of the co-existence of CaZr,Og and
CaZrOg particles. The co-existence of two phases differed from the phase diagram of
Ca0-ZrO, suggesting that only CaZrOs; would be formed at 0.5 mole ratio of
Ca0/ZrO,. The discrepancy is attributed to the intrinsic character of impregnation
method that is unable to uniformly disperse CaO and ZrO, particles on a-Al,O3
surface [6]. Therefore, the impregnation process created the two phases of CaZr,Og
and CaZrO; corresponding to the two phases demonstrating on left side of 50 mole %
CaO of the phase diagram [16].

Considering the surface area of all the prepared Ni catalysts, their
surface area increased when the total amount of CaO-ZrO, increased. The result is
attributed to the increasing formation of calcium zirconate nanoparticles (CaZr,O9 and

CaZrOg3) when the CaO-ZrO, amount increased. The increasing formation leads to the
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increase in the surface areas of the modified Ni catalysts. Interestingly, after the
reduction stage the surface area of all the Ni catalysts in this work decreased whereas
that in our previous work increased [31]. The different results are attributed to the
phase of Al,O5; support between a phase with no porosity and y phase with high
porosity. The results mean that although the Ni catalysts were prepared by the same
method of sequential impregnation, the formed phases of metallic Ni and CaO-ZrO,
promoter were deposited and/or dispersed in the significantly different ways on the
surface of a- and y-Al,Os. In the case of a-Al,O3 support, since there is almost no
pore in a-Al,Os3, all the calcium zirconate nanoparticles were formed individually and
dispersed together with a-Al,O3;. The features of co-existence of these phases are
responsible for the deposition of NiO clusters on calcium zirconate and a-Al,O3
particles after the stages of impregnation and then calcination of the Ni catalyst.
During the reduction stage, oxygen atoms at the deposited NiO clusters and the
CaZrO;3 surface reacted with H, molecules leading to the release of the reacting
oxygen atoms in the form of H,O molecules. The release of oxygen atoms created the
large amount of oxygen vacancies and thus large pores owing to the combination of
oxygen vacancies. The formation of large pores resulted in the decrease in the surface
area of the calcined Ni catalysts.

In the case of using y-Al,O3 support, it is believed that the CaO reacted
with ZrO, to form calcium zirconate nanoparticles and dispersed in the pores of y-
Al,O3 support [31]. The dispersion of calcium zirconate in pores involved the
deposition of NiO clusters on the surface of calcium zirconate in the pores and at the
wall of pores after the calcination stage. When all the Ni/y-Al,O3 catalysts were
reduced, oxygen atoms at the surface of the deposited NiO clusters and the CaZrO;

particles reacted with H, molecules leading to the release of oxygen atoms.
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Consequently, only some parts of the NiO clusters and the CaZrOj3 particles were
exposed H, gas during the reduction stage since the parts attached to the walls of
pores were unexposed to H, gas. The results led to the formation of nanopores
involving the increase in the surface area of all the Ni/y-Al,O3 catalysts.

Fig. 4.29 displays the increase in percentage change of pore diameters
of the calcined Ni catalysts when the CaO-ZrO, amount increases from 5 to 15 wt%.
The results implied that the more existence of CaZrOs particles led to the increasing
formation of oxygen vacancies. The increasing pore diameters are in agreement with
the percentage change in CaZr,Og crystallite sizes — calcium zirconate crystallite
sizes — as shown in Table 4.5.

Obviously, when the CaO-ZrO, amount increased, the percentage
changes in the pore diameters of all the Ni catalysts increased linearly, while the
percentage changes in their surface area were non-linear. N5(CZ)A had the
percentage change in surface area of - 25% during the reduction stage. The result is
attributed to two key factors: (1) the low total amount of CaO-ZrO, (5 wt%), and (2)
the catalyst reduction at 700 °C for 1 h. In the case of the first factor, the amount of
the formed calcium zirconate particles was quite low at 5 wt % CaO-ZrOy;
consequently, most of NiO clusters were deposited on a-Al,O3 surface resulting in the
low dispersion and thus large size of NiO clusters. For the latter factor, three oxides in
N5(CZ)A were reduced at 700 °C for 1 h (Fig. 4.30): (1) NiO at bulk (400-550 °C),
(2) CazrO; (550-650 °C), and (3) NiO strongly reacting with a-Al,O3 (650-720 °C).
The amount of reduced NiO in N5(CZ)A was higher than N10(CZ)A and N15(C2)A.
The highest amount of NiO reduced at 650-720 °C generated the large amount of

pores resulting in the decrease in the surface area of N5(CZ)A at -25%.
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According to the results of percentage changes in the surface area and
pore diameters during the reduction stage, they implied that the CaO-ZrO, amount in
the Ni catalysts significantly influenced their characteristics: (1) the phases of oxide
which were formed, (2) the amount of each oxide which was reduced, and the
reduction temperature range of each oxide.

TPR profiles (Fig. 4.30) revealed the reduced oxides and the amount of
reduced oxides. NA exhibited three—reduction bands at 420-580, 580-680, and 680—
950 °C corresponding to the reduction of bulk NiO, NiO strongly interacting with a-
Al,O3, and NiAl,O,, respectively [37,38]. It is interesting that NiAl,O, phase was
undetected by XRD, whereas it was detected by TPR. The limited capability for
detecting NiAl,Q, is attributed to the nanometer crystallites of NiAl,O4 being in the
detection limit of XRD (<3-5 nm). The (CaO-ZrO,)-modified Ni catalysts indicated
three—reduction bands approximately at 420-550, 550-710, and 650-740 °C which
are the reduction bands of bulk NiO, CaZrOs, and NiO strongly interacting with a-
Al,O3, respectively [21,31,35]. The TPR profiles of all the (CaO-ZrO,)-modified Ni
catalysts did not show the reduction band of NiAl,O4. The results implied that the
existence of calcium zirconate in the modified Ni catalysts inhibited the formation of
NiAl,O4 phase. The increasing amount of H, molecules were consumed by bulk NiO
as the CaO-ZrO, amount increased. The increasing consumption of H, molecules
resulted from the small and well-dispersed NiO clusters on the calcium zirconate
particles leading to the easier and larger amount of reduction. Therefore, the addition
of CaO-ZrO, to the Ni catalysts can enhances the structural characteristics, for
example surface area and pore diameters, of the Ni catalysts by the formation of

calcium zirconate.
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When the CaO-ZrO, amount in the Ni catalysts increased, the starting
and finishing temperatures of H, consumption showed the uncertain behavior. When
the CaO-ZrO, amount in the Ni catalysts increased from 5 to 10 wt%, the starting
temperature of H, consumption shifted from 540 to 570 °C and the finishing
temperature of that shifted from 650 to 700 °C. The noticeable shift in temperatures is
directly related to the increase in the CaZrO; crystallite sizes from 4.3 to 4.6 nm
(Table 4.5) resulting from the increase in the CaO-ZrO, amount in the Ni catalysts. In
other words, the increasing CaZrOs crystallite size leads to the higher stability and the
shift of H, consumption to the higher temperature range. The amounts of H,
consumption of CaZrO; were also increased as the CaO-ZrO, amount increased from
5 to 10 wt%. The results were related to the increasing formation of CaZrO; particles
with increasing CaO-ZrO, as confirmed by HRTEM images (Fig. 4.35 and 4.36).

However, the starting and finishing temperatures decreased to 555 and
680 °C, respectively, when the CaO-ZrO, amount in the Ni catalyst increased up to
15 wt%. The results are attributed to the stability of large CaZrO; particle size. Table
4.5 shows that CaZr,Oq crystallite of N15(CZ)A (5.6 nm) was larger than that of
N10(CZ)A and N15(CZ)A (4.6 and 4.3 nm, respectively). Since H, molecules reacted
with the CaZrO; particles only on the surface during the reduction process, the
oxygen vacancies were formed only at the surface of large CaZrO; particles, but in
every part of small CaZrO; particles. Therefore, when the CaO-ZrO, amount
increased to 15 wt% (N15(CZ)A), the formation of oxygen vacancies occurred only at
the surface of CaZrO; particles. The results explained the shift of H, consumption
peak to the lower temperature range and lower H,—consumption peak of CaZrOs in
N15(CZ)A, compared to N10(CZ)A. Interestingly, the TPR profiles (Fig. 4.30)

indicate the decreasing amount of NiO strongly interacting with a-Al,O3 with
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increasing the CaO-ZrO, amount. The results implied that the modification of a-
Al;O5 surface with CaO-ZrO, prevented the strong interaction between NiO and a-
Al,O3. The TPR results confirmed that the amount and size of CaZrO3—perovskite

particles strongly influenced the behavior of reduction of the modified Ni catalysts.

4.3.2.2 Effect of CaO-ZrO,, loading percentage on catalyst

performance

The wide fluctuation in CH,; conversion of NA and N5(CZ)A
(Fig.4.31) are attributed to the more existence of filamentous (whisker) carbon as
shown in Fig. 4.35 and 4.36. The existence of filamentous carbon was the major cause
of plugging in reactor resulting in pressure drop (the dramatic drop in outlet flow
rate). As a result of the dramatic drop, CH, conversion, which was obtained from the
calculation of eq. (3.3), was also decreased significantly. It should be noted that the
amount of Ni catalysts used in this work was low enough (100 mg) to make its inlet
pressure increased until the particles of Ni catalysts separated. As a result of the
separation of catalyst particles, the filamentous carbon no longer covered the Ni
active sites and returned to be active in the SMR reaction. The wide fluctuation in this
work was the same as that in our previous work [31,35]. The less fluctuation in CH,4
conversion and higher CH4 conversion were observed with increasing the CaO-ZrO,
amount from 5 to 15 wt%. The enhancement in catalyst performance is attributed to
the crystallite of metallic Ni, i.e., the increasing conversion and narrower fluctuation
of CH, resulted from the decrease in metallic Ni crystallites from 19 to 15 nm as
shown in Table 4.5 [39]. The small crystallites of metallic Ni provided the higher

number of Ni active sites leading to the strong possibility of CH, dissociation.
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Furthermore, the small crystallites mean the existence of strong metal-support
interaction (SMSI) between Ni and the (CaO-ZrO,)-modified a-Al,O3; support
leading to the inhibition of carbon—filament formation [40,41].

For the unmodified Ni catalyst (NA), its low CH,4 conversion and wide
CH, fluctuation are attributed to its large crystallite of metallic Ni (26 nm). The large
crystallite resulted in (1) the small amount of Ni active sites (low CH,4 conversion)
and (2) the weak metal-support interaction resulting in the formation of filamentous
carbon [39,42,44].

It is noticeable that N15(CZ)A provided the higher H, yield than the
other Ni catalysts, although its CH, conversion was comparable to N5(CZ)A and
N10(CZ)A. When the CaO-ZrO, amount rose up to 15 wt%, the formation of calcium
zirconate particles offered the cooperative features: (1) the considerable amount of
oxygen vacancies existing at the surface of particles, and (2) the continued existence
of neck and pores between each the particle. Both the cooperative features
significantly enhanced the adsorption of H,O molecules, and continuously transported
the H,O molecules towards their nearby Ni active sites. The results involved the large
dissociation of H,O molecules leading to the high H, yield of N15(CZ)A.

The CO and CO, concentration are in connection with water gas shift
reaction (WGSR), as shown in Eq. 2.2, occurring on the surface of each the Ni
catalyst. N10(CZ)A and N15(CZ)A provided the higher CO concentration than NA
and N5(CZ)A due to the difference in the carbon gasification rate on each individual
Ni catalyst. Since N10(CZ)A and N15(CZ)A contained the CaO-ZrO, amount of 10
and 15 wt%, respectively enabling NiO clusters to well disperse on the CaO-ZrO,)
particles, the Ni crystallite sizes were decreased to 16 and 15 nm, respectively (Table

4.5). The decreasing Ni crystallite sizes provided the higher Ni active sites facilitating
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the reaction of carbon gasification. In comparison to NA and N5(C2Z)A, they both
have larger Ni crystallites (26 and 19 nm, respectively) implying the smaller number
of Ni active sites for the gasification of carbon [22,23].

The results of CO; concentration during SMR over each the Ni catalyst
were similar to the results of CO concentration—N10(CZ)A and N15(CZ)A provided
the higher CO, concentration than NA and N5(CZ)A. The higher CO, concentration
resulted from the more existence of WGSR on N10(CZ)A and N15(CZ)A, compared
to NA and N5(CZ)A due to the cooperative effects of the small Ni crystallites and the
well-dispersed CaZrOs particles. Both of the effects led to the high adsorption of H,O
molecules and the continued transportation of H,O molecules from CaZrO3 particles
to Ni active sites. The mechanisms involved the more, continued existence of WGSR
on both Ni catalysts.

Fig. 4.35 and 4.36 exhibit the HRTEM images of spent catalysts
revealing the existence of metallic Ni, calcium zirconate particles, and a-Al,O3
particles. In addition, the HRTEM images indicated the existence of two carbon
species resulting in the catalyst deactivation: filamentous and encapsulating carbon.

Notably, the unmodified Ni catalyst (NA) showed the rather large
crystallites of metallic Ni and considerable variation in their sizes, compared to the
(CaO-Zr0O,)-modified Ni catalysts. NA revealed the more existence of both
filamentous and encapsulating carbon. The more existence of two carbon species in
NA is in agreement with the total amount of carbon in NA (32.6 mQcarbon), €Xamined
by TGA (Table 4.6). The large amount of carbon in NA originated from the continued
growth of filamentous carbon because the large Ni crystallite had the weak metal—
support interaction supporting the initial formation of filamentous carbon [22,23,44].

In the case of (CaO-ZrO,)-modified Ni catalysts, the total amount of carbon was
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about 32.6, 6.6 and 6.9 MQcarmon for the CaO-ZrO, amount of 5, 10 and 15 wt%,
respectively. The results revealed that the loading percentage of CaO-ZrO, in the Ni
catalysts strongly influenced the formation and amount of deposited carbon.
Interestingly, N10(CZ)A did not show the existence of encapsulating carbon.
Furthermore, N10(CZ)A vyielded the lowest total amount of carbon after catalytic
testing in SMR for 10 h (6.6 mg) and its percentage of Ni oxidation was the lowest
(0.03%) as shown in Table 4.6. The results indicated that N10(CZ)A had the highest
stability in SMR for 10 h compared to the other Ni catalysts. The stability of
N10(CZ)A resulted from the appropriate size and amount of calcium zirconate
particles, leading to the SMSI and then the inhibition of filamentous—carbon
formation. Moreover, the SMSI characteristic of N10(CZ)A was confirmed by the
large amount of NiO species strongly interacting with a-Al,O3 support as shown in its

TPR profile (Fig. 4.30).



CHAPTER V

CONCLUSIONS

We concluded our research works following the three-main parts of the

experiments.

5.1 Effect of variation in CaO-ZrO, molar ratio

CaO and ZrO; at different mole ratios in the Ni catalysts reacted and formed
different phases, i.e., monoclinic solid solution ZrO,, CaZrs;Oy, CaZrOs, and CaO.
These phases of CaO-ZrO, were contained in the Ni catalysts by sequential
impregnation and calcination at 600°C. These CaO-ZrO; phases were dispersed both
in pores and on the outside surface of y-Al,O3; and then covered by Ni particles. The
surface structure of the Ni catalysts supported on (CaO-ZrO,)-modified y-Al,O3
showed the different and complex results of BET surface area, catalytic activity, and
deactivation.

The Ni catalysts with monoclinic solid solution ZrO, (NZA) showed the large
amount of whisker carbon leading to the unsteady activity. CaZr,O9 contained in
N20CZA contributed to high surface area after reduction, high CH4 conversion, and
low amount of whisker carbon, however, N20CZA provided low H, yield due to low
water adsorption of CaZr,Oq. CaZrO3 contained in N35CZA, N45CZA and N55CZA
showed the existence of whisker carbon. Nevertheless, N55CZA provided the highest
H, yield due to the high water adsorption on CaZrOs; leading to the high carbon

gasification and water gas shift reaction.
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CaZrO; prepared from CaO/ZrO, mole ratio at 0.55 played a positive role for
steam methane reforming because its oxygen vacancies strongly favored the water
adsorption. The amount of oxygen vacancies in CaZrOjs significantly influenced the
activity and stability of the supported Ni catalysts. Another useful feature of CaZrOs;
is that it is a perovskite oxide prepared at lower temperature (>500 °C) with
nanometer size compared to other perovskite-type oxides [45].

However, whisker carbon arising from CaZrOs-modified Ni catalysts is unable
to be accepted. Therefore, further experiments on compositions and the conditions of
catalyst preparation should be conducted into elimination of whisker carbon and
improving CH,4 conversion. In addition, CaZrOs; can be used as a promoter of
catalysts for other reactions needing water as a reactant such as water gas shift

reaction or steam reforming of hydrocarbons.

5.2 Comparison between co-impregnation and sequential impregnation

The methods of impregnation, i.e. co-impregnation and sequential
impregnation, had the significant effects on both the structural characteristics and
catalytic reactions of the (CaO-ZrO,)-modified Ni/y-Al,O3 catalyst in steam methane
reforming. The stages of catalyst preparation not only directly influenced the forming
phases, BET surface area, average pore diameter, and the reduced species, but also
affected reaction mechanisms on the modified Ni catalysts leading to the major
difference in activity and stability of the prepared Ni catalysts. The co-impregnation-
prepared catalyst, NCZA (Cl), exhibited the slightly higher activity than the
sequential impregnation-prepared catalyst, NCZA (SI). However, the sequential

impregnation-prepared catalyst offered the higher stability than the co-impregnation-
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prepared catalyst over time on stream of 30 h because it possessed the appropriate
structural characteristics for the continuous supply of water from CaZrO3_; sites to Ni
active sites. It can also suppress the formation of encapsulating carbon, in contrast to
NCZA (Cl), in which indicated the more existence of encapsulating carbon. As a
conclusion, the activity and stability of the (CaO-ZrO,)-modified Ni/y-Al,O5 catalysts
in steam methane reforming depended not only on the chemical compositions, but
also the structural characteristics to satisfy the requirement for reaction mechanisms

in steam methane reforming, which were determined by the methods of preparation.

5.3 Effect of variation in CaO-ZrO, loading percentage

The variation in loading percentage of CaO-ZrO, amount contained in Ni/a-
Al,O5 catalysts significantly influenced the structural characteristics and thus the
performance of the modified Ni catalysts. When the total amount of CaO-ZrO, in
Ni/a-Al,O3 catalysts increased from 0 to 15 wt%, the structural characteristics of the
modified Ni catalysts were changed to the direction of decreasing in the Ni crystallite
sizes, and increasing in the amount of CaZrO3; nanoparticles, the BET surface area,
and the amount of reduced bulk NiO. In addition, when the total amount of CaO-ZrO;
increased, the amount of H, yield, CO concentration (carbon gasification), and CO
concentration (water gas shift reaction) increased, whereas the total amount of carbon
deposition decreased. The results of improved structural characteristics are attributed
to the more existence of CaZrO; particles supporting the Ni dispersion uniformly on
most CaZrOjs particles. In other words, nanometer—sized Ni metal was deposited on
CazZrO3 surface. The interaction between Ni metal and CaZrOz; support was

stronger—strong metal-support interaction (SMSI) with the smaller deposited—Ni-
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metal sizes. The key features of such co-existence led to the adsorption of H,O
molecules and then transport of H,O molecules from the large amount of oxygen
vacancies on the CaZrOs surface after reduction stage to the nearest Ni active sites.
The more existence of H,O molecules on the modified Ni catalysts enhanced the
existence of reactions of H,O dissociation, carbon gasification, and water gas shift
reaction involving CO, gas providing additional H, gas. Therefore, the modified Ni
catalyst with up to 15 wt% CaO-ZrO, provided the high H, yield. In the case of the
stability of the modified Ni catalysts, when the total amount of CaO-ZrO, increased,
the small amount of carbon deposition was formed due to the more existence of
carbon gasification on their catalyst surface and the SMSI in the catalyst hindering the
formation of filamentous carbon. Therefore, the Ni/a-Al,O3 catalyst modified with 15
wt% CaO-ZrO, and prepared by sequential impregnation proved to provide the

higher activity and stability than the unmodified Ni catalyst.
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