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CHAPTER |
INTRODUCTION

1.1 Overview and motivations

Transition metal nitrides possess different physicochemical properties from their
parent metals. The incorporation of nitrogen in the metal lattice enlarges the lattice
spacing metal-metal. As a result, nitride materials can behave like platinum metals
due to similarities in the electronic structure for most of the reactions. They also have
the potential of being their substitute, i.e. tungsten nitride, molybdenum nitride,
vanadium nitride, and chromium nitride [1-3]. In addition, metal nitrides are
catalytically active for many hydrogen transfer reactions such as ammonia synthesis,

hydrogenation, methanation and hydrogenolysis [2, 3].

For the applications, there are few studies about using noble metal-free to
increase the performance and endurance of Ni-based catalysts in dry reforming
reaction (DRM) i.e. Ni-Mo,C/Al,O, Ni-WC, CosMosN and Ni/SisNs and
Ni/BN@mSiO, [4-8]. Herein, titanium nitride (TiN) was one of the best candidate
materials to promote Ni/SBA-15 catalyst. TIN has many unique properties, such as
high chemical resistivity and functional physical properties including hardness, high
melting point, low sintering tendencies and relative low-cost commercially available
material [9-13].

As we known, carbon dioxide (CO;) and methane (CH,) are two of the major
greenhouse gases that substantially contribute to the world temperature increase and
the consequent effect of climate change. Growing concerns about long-term
environmental impacts of anthropogenic greenhouse gas emission have prompted
many attempts to reduce the amount of warming gases in the atmosphere through
their utilization. Currently, dry reforming reaction of methane with CO,, one of the

utilizations of greenhouse gases, has received considerable attention. This reaction
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establishes the conversion of CO, and CH,4, which can be converted to syngas
(mixtures of H, and CO). It can be used as an intermediate for the preparation of
valuable chemicals. This syngas, particularly with high CO production, was used as
raw materials to produce oxygenated hydrocarbon i.e. dimethyl ether and methanol
[14-16]. However, DRM process often depends on noble metal (Rh, Ru, Pd, Pt, and
Ir) as well as Ni-based catalysts [17-20]. Due to the high cost of noble metals, Ni-
based catalysts start to have attracted much interest for their high catalytic activity and
low cost. Nevertheless, they have less stability than noble metal because of carbon
formation over Ni-active sites, which lead to catalyst deactivation during the process
[19-22]. Therefore, we focused on the development of high catalytic activity Ni-based
catalyst with excellent resistance to coke.

Interestingly, several attempts have been made to suppress carbon deposition on
Ni-based catalysts by the addition of a promoter to modify the basicity of the support,
such as CaO or MgO which can enhance the stability and reduce carbon formation
[23-27]. With these promoters, Lewis basicity was increased and so the ability to
chemisorb CO, was improved by shifting the equilibrium toward CO (CO; + C —
2CO) which was proposed to reduce the Boudouard reaction (2CO = CO, + C) and
carbon nucleation [24-26]. Besides, the addition of a promoter could control the size
and facilitate the dispersion of NiO particles into mesoporous support which could
prevent the formation and growth of carbon and anti-sintering of metal catalysts [28,
29].

The type and nature of catalyst also show a significant influence on catalytic
performance and carbon formation [22, 24]. In this case, mesoporous silica SBA-15
has been extensively studied; regarding to its electronically neutral framework, large
pore size and high surface area which is suitable for being a support of a catalyst in
dry reforming reaction. The uses of zeolite also has been intensively studied,
regarding to technical applications as adsorbents, catalysts and catalyst supports with
high surface area, tunable large pore and narrow pore size distribution [30-32].
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To achieve the environmental and economic benefits for industrial, the
development of catalyst with high catalytic performance and coke resistance is
another focus point. Therefore, Ni/TiN incorporated into mesoporous silica is one of
the new type catalysts for this purpose. The preparation and characterization of
Ni/TiN particles embedded on the mesoporous silica SBA-15 and zeolite Y as well as
the possibility of using titanium nitride (TiN) to improve the catalytic activity of Ni-

based catalyst was explored in this work.

1.2 Objectives

1. To synthesize Ni and TiN incorporated porous silica as noble metal free
catalysts

2. To investigate the catalytic performance of porous silica supported Ni-based
catalyst with TiN promoter in dry reforming of methane

3. To compare the catalytic performance of the promoted Ni catalyst toward

micro and mesoporous silica support

1.3 Scope of research

In this study, SBA-15 and TiN-SBA-15 were synthesized and characterized
before Ni impregnation to form Ni/TiN-SBA-15. The catalytic performance of
Ni/SBA-15 with and without TiN was tested in DRM reaction for 4 h. The superior
catalysts were selected to characterize for the chemical and physical properties and
test. The catalyst stability test also has been done for 12 h. Finally, the optimal content
of Ni and TiN was prepared on zeolite Y support and also studied the catalytic

activity.
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The scope of research was briefly explained as follow:

1. Synthesis of Ni and TiN incorporated SBA-15 and zeolite Y
1.1 SBA-15 and TiN modified SBA-15 supported catalysts were prepared by
direct synthesis and then Ni impregnation. As for zeolite Y supported catalyst, Zeolite
Y was impregnated with TiN and Ni, respectively.
1.2 Investigate the effects of synthesis parameters on the physicochemical
properties of Ni and TiN incorporated porous silica
- TiN loading; 8, 15, 22, 28 wt%
- Ni content; 2.5, 5, 7.5, 10 wt%

1.3 Investigate the as-prepared samples by various characterizations

2. Study on the catalytic performance.
2.1 Study the effectiveness of the prepared catalysts (24 samples) in DRM
reaction
2.2 Investigate the effects of reaction parameters on the selected catalysts:
- Molar ratio of CH,4 : CO>, 1:1
- Catalyst loading, 0.025, 0.05and 0.1 ¢
- Reaction temperature at 450-700 °C
2.3 Determine the amount of carbon deposition by using the thermogravimetric
analyzer
2.4 Study the catalytic stability

3. Study on the catalytic performance of the optimum contents of Ni and TiN on

zeolite suppo



CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Titanium nitride (TiN)

TiN is a ceramic material with high melting point, excellent thermal stability,
high oxidation and chemical resistance. One of the unique characteristics of metal
nitrides is their bonds in the structure, which is largely metallic with strong overlap
between the metal atoms. Therefore, the interstitial sites within the metal sub-lattice
are normally prone to occupy by the N atoms [1, 33]. TiN has acrystal
structure of NaCl-type or face centered cubic structure (fcc). Nonetheless, the
structure could exhibit different content of nitrogen; TiNyx compounds with the

fraction (x) can vary from 0.6 to 1.2 [34].

Figure 2.1 FCC structure of TiN [35]

Noteworthy, it was revealed that early-transition-metal carbides and nitrides
exhibit catalytic activities that are similar to those of noble metals or platinum-group
metals (PGMs) [1, 33, 36]. In case of TiN, it has not only the advantages as low costs
and high availability but the catalytic applications, such as oxidation, reduction,
alkylation and hydrogenolysis, were also reported [11-13, 37]. This makes it a good
choice for the development of catalyst with high catalytic performance and coke
resistance. Therefore, TiN is one of the most attractive promoters in many industrial

applications, as the reforming of methane with carbon dioxide.
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Table 2.1 Physicochemical properties of TiN [38].

Property Information
Form Powder
Molecular Weight (g/mol) 61.87
Particle size <3um
Melting point (°C) 2930
Density (g/ml) 5.24
Crystallography Cubic
Color Black
Vickers Hardness (GPa) 18to 21
Solubility In Water Partly soluble in water

2.2 SBA-15

SBA-15 (Santa Barbara Amorphous) is a mesoporous silica material with a
uniform, well-ordered structure and the pore diameter in the range of 2-50 nm. Its
unique characteristics is suitable for many industrial applications i.e., catalysis, ion-
exchange, separation, adsorption and nanotechnology. [39, 40] It was developed since
1998 by Zhao et al. [32].

Typical synthesis requirements of SBA-15 involve a triblock copolymer as a
structure directing agent and the Tetraethyl Orthosilicate (TEOS) as a silica source.
Many researchers have paid considerable attention to the development of mesoporous
silica in order to design their preferred properties. In terms of material synthesis,
several studies have reported the use of functionalized SBA-15 for both direct- and

post-synthesis, together with organic and inorganic compositions such as NH,-groups,
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Pr-SO3H, Al, and TiO, [41-46]. A comparison of all the mentioned processes has
revealed that one-step direct synthesis method has many advantages over post-
synthesis method, such as higher specific surface area and pore volume, which can
reduce the blockage of pore channels and agglomeration on the surface, avoiding to a
loss in the effectiveness of the desired mesoporous composite [47]. However, the
addition of a new component to the SBA-15 structure is challenging. The key to
success here is not only maintaining the hexagonal structure but also adding-up new

features into the material.
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Figure 2.2 Hexagonal structure of SBA-15

2.3 Zeolite Y

Zeolites are microporous crystalline aluminosilicates, consisted of AlO,4 and
SiO,4 joined into 3-dimensional frameworks. Zeolite Y exhibits the FAU (faujasite)
structure, which has pores arranged perpendicular to each other. Faujasite was first
discovered in 1842 by Damour and this named was for Barthélemy Faujas de Saint-

Fond, a French geologist and volcanologist [48].

Zeolite Y has the largest pores over any known zeolite at 7.4 A and the
aperture is formed by a 12 member ring which results in a larger cavity of diameter
12A [49]. The cavity is surrounded by 10 sodalite cages and the unit cell is cubic with
a length of 24.7A. It has a void volume fraction of 0.48, with a Si/Al ratio > 1.5. It has
thermally decomposes temperature at 793°C. It has some interest points to develop a
metal-based catalyst for the industrial applications of CO, reforming of CH, since
zeolite Y provide excellent properties (e.g. high surface area, high thermal stabilities,
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and high affinities for CO, adsorption) so it has a potential for being a catalyst support
in the DRM reaction [50-52].

Si
o 9 o
Al—O-Si—0-AlI-0-Si—0—Al
| CI) |
L

Figure 2.3 Faujasite structure of zeolite Y [53]

2.4 Dry reforming (DRM)

The increased concern on the contribution of greenhouse gases to global
warming pushes the interest in the replacement of a reactant from steam to CO,. The
dry reforming reaction (DRM) can be represented by eq.1. The two most abundant
greenhouse gases in the atmosphere, CO, and CH,, are used as the reactants to
produce syngas with H,/CO ratio < 1 which leads to higher selectivity for long chain

hydrocarbons production [17].

CO, + CHs = 2H, + 2CO AH®,95= 247 kJ mol'l

The reforming of CH, with CO, (DRM) has attracted considerable interest
from researchers to the development for practical utilization, as it provides many
advantages namely, reduction of CO, and CH, alteration of the main
greenhouse gases (CH4 and CO,) into syngas. DRM is also an efficient usage of low-
grade natural gas resources consisting of natural gas and CO, for valuable syngas
production of high CO/H; ratio.
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2.4.1 Reaction thermodynamics

DRM (eq.1 in Table 2.2) is a highly endothermic reforming reaction with
regard to its thermodynamics of reforming with CO, is similar to steam reforming
(SM) reaction but slightly higher endothermic than SM. Moreover, DRM produces
synthesis gas lower H,/CO ratio than SM. In addition, carbon dioxide could be
counted as an oxidizing agent in DRM reaction [22] which is not oxygen or steam that
requires in other reforming reactions. The chemistry and other chemical reactions
involving in carbon dioxide reforming of methane are revealed as eq.1-6 in the Table
2.2.

The existing of CO; raises a possibility to generate carbon or coke on catalyst
surface due to the reverse water gas shift (RWGS) reaction (eq.5) which not only
utilize H; but also produce CO. Thus, the reaction equilibrium of DRM (eq.1) might
affected by the simultaneous RWGS reaction, this leads to a lower of H,/CO ratio
than 1.

Table 2.2 Reaction equilibrium for syngas production from CH,4 and CO, [54, 55]

AH®50g AG® Limiting eqg.
Reaction Temperature (°C)

CO, + CHy = 2H, + 2CO 247 61770-67.32T lower limit 640 1
(DRM)
CH;+ H,0 = CO + 3H, 206.2 2
CHs= Cyys + 2H, 75 2190-26.45T lower limit 557 3
(methane cracking)
2C0O = CO; + Cygs -172 39810+40.87T  upper limit 700 4
(Boudouard reaction)
CO,+ H, = CO + H,0 41 -8545+7.84T upper limit 820 5

(reverse water gas shift)
COy+ Hy = Cyys + HO -131 6

(reverse carbon gasification)
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Catalysts have been employed to reduce the energy demand for activation the
reaction with regards to equilibrium calculations. Meanwhile, catalyst deactivation
due to coke deposition via the Boudouard reaction (eq. 4) and/or CH4 decomposition
(eqg. 3) is also a major problem. CH, decomposition and the RWGS are endothermic
reaction and favored at higher temperatures. However, the reverse carbon gasification
(eq.6) and the Boudouard reaction are exothermic reaction and favored at lower
temperatures. Consequently, the results of thermodynamics analysis of these reactions
indicated that carbon formation is occurred during the temperature range of 500-
700°C [15, 55]. In addition, the equilibrium conversion of DRM (eq.1) could enrich at

higher temperature to avoid side reactions (eg. 3, 4 and 6).

2.4.2 Reaction mechanism

Many researchers have been attempted to clarify the reaction mechanism in
the carbon dioxide reforming of methane. However, the mechanism of this reaction
over supported metal catalyst depends on various factors for example; the type of
catalyst and support, temperature and the ratio of reactants. In brief, CH, is adsorbed
on metal surface and then dissociated to hydrogen and hydrocarbon species, CHy (x =
0-4), the number of x depends on temperature and the type of substrate. After CHy
and H atoms are resided on the active sites of metal, hydrogen species are recombined

to form hydrogen molecule and gradually desorbed into hydrogen gas.

However, types of support also provide different mechanism. As for acidic
supports, the reactants both CO, and CH,4 are only accelerated on the active sites of
metal and produce the carbon soot which could block the metal active sites. In case of
the basic supports, CO; is activated on the support into a carbonate species then it is
reduced by CHy species to generate carbon monoxide (CO). Furthermore, loading
another metal or a promoter could play an important role to promote the mechanism
[15, 54]. The possible proposed reaction mechanism in DRM process with catalyst is

presented in Figure. 2.2 and Table 2.2.
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Figure 2.4 Mechanism of DRM reaction via the nickel catalyst (C,: carbidic species
(Cy), Cy: carbonaceous species (Cg), Cy: carbidic clusters species (Cy). Dotted line is

the less possible pathway) [56].



Table 2.3 Reaction mechanism of DRM reaction over the supported metal catalyst

[54].

Catalyst composition

Proposed mechanism

Metal active site ; Mz

CHy+ ZM(aS) = CH3—M(as) + H—M(as)

CH3_M(a5)_M(as) = CHZ_M(as) + H_M(as)

C H 2 M (as)_ M (as) \_—\ CH_M(as) + H_M(as)

CH_M(as)_M(as) \_—\ C_M(as) + H_M(as)

2H-Ms) = Hae-Meas)

Support

e Acidic support:

CO2(g) = CO2(metary

CO2(metal) = COmetaly + O(metal)
COx(metaly = COgas)

e Basic support:

COz(g) = COx(support

COx(support) *+ O (support) = CO3” (support

2H(metat) = 2H support

COs” (support) + 2Hsupporty = HCO3 (supporty + OH (support
COsupport) = COgas)

Promoter

CO2(g) = O(promoter) + CO(support)

O(promoter) + C(metal) = CO(gas)
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2.5 Catalyst for DRM

2.5.1 Metal (active species)

Accordingly, dry reforming is a strongly endothermic reaction which requires
high temperatures, this leads to the rapid deactivation of the catalyst by carbon
deposition and/or metal sintering. It is well-known that noble metals; Ru, Rh, Pd and
Pt catalysts are very active in this reaction [19-22]. Regarding a high expense of noble
metals, they are not suitable to apply as a large scale in industries. Interestingly, Non-
noble (Ni, Co and Fe) metal catalysts also show high catalytic activities [57]. Ni
seems to be the most outstanding choice because it is cheaper, and comparatively
more active and selective. However Ni based catalysts have a tendency to deactivate
by coking [21, 22]. Thus, a current challenge is to find a noble-metal-free catalyst that

is resistant towards coking.

2.5.2 Support

Besides the active metal, the catalyst support is also an important parameter
for dry reforming. Several studies have shown that the nature of support influences in
terms of surface area, acid-basic sites and metal support interaction which affects the
catalytic activity and coke deposition [22]. In this case, the oxide supports (CeOy,
ZrO,, MgO, SiO,, TiO, Al,Os, etc) greatly impact the catalyst activity due to their
large surface area and basic property. From the previous studies, silica oxide
especially SBA-15 and zeolite-Y have potential properties for being supported in dry
reforming reaction due to their porous structure, high surface area and more resistance
to deactivation by coking [15, 51, 58].

2.5.3 Promoter

An additive without its own catalytic properties but improves the catalytic

activity is called a promoter. In general, CO, adsorption and dissociation take place

on catalysts surface during the DRM process. As for CO; is an acid gas so these steps
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could enhance by a basic catalyst. Therefore, the addition of an alkali or a basic
promoter (MgO, Ca0, TiO,, Y,0s3, etc) to the catalysts was productive in mitigation
of coking [24, 28, 59, 60]. Moreover, a small amount of noble metals were also
introduced into the catalysts as a promoter regarding to their high catalytic activity

and less coke formation.

2.5.4 Carbon formation

Various types of carbon were formed during the DRM reaction which relates
to the reactivity. Generally, there are three types of carbonaceous species presented on
the Ni catalysts; carbidic species (a-C), carbonaceous species (B-C), carbidic clusters
species (y-C) (see in Figure. 2.2). The a-C was considered for CO formation, while
the less active carbon types (B- C and y-C) affected to catalyst deactivation. The
previous studies revealed that different types of carbon represented alternation roles in
the DRM reaction. The less reactive (B-C) was suggested as a main contribution in the
catalyst deactivation. In case of a-C, it was enlarged with the continued DRM
reaction. However, this linear relation brings to the conclusion that a-C could play as
a reaction intermediate [24, 61]. These unstable surface carbides are subsequently
decomposes into filamentous and encapsulating carbon as shown in Fig 2.3 [62]. For
filamentous carbon, metal particles often appear at the tips of the growth carbon due
to weak interaction between metal and support [62, 63]. In case of the encapsulating
carbon, the graphitic layers are formed around the whole surface of metal particles.

These lead to blockage of the active sites and deactivate the catalysts [64].
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/ Encapsulating carbon

Support

Filamentous carbon

Figure 2.5 Schematic diagram of carbon formation; encapsulating and filamentous
carbon [63].

2.6 Literature reviews
e TiN

Yao. et al. [11] and Fischer. et al. [12] suggested that TiN was found to have a
strong tendency to catalyse the alkylation of ketones with alcohols and vyield
unsaturated compounds. Interestingly, TiN was proved to be the most effective
catalyst with almost 90% yield. TiN nanoparticles synthesized through the urea route
were more active than those produced through the C3Ny4 route. This can be related to

their relatively lower amount of residual carbon.
0
0
TiN N R R R"
R on ™ L gy TN RT T R-)K[

Scheme 2.1 Alkylation of ketones with alcohols, catalysed by mesoporous titanium

nitride.
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Molinari et. Al. [13] synthesized TiN-Ni and applied as a catalyst for
hydrogenolysis of aryl ethers as models for lignin. They prepared TiN as a support to
enhance the catalytic activity of Ni for the first time. TiN-Ni can successfully cleave
diphenyl ether with highly competitive to the commercial hydrogenation catalysts
such as Pd/C and Raney Ni.

Ham and Lee [65] studied the efficiency of transition metal carbides (TMCs)
and transition metal nitrides (TMNSs) as electrocatalysts which could replace the noble
metals. They found that TMNs have a possibility for oxygen reduction reaction
(ORR) higher than TMCs. TMNs has been known for a promotion of the 4-electron
pathway, and enhancement of stability via strong interaction with various metals.
However, TMCs are more active as anode catalysts for oxidation of fuels.

e Dry reforming of methane

Wu and Chou [66] prepared BN-supported Rh—Ni catalysts for dry reforming
reaction of methane with carbon dioxide. They found that BN exhibited a unique
property of minimum metal-support interference, due to the inert nature of BN, which
allowed the metal cluster to migrate freely and form Rh-Ni [19]. Therefore, yield of
hydrogen was improved with higher conversion of methane. Moreover, Coke

formation was slightly reduced on BN due to the strong metal support interaction.

Cai et. Al. [67] reported that the addition of a small amount of Rh promoted
the reducibility of Ni particles and decreased the Ni particle size of Rh—Ni/SBA-15
catalyst. In addition, the Rh—Ni bimetallic catalysts showed high activity and stability
in the dry reforming of methane when compared with Ni/SBA-15 catalyst.

Luengnaruemitchaiet. Al. [51] investigated the catalytic performance of Ni
based on various types of zeolites (zeolite A, zeolite X, zeolite Y, and ZSM-5) which
prepared by incipient wetness impregnation for the catalytic carbon dioxide reforming
of methane into synthesis gas at 700 °C, at atmospheric pressure, and at a CH4/CO,

ratio of 1. They found that Ni loading at 7 wt% showed the best catalytic activity on
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each zeolite support but the highest amount of coke was obtained. Moreover, the
stability of the Ni/zeolite Y was greatly considerably to the other catalysts with a high
CH, conversion (91.6%). Therefore, they suggested zeolite Y has very good potential

for being a support for Ni catalysts in the dry reforming of CHj.

Amin et. Al. [68] studied the activity of Ni supported on different
mesoporosus; SBA-15, MCM-41, KIT-6, and y-Al,O3, as catalysts for methane dry
reforming. After 20 h time on stream, the activity sequence in terms of CHy,
conversion was as following: Ni/SBA-15 (84%) > Ni/KIT-6 (77%) > Ni/y-Al,03
(67%) > Ni/MCM-41(51%). The rate of carbon deposition on the catalysts was as
follows: Ni/KIT-6 < Ni/MCM-41] < Ni/SBA-15 < Ni/y-Al,03. They suggested that
Ni/SBA-15 exhibited excellent catalytic performance in terms of catalytic conversion
and long-term stability. In addition, the activity for the silica framework catalysts

correlated strongly with their surface area and pore diameter.

Yasyerliet. Al. [69] investigated dry reforming of methane over the Ru and
Mg incorporated Ni-MCM-41 catalysts at low temperature (500-600 °C). They found
that H, selectivity significantly increased with increasing temperature, while CO
selectivity slightly decreased. However, reverse water gas shift reaction becomes
quite significant at lower temperatures.



CHAPTER Il
EXPERIMENTAL

The experimental section is divided into three categories as follow:
e Catalyst Synthesis
e Catalyst Characterization

e Investigation of Catalytic Activity

3.1 Catalyst Synthesis

3.1.1 Synthesis of pure SBA-15

Mesoporous SBA-15 was prepared according to the methods as described by
Zhao et al. [32]. To obtain the gel composition of 1.0 TEOS: 0.017 P123: 6.370 HCI :
40.857 H,0; 4 g of P123 was dissolved in 30 g of DI water and 120 g of 2.0 M HCI
by stirring the mixture at room temperature for 60 min. Then, 8.5 g of tetraethyl
orthosilicate (TEOS) was gradually added and stirred for 60 min. The mixture
solution was continuously stirred and aged at 40°C for 48 h. The white gel solution
was transferred into Teflon-PARR autoclave for crystallization at 100°C for 48 h.
Next, the white solid was filtered and washed with DI water to neutral pH value and
finally calcined at 550°C for 5 h.

3.1.2 Synthesis of TIN-SBA-15

TiN modified SBA-15 was prepared using a modified hydrothermal method.
The different amounts of the TiN powder (TiN <3 pum, Sigma Aldrich) were directly
dispersed into an acidic mixture solution of the triblock copolymer Pluronic P123
(EO20PO7EO,0, M;, ~ 5800; Sigma Aldrich), 2M HCI, DI water and TEOS. Next, the
mixture was continuously stirred at 35°C for 20 h and aged at 90°C for 24 h. Then, a

similar procedure was applied as the typical synthesis of SBA-15 for crystallization
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and filtration. The as-synthesized TiN-SBA-15 was obtained, and the organic
template was successfully removed by calcination at 550°C in a N, atmosphere for 4

h. The sequence of TiN-SBA-15 preparation is shown in diagram 3.1.

P123 (4 g) + 2 M HCI (120 g) + DI water (30 g)

Stir at 35°C

Add 8.5 g of TEOS and stir for 10 min

v Add 8-28 wt% of TiN and stir for 20 h

Solid products

Filter and wash with DI water
Dry at 90°C 24 h

Calcine under N, at 550°C for 4 h

v

TiN-SBA-15

Scheme 3.1 TiN preparation method

3.1.3 Synthesis of Ni/TiN-SBA-15

Nickel (I1) nitrate hexahydrate Ni(NOs),.6H,0 was dissolve in 15 mL of ethanol
and then it was added a drop wise to TiN-SBA-15. The suspension was stirred
overnight after that the solvent was slowly evaporated until obtained a homogeneous
grey powder. The powder was calcined under N, flow with at 500 °C for 3 h. The
prepared catalysts were denoted as xNi/yTiN-SBA-15 where x is the wt% of Ni (X =
2.5, 5, 7.5 and 10%) and y is the wt% of TiN containing in SBA-15; 5, 10, 15 and
18%, respectively.
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3.1.4 Synthesis of Ni/TiN-Zeolite Y

TiN was dissolved in 15 mL of ethanol and then impregnated into zeolite Y
(Si/Al =5.5, TOSOH). The mixture was stirred overnight and slowly evaporated to
obtain a homogeneous grey powder. Nickel (I) nitrate hexahydrate Ni(NO3),.6H,0 in
15 mL of ethanol was also impregnated a drop wise to TiN-Zeolite Y. Next, the

similar procedure was applied as the calcination of Ni/TiN-SBA-15.

3.2. Catalyst Characterizations

3.2.1 X-ray diffraction (XRD)

The structured of prepared sample was characterized using a Rigaku D/MAX-
2200 Ultima™ X-ray diffractometer (XRD) equipped with Cu K, radiation (40 kV, 30
mA) and a monochromator. The scattering slit, divergent slit and receiving were fixed
at 0.5 degree, 0.5 degree and 0.15 mm, respectively. The measurement was done at 2
theta angle between 0.7 to 3.0 degree and 10 to 80 degree.

3.2.2 Scanning Electron coupled with Energy Dispersive X-Ray
Spectrometer (SEM-EDS)

The morphology of catalysts and the composition of Ti, O and Si were analyzed
by JEOL JSM-7610F Field Emission Scanning Electron Microscope equipped with
Energy Dispersive X-Ray Spectroscopy attachment (FESEM-EDS). The powder
samples were distributed uniformly on the double sided carbon adhesive tape stuck on

the microscope specimen holder.
3.2.3. Fourier transform infrared spectroscopy (FTIR)
NICOLET 6700 FT-IR spectrometer was used to investigate the incorporated of

TiN in SBA-15 framework. The samples were prepared by the KBr-pellet technique
and analyzed in the wave number 400-4000 cm ™' with 4 cm™" resolution.
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3.2.4 Nitrogen adsorption-desorption technique

Specific surface area, total pore volume and mean pore diameter were
measured by N, adsorption-desorption isotherm at liquid N, temperature (-196°C)
with using highly pure nitrogen as an adsorbate. About 40 mg of sample was
pretreated at 400°C for 3 h under vacuum before analysis by BELSORP-mini
instrument. The surface area and pore size distribution were calculated by the BET
and BJH method [70].

3.2.5 Temperature program reduction and desorption (TPR and TPD)

The reduction and desorption temperature of catalysts were investigated by
Thermo Finigan, TPDRO 1100. In TPR, about 0.2 g of catalyst was treated at 400°C
in N2 for 1 h then cooled down to room temperature. Next, the catalyst was annealed
at 10°C/min up to 800°C in 5% H,/N, and held for 1 h. The amount of hydrogen

consumption was recorded as a function of temperature.

For the interaction of carbon dioxide, the catalyst was also treated at 400°C in
N2 for 1 h. Then the catalyst was annealed at 10°C/min up to 950°C in CO; and held
for 0.5 h. After that, the saturation CO, was removed by purging with helium at flow
rate 30 mL/min. The amount of CO, desorption was recorded as a function of

temperature.
3.2.6 X-Ray Fluorescence Spectrometer (WDXRF)
The elemental compositions of some catalysts were analyzed by WDXRF (S8

Tiger). The samples were pelleted before the measurement. The data was reported in
terms of % metal containing in the prepared catalyst.
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3.2.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed by a JEOL JPS-
9010MC, equipped with an Al Ka (1487 eV) X-ray source. The charging effected
from the measurement was corrected by setting the binding energy of carbon (C 1s) at
284.8 eV. The XPS spectrum can give the information about the surface chemistry of
a material i.e. binding energy, chemical state and electronic state of the elements that

exist within a material.

3.2.8 Transmission electron microscopy (TEM)

The microstructure of some samples was visualized by using JEOL JEM-2010
TEM, operated at accelerated voltage of 200 kV. The particle size and the distribution

of catalysts were obtained.

3.2.9 Thermogravity analysis (TGA)

After the reaction, the amount of coke formation on the catalyst surface during
the experiment was measured by Thermogravimetric Analyzer (209 F3 Tarsus). The
spent catalyst was annealed in air from room temperature up to 800°C in order to
achieve the mass loss by the oxidation and removal of carbon.

3.2.10 Gas Chromatograph Analyzer (GC)

Gas chromatography (GC) on-line analysis of gas-phase reaction products was
performed on PR2100 Perichrom equipped with automatic sampling valves. The
carrier gas carried the mixed feed gas: CH4, CO,, CO and H, at pressure of 50 kPa,
and flowed pass through the Porapack Q column then entering into the serial-arranged
a molecular sieve (13x) for H, and CO separation. The thermal conductivity detector
(TCD) was used to detect the filtered gasses by the temperature measurement. The
temperature of gas inlet, detector and oven were set up at 100°C, 120°C and 35-150

°C, respectively. The composition of permeation gas was analyzed by calculation of
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the peak area which compared to the standards from the calibration curve. The data

acquisition and analysis was performed by clarity computer software.

3.3 Catalytic activity investigation

The catalytic activity of the catalysts in dry reforming of methane and carbon
dioxide into synthesis gas was performed in batch reactor by using a homemade 316L
stainless steel reactor with 1/4” ID and 50 cm in length. Prior to the experiment, 0.5 ¢
of fresh catalyst was covered by quartz wool to get a catalyst bed height of ~2 cm
then packed into the reactor. N, was introduced into the reactor from room
temperature before switching to reduce the catalysts in 10% Hj/Ar at 600°C for 1 h.
Subsequently, the temperature was raise up to 700°C and then purged the reactant gas
with ratio of CH4/CO, = 1 with the flow rate of 20 mL/min at atmospheric pressure
with reaction time 4 h. The synthesized products were analyzed by gas
chromatography (GC) with TCD, for determination % yield of H,, and CO together

with % conversion and % selectivity of CH, and CO, as follow equations:

DRM =CO; + CHy <> 2H, + 2CO

%CHj, conversion 100 x ([CHglin — [CH4)out)! [CH4]in

% CO, conversion 100 x ([CO2]in — [CO2]out) [CO2]in

% H, yield 100 x 1/2[Hz]ou [CHa]in

% CO vyield

100 x [COJout / ([CHalint [CO2Jin)

% H, selectivity 100 x 1/2[Hz]out / ([CH4)in—[CHa]out)

% CO selectivity = 100 % [CO]out / (([CH4Jin—[CHalow) + ([CO2]in — [CO2]out)
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GC

10% H, in Ar

X

Ar

Figure 3.1 A schematic diagram of experimental apparatus for dry reforming reaction

1. Ball valve

2. Digital flow meter

3. Pressure gauge

4. Furnace

5. 316 L Stainless steel fixed bed reactor
6. Temperature controller

7. Cold trap



CHAPTER IV
RESULTS AND DISCUSSION

This chapter consists of three parts. The first part explains about the synthesis
and materials characteristics of SBA-15, TiN-SBA-15 and Ni/TiN-SBA-15. The
second part presents the catalytic activity of DRM reaction at 4 h using Ni/SBA-15
catalysts together with and without TiN. Moreover, the prominent catalysts were
selected to investigate the catalytic performance and their stability at 12 h on stream.
The last part presents the effects of support on the catalytic activity for zeolite Y

(microporous), compared with SBA-15 (mesoporous).

4.1 Characteristics and Properties of SBA-15, TiN-SBA-15 and Ni/TiN-SBA-15

4.1.1 X-ray diffraction (XRD)

X-ray diffractograms at low 20 range of SBA-15 and TiN-SBA-15 were
shown in Fig.4.1 (a). All materials exhibited three well-resolved diffraction peaks,
which can be indexed as (100), (110), and (200) reflections. These corresponded to
the well-ordered structure of p6mm space group of the SBA-15 characteristics [71].
Note that the (100) peak of TiN-SBA-15 showed a reduction in the intensity and
shifted toward a higher angle with an increasing amount of incorporated TiN. It was
due to the dilution of TiN with the silica oxide framework [72]. Emphasizing that TiN
content has an impact on the order of the mesoporous structure. However, TiN
incorporated SBA-15 (TiN-SBA-15) can still maintain mesoscopic pore structure of
SBA-15.

Fig. 4.1(b) showed the x-ray diffractograms at 26 between 10°-80° of TiN
loadings with different content of TiN in SBA-15. The broad peak around 26 = 22°
was the typical amorphous silica [47]. The diffraction peaks can be assigned to (111),
(200), (220), (311), and (222) of TiN (PDF-01-071-0299), confirming the existing of
TiN on the surface of SBA-15. Moreover, the small amount of rutile TiO, (PDF-01-
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072-1148) was also apparent. This could be due to the oxidation of TiN during
calcination of the as-synthesized materials in N, atmosphere, and also the ability of
TiN to form oxides of titanium; the adsorbed oxygen could easily react with TiN at
high temperatures [73]. The weight fraction TiN/TiO, of the prepared samples was
calculated using the Topas3 software, shown in Table 4.1. Well-dispersed TiN
particles in the silica framework were found in the samples with a low amount of TiN,
whereas the aggregation of high TiN loading was clearly observed with SEM-EDS
mapping. Highly dispersed TiN particles were easily oxidized to form TiO,. This was
confirmed by the TiN/TiO, weight fraction, which was less than or almost equal to
1/1 in case of (5TiN-SBA-15, 10TiN-SBA-15 and 15TiN-SBA-15) but nearly 3/1 for
18TiN-SBA-15.

Fig.4.2 shows the x-ray diffractograms for Ni/SBA-15 and Ni/TiN-SBA-15
samples. All samples exhibited three well-resolved characteristic peaks which can be
indexed to the (111), (200), and (220) of face-centered cubic phase NiO (JCPDS card
no. #47-1049). The presence of TiN on the surface of SBA-15 was confirmed by the
diffraction peaks (111), (200) and (220) of TiN (PDF-01-071-0299) and the small
amount of rutile TiO, (PDF-01-072-1148) was also observed.
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Figure 4.1 x-ray diffractograms (a) low-26 and (b) 26 between 10°—80° of pure
SBA-15 and TiN modified SBA-15.
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Figure 4.2 X-ray diffractograms of Ni based-catalyst both with and without TiN.
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4.1.2 Wavelength Dispersive X-ray Fluorescence (WDXRF)

An elemental analysis of the TiN incorporated in SBA-15 and containing of
both Ni and TiN in SBA-15 were summarized in Table 4.1. The estimated
composition of TiN was measured from Ti content. The value measurement of
samples at the same amount of TiN or Ni should be equivalent to other as-prepared

samples which was not characterized.

Table 4.1 Chemical composition of fresh catalysts.

Composition by WDXRF
Sample (wt%) TiN/TiO(Wt%)
(Topas3)
Ti TiN Ni
(calculation)
5TiN-SBA-15 3.8 4.9 - 44.2:55.8
10TiN-SBA-15 7.2 9.3 - 42.7:57.3
15TiN-SBA-15 11.2 14.5 - 30.6:69.4
18TiN-SBA-15 13.9 17.9 - 74.3:25.7
10Ni/SBA-15 - - 10.7 -
10Ni/5TiN-SBA-15 3.6 4.6 10.6
7.5Ni/10TiN-SBA-15 | 7.6 9.8 7.6 -
5Ni/5TiN-SBA-15 4.0 5.2 5.3 -
2.5Ni/10TiN-SBA-15 | 7.7 9.9 2.6 -
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4.1.3 X-ray photoelectron spectroscopy (XPS)

The XPS was performed to investigate the binding energy and chemical
information for the incorporation of TiN on the silica surface. The XPS peaks
were calibrated based on the C1s peak at 284.8 eV of the carbon peak reference. Fig.
4.3 (a) shows the Ti2p XPS spectra. For pure TiN, the Ti2p can be divided into 4
peaks of TiN and TiO, due to TiN is easily oxidized. The energy peak positions for
TiN were found at 455.7 and 460.0 eV whereas the best fitted binding energy of TiO,
were 458.2, 464.3 and 463.9 eV which were in agreement with the reported literatures
[37, 74-79]. However, the broadening spectrum of Ti2p could be the overlapping
signals of different Ti intermediate phases from the oxidation of TiN itself i.e. TiN,
TiO, and TiNxOy [37, 75, 80]. It is obviously that TiO; is the most abundant species
on the surface of the samples after the formation of TiN-SBA-15. The shift of Ti2py.,
and Ti2ps, from 464.2 to 463.9 eV and 458.4 to 458.2 eV with increasing TiN
loading was due to the agglomeration against the oxidation of TiN particles as

revealed by EDS results.

The sharp and intensive peak centered at ca.533 eV in Fig 4.3 (b) is the typical
binding energy of Ol1s XPS spectra of SBA-15, indicating that the Ti was
incorporated into the SBA-15 framework with Si—O-Ti cross-linking bonds [37, 74,
81, 82]. Another peak at about 529 eV can be seen only pure TiN and 18TiN-SBA-15
due to high TiN amount facilitated the formation of TiO; clusters as a second phase
[77, 81, 82]. However, a BE value at 531.0 eV is clearly observed on the surface of
pure TiN which related to the bonding of O to Ti by surface-adsorbed oxygen on TiN
or Ti-OH bond of the normal TiN sample [76, 77, 81, 83, 84]. It is noteworthy that

these observations are in accordance with the EDS and XRD results.
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Figure 4.3 XPS spectra of (a) Ti2p and (b) O1s of pure TiN and TiN-SBA-15.
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In case of the mesoporous silica surface modified with TiN and Ni particles,
the XPS spectra were presented in Fig. 4.4. The peak position of Ti2py, was shifted
from 464.3 eV (in 5TiN-SBA-15) to 464.6 eV (in 10Ni/5TiN-SBA-15). An increasing
of binding energy after the incorporation of Ni suggests a strong interaction of Ni-
TiN. It can be also seen that, the 10Ni/5TiN-SBA-15 has higher binding energy than
7.5Ni/10TiN-SBA-15. Thus, the composition of Ni and TiN has impact on surface
binding energy.

The main peak Ni2ps, of Ni-based catalysts both with and without TiN
loading is presented at 855.5 eV with satellite peak at 864.1 eV. The peak position of
Ni2py, was shifted from 872.7 and 880.2 eV (10Ni/SBA-15) to 873.7 and 880.7 eV
(7.5Ni/10TiN-SBA-15) and 873.5 and 880.4 eV (1ONi/5TiN-SBA-15). The higher
binding energy may associated with an increasing of metal-support interaction that
improved by TiN promoter. Thus, these catalysts can manifest in high catalytic
performance and stability along with low carbonaceous deposition and metal sintering
[85].
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Figure 4.4 XPS spectra (a) Ti2p and (b) Ni2p of fresh catalysts.
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4.1.4 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of SBA-15 and TiN-SBA-15 are shown in Fig. 4.5. All
samples demonstrated three characteristics peaks of SBA-15 at 1089, 806, and 470
cm %, respectively. These peaks were identified as condensed silica (Si-O-Si and O—
Si—O bending vibration). The peak shoulder around 970 cm™* was indicated as the
stretching vibration of the silanol group (Si—OH) [86, 87]. Moreover, the O—H
bending and stretching vibrations of the adsorbed water were indexed at 1640 cm™*
and 3400 cm*, respectively [87]. Nonetheless, the exhibited peak at ca. 1400 cm™
was used as a fingerprint of the existing incorporated TiN in the SBA-15 matrix,
which could not be found in the spectrum of conventional SBA-15. It was assigned to
the bending vibrations of O—H which formed by the N-H groups and the adsorbed
water as reported in the literatures [88, 89]. This is also another proved evidence of

TiN containing in SBA-15 framework.

(a) SBA-15 (pure) (d) 15TiN-SBA-15 |
(b) 5TiN-SBA-15 (e) 18TiN-SBA-15 |
(c)10TiN-SBA-15 (a (f) TiN (pure)

%Transmittance (a.u.)

4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 4.5 FT-IR spectra of (a) pure SBA-15, (b) 5TiN-SBA-15, (c) 10TiN-SBA-
15TiN, (d) 15TiN-SBA-15, (e) 18TiN-SBA-15 and (f) TiN modified SBA-15.
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4.1.5 Nitrogen adsorption measurements

The nitrogen adsorption—desorption isotherms of the synthesized SBA-15 and
TiN-SBA-15 are shown in Fig. 4.6. The results represented a type IV isotherm with
an Hj-hysteresis loop, indicating that the incorporation of TiN preserved the
mesoporous structure of SBA-15. However, loading TiN into siliceous SBA-15
resulted in a reduction of the surface area and the pore volume and a slight change in
the pore size of SBA-15, as shown in Table 4.2 and Fig. 4.7. The adsorption step of
TiN-modified SBA-15 also occurred at lower P/P, than that of normal SBA-15. This
means the increasing amount of TiN can influence the SBA-15 framework by partial
pore blocking and contributed to more disordered structure. This result was in

consistent with the low-angle XRD result.
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Figure 4.6 N, adsorption isotherms of SBA-15 and TiN-SBA-15 with different TiN

contents.
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Figure 4.7 Pore size distribution curves of SBA-15 and TiN-SBA-15 with different

TiN contents.

After Ni impregnation, the nitrogen adsorption-desorption isotherms of the
synthesized samples still presented a type IV isotherm with H1-hysteresis loop
between P/Py = 0.5-1.0, as seen in Fig. 4.8. This shows that having Ni incorporated
into TiN-SBA-15 can still preserve the mesoporous structure of SBA-15. From Table
4.2, a decreasing in surface area was found in all samples due to Ni incorporation in
the mesoscopic structure. The modified catalysts with TiN (LONi/5TiN-SBA-15 and
7.5Ni/10TiN-SBA-15) also showed lower surface area and pore volume than non-
modified catalyst (10Ni/SBA-15) that attributed to those blocked pores by TiN. The
catalysts pore diameters of 8.20, 7.18 and 7.18 nm were measured from 10Ni/SBA-
15, 10Ni/5TiN-SBA-15 and 7.5Ni/10TiN-SBA-15, respectively. It was also in

agreement with the results measured from TEM micrographs.
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Figure 4.8 N, adsorption-desorption isotherms SBA-15 and Ni-based catalysts.

Table 4.2 Textural parameters of SBA-15 and TiN modified SBA-15.
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Surface area Pore volume | Pore diameter

Sample Seer (MPG™Y) | Vi, (€M*g) | Dygypp (M)
SBA-15 703.74 1.10 8.20
5TiN-SBA-15 685.91 0.83 7.18
10TiN-SBA-15 592.02 0.62 7.05
15TiN-SBA-15 586.41 0.60 7.05
18TiN-SBA-15 532.11 0.52 7.05
10Ni/SBA-15 591.75 0.86 8.20
7.5Ni/10TiN-SBA-15 562.12 0.69 7.18
10Ni/5TiN-SBA-15 505.45 0.66 7.18
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4.1.6 Temperature-programmed reduction (TPR)

The reduction temperature of the prepared catalysts was characterized by H,-
TPR. Fig. 4.9 shows the TPR spectra of the pure TiN and some prepared samples of
Ni/TiN-SBA-15. It is obvious that there is no reduction profile of pure TiN while
there are two reduction peaks of the Ni-based catalysts. All samples with Ni showed
two sites of reduction signal around 400°C and 600°C. The first peak possesses the
highest intensity at ca.400°C which is the reduction temperature of bulk NiO species
or isolated NiO particles. This indicates the weak interaction with the support. The
second broad peaks at higher temperature mostly attribute to the reduction of NiO

species which had stronger interaction with the support [90, 91].

——TiN

— — 10Ni/STiN-SBA-15
- - - -10Ni/10TiN-SBA-15
—---=10Ni/15TiN-SBA-15
---- 5Ni/STiN-SBA-15
---------- 5Ni/10TiN-SBA-15
----- 5Ni/15TiN-SBA-15

TCD Signal (a.u.)

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4.9 TPR profile of pure TiN and Ni-based catalyst at 5 and 10%Ni containing
in 5TiN-SBA-15, 10TiN-SBA-15 and 15TiN-SBA-15.
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4.1.7 Temperature Programmed Desorption (TPD)

The CO,-TPD profiles of some Ni-based catalysts, 10Ni/SBA-15, 10Ni/5TiN-
SBA-15 and 7.5Ni/10TiN-SBA-15, were compared with pure TiN and 10TiN-SBA-
15, as shown in Fig 4.10. A desorption peak at around 460°C reflected the presence of
medium basic sites which were found in ones contained Ni-loading. Another appeared
adsorption peak was in temperature range around 800-950°C indicating the strong

basicity of pure TiN and TiN containing in SBA-15.

In comparison between pure TiN and TiN-promoted SBA-15, the desorption
temperature of 10Ni/5TiN-SBA-15 and 7.5Ni/10TiN-SBA-15 slightly shifted toward
lower temperature due to the incorporation of Ni. However, the desorption
temperature of 10Ni/5TiN-SBA-15 was higher than 7.5Ni/10TiN-SBA-15, indicating
its stronger basicity which could be related to the catalyst activity. Noteworthy, the
quantity of CO, adsorption on 10Ni/5TiN-SBA-15 and 7.5Ni/10TiN-SBA-15
catalysts was greatly higher than 10Ni/SBA-15 catalyst and 10TiN-SBA-15 (see
Table 4.3). The increasing of the basic site concentration for the Ni-based catalysts
could be an outcome of the higher electron density introduced by TiN. Therefore, the
presence of medium and strong basicity on the catalysts increased the adsorption
capacity of CO, on catalysts surface and urged to convert Boudouard reaction [24,
92]. This is important information to prove that TiN can promote the catalytic activity
and reduce carbon formation of Ni catalysts.
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Figure 4.10 CO,-TPD profile of (a) 10Ni/SBA-15, (b) pure TiN (c) 10TiN-SBA-15

(d) 10Ni/5TiN-SBA-15 and (e) 7.5Ni/10TiN-SBA-15.

Table 4.3 CO; adsorption properties of fresh catalysts.

Desorption temperature

Amount gas adsorbed

Sample T(°C) (umol/g)
Peak 1 Peak 2 Peak 1 Peak 2
TiN (pure) - 883 - 56.76
10TiN-SBA-15 - 957 - 83.60
10Ni/SBA-15 467 - 32.71 -
10Ni/5TiN-SBA-15 460 848 27.68 154.55
7.5Ni/10TiN-SBA-15 453 794 32.48 312.68
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4.1.8 X-ray Electron Microscopy

e Scanning electron microscope analysis (SEM)

The scanning electron micrographs of the incorporation of TiN in SBA-15
mesoporous structure were shown in Fig.4.11. TiN modified SBA-15 revealed a rod-
like structure with a short channel size of ca. 0.6 um which is similar to the parent
SBA-15 morphology. Thus, mesoporous structure of SBA-15 still preserved which

corresponding to the results from XRD and Nj-adsorption analysis.




Figure 4.11 Scanning electron micrographs with x3,000 and x20,000 magnification
of (a) SBA-15 (b) 5TiN-SBA-15 (c) 10TiN-SBA-15 (d) 15TiN-SBA-15 (e) 18TiN-
SBA-15 and x1,000 and x3,000 magnification of (f) TIN-SBA-15.
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SEM-EDS elemental maps
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Figure 4.12 SEM-EDS elemental maps of TiN modified SBA-15 samples; (a) 5TiN-
SBA-15 (b) 10TiN-SBA-15, (c) 15TiN-SBA-15 and (d) 18TiN-SBA-15.

The SEM images and EDS elemental maps of Ni-based catalysts were shown
in Fig. 4.13 and 4.14, respectively. This also confirmed the existence of Ni and TiN

containing in SBA-15 structure.
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e Fresh catalysts

Figure 4.13 SEM photographs of fresh catalysts with x3,000 and x10,000
magnifications; (a)10Ni/SBA-15, (b) 10Ni/5TiN-SBA-15 and (c) 7.5Ni/10TiN-SBA-
15.
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Figure 4.14 SEM-EDS mapping of fresh catalysts; (a) 10Ni/SBA-15, (b) 10Ni/5TiN-
SBA-15 and (c) 7.5Ni/10TiN-SBA-15.
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e Transmission electron microscopy (TEM)

The long-range ordered with two dimensional of original SBA-15 structure
can be seen from transmission electron micrographs, shown in Fig.4.15. The
micrograph, show highly ordered hexagonal structure as a typical characteristic of
mesoporous SBA-15. They also shows an evidence of bulk TiN condensed on the
external surface of SBA-15 with the interference fringes which were investigate by
TEM-EDS analysis later. Thus, these particles may cause the partial pore blockage in
the mesoporous structure which was reflected in the N, adsorption results.
Nonetheless, TiN particles could not be observed on some parts of the external
surface from the micrographs. Summarized all the results from XRD, SEM-EDS,
XPS, FTIR and N, adsorption-desorption analysis, we can confirm that adding an
appropriate amount of TiN did not change or disrupt the morphology and structure of
the pristine SBA-15.

Figure 4.15 (a) Transmission electron micrographs and (b) EDS spectrum of 15TiN-
SBA-15.

The TEM micrographs of Ni incorporated catalysts were presented in Fig
4.16.The pore diameter was measured from the distance of two bright strips of fresh
catalysts in the micrographs. The pore sizes were at 8.25, and 7.17 and 7.18 nm for
the 10Ni/SBA-15, 10Ni/5TiN-SBA-15 and 7.5Ni/10TiN-SBA-15, respectively. The
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measurement was also in agreement with the results from BET analysis (8.20, 7.18
and 7.18, respectively). It can be seen that the average crystallite sizes of Ni particles
of NI/TIN-SBA-15 is smaller than Ni/SBA-15, according to results from the
measurement from transmission electron micrographs, as summarized in Table 4.4.
The random distribution of Ni particles was clearly seen throughout inside the pore
and on the external surface. However, the occurrence of Ni particles on the external
surface of SBA-15 is easily to reduce and sinter owning to their week interaction of
the support [91]. Thus, the larger of nickel particle could promote coke deposited on

the catalyst surface.

Table 4.4 Particle sizes of Ni determined from TEM.

Sample TEM (nm)
10Ni/SBA-15 11.84
10Ni/5TIN-SBA-15 11.30
7.5Ni/10TiN-SBA-15 8.05
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Figure 4.16 TEM micrographs and Ni particle sizes of fresh catalysts; (a) 10Ni/SBA-

15, (b) 10Ni/5TiN-SBA-15 and (c) 7.5Ni/10TiN-SBA-15.
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4.2 Catalytic activity

4.2.1 Influence of Ni and TiN loading

e Reactiontimeof4h

For the catalyst performance test, a correlation between Ni and TiN contents
on the catalytic performance in dry reforming reaction at 700°C was investigated. The
study in catalytic activity both with and without catalysts in dry reforming reactions
was shown in Table A2 of Appendix. The influence of Ni and TiN loading on the
catalyst performance, tested at 700°C was shown in Fig. 4.17-4.19.

The increase in the conversion of both CH4 and CO, was clearly observed
with an increasing of Ni content. The results indicated that the high conversions were
obtained as the catalysts contained at least 5 wt% Ni loading (x > 5%), whereas the
reaction on SBA-15, without Ni and TiN, showed almost no activity at all. Moreover,
Ni-based catalyst with a TiN promoter showed a significant improvement in the
catalytic activity comparing to non-promoted conventional Ni-based catalyst,
although a minimal difference was exhibited at 10 wt% loading of Ni. Evidently, the
small amount of TiN (5TiN-SBA-15 and 10TiN-SBA-15) was sufficient to promote
5-10 wt% Ni-based catalystsin the reaction to achieve high CH,; and CO,
conversions. It was found that the conversion of CO, was slightly higher than CHy in
most reactions by using TiN-promoted Ni catalysts while H,/CO was lower than unity
for all reactions. This can be due to the effects of reverse water gas shift reaction
(RWGS), (CO, + H, — CO + H,0). A side reaction which is partially depleted H, to
produce H,O and CO then resulted in low H; yield, high CO, conversion and H,/CO
less than 1 [24, 26, 91].

There are some superior catalytic performance among 25 catalysts for the
reactions at 4 h, 5Ni/5TiN-SBA-15, 7.5Ni/5TiN-SBA-15, 7.5Ni/10TiN-SBA-15,
7.5Ni/18TiN-SBA-15 and 10Ni/5TiN-SBA-15, 10Ni/10TiN-SBA-15, 10Ni/15TiN-
SBA-15, and 10Ni/18TiN-SBA-15. These catalyst gave high CO, and CHy,



63

conversions (~70%) and high H, and CO yields (>30%). However, the H,/CO ratio
between the initial and final hour of the reaction were quite varied and different,
reflecting the stability of the catalysts. In particular, high H,/CO ratio in the range
0.80-0.85 through the reaction period was found on 7.5Ni/10TiN-SBA-15,
7.5Ni/18TiN-SBA-15 and 10Ni/5TiN-SBA-15. This indicates a good stability of our
new catalyst. The best catalytic performance typically demonstrated toward high-yield
H, and CO production, high CH4 and CO, conversions and H,/CO ratio close to 1. For
7.5Ni/10TiN-SBA-15 and 10Ni/5TiN-SBA-15, the maximal H, production (~33%),
high CO production (~40%), high CH, and CO, conversions (>70%), were selected as
a suitable catalyst for the stability test compared to non-promoted 10Ni/SBA-15
catalyst in the 12 h reaction test.
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Figure 4.17 CH,4 conversion at 4 h reaction of 2.5-10 wt% of Ni loading in different
TiN containing in SBA-15; (a) 5TiN-SBA-15 (b) 10TiN-SBA-15, (c) 15TiN-SBA-15

and (d) 18TiN-SBA-15.



Figure 4.18 CO; conversion at 4 h reaction of 2.5-10 wt% of Ni loading in different
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TiN containing in SBA-15; (a) 5TiN-SBA-15 (b) 10TiN-SBA-15, (c) 15TiN-SBA-15
and (d) 18TiN-SBA-15.
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Figure 4.19 H,/CO ratio at 4 h reaction of 2.5-10 wt% of Ni loading in different TiN
containing in SBA-15 ; (a) 5TiN-SBA-15 (b) 10TiN-SBA-15, (c) 15TiN-SBA-15 and
(d) 18TiN-SBA-15.
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4.2.2 Effect of catalyst amount

From the study of DRM reaction with different amount of the high
performance catalyst (LONi/5TiN-SBA-15) in Table 4.5, the results does not show a
significant different in catalytic activity over the reaction period of 4 h. However, the
carbon removal by TGA analysis was the highest in catalyst usage of 25 mg following
by 50 mg and 100 mg, respectively. Normally, the increasing of catalyst amount will
increase the reaction activity. High mass of catalyst usage could provide more active
sites for the reaction. However, catalyst amount also affects gas flow or mass
transport inside the packed-bed reactor such as a pressure drop [16]. Thus, an
optimum catalyst amount is required to achieve the effective catalytic activity. In
order to obtain high catalyst performance and utilize low catalyst amount, we found
that the appropriate catalyst quantity for the reaction for the 12 h reaction is about 50

mg.

Table 4.5 Catalytic activity of 10Ni/5TiN-SBA-15 with 0.025-0.1 g.

Catalyst | Conversion (%) | Yield (%) | Carbon deposition
(9 CHs | CO, | H,| CO TGA analysis

Mass change (%)
0.025 69 72 64 78 39.20
0.05 71 74 66 80 40.84

0.1 73 73 68 78 45.76




4.2.3 Influence of temperature

The activity investigation as a function of reaction temperature was conducted
in the range of 450°C—-800°C. Fig. 4.20 showed the conversions of CH, and CO, for
all samples increased with temperature as the characteristic of endothermic reactions
[18, 22]. The TiN promoted Ni-based catalysts reached 100% for both CH4 and CO;
conversions at 800°C while 10Ni/SBA-15 acquired 83.2% and 100%, respectively.
This might be due to a contribution of RWGS. A similar trend of the catalytic activity
was shown at 700° and 750°C. Therefore, the stability test of the catalysts was
performed at 700°C in order to reduce energy consumption and expedient observation

the capacity of the TiN promoter.
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Figure 4.20 Influence of temperature on catalytic activity of 10Ni/SBA-15 and
10Ni/5TiN-SBA-15 and 7.5Ni/10TiN-SBA-15 catalysts.
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4.2.4 Catalyst stability test

In Fig. 4.21, all catalysts showed their highest catalytic activity in the initial
stage of the reaction with the conversions about 70% for both CH, and CO, and the
product yields over 30% mol for H, and CO. In most cases, 10Ni/5TiN-SBA-15
catalyst possessed excellent catalytic performance and the second best was
7.5Ni/10TiN-SBA-15 catalyst. A significant improvement of catalytic activity and
catalyst stability were obviously noticed for the catalysts containing of both Ni and
TiN. This could ascribe that their great performance is due to both electronic and
geometrics effect of these two active metals [93, 94]. Bimetallic catalyst has different
chemical and electronic properties from the original metals which can enhance their
catalytic activity [57]. Especially an oxidative stability of Ni and a partial oxidation of
TiN, this composite was explained by electron transfer from the Ni (less noble) to the
TiN (more noble) in order to achieve a balance of state in the Fermi levels. The Ni
electron-deficient species could be highly reactive to CH; and CO; in the
chemisorption step occurring on the catalyst surface which led to the increase in the
catalytic activity [13, 33, 94]. In addition, the SBA-15 support also plays an important
role in which mesoporous silica could favor the formation of both Ni and TiN
particles with proper morphology and site density to delocalize electron [13, 33]. In
order to gain more understanding of this reaction mechanism, a further study has now
been in process. The similar catalytic activity of metal nitride promoter in DRM
reaction was reported by Yang et. Al [8]. They synthesized h-BN supported

mesoSiO,-confined Ni catalysts which exhibited high coke- and sintering-resistance.

The H; and CO selectivity and H,/CO ratio during the stability test were
shown in Fig. 4.22. During the course of dry reforming reaction, the decrease of
H,/CO ratio was accelerated in the first 6 h then gradually declined for 10Ni/SBA-15
catalyst. In case of 7.5Ni/10TiN-SBA-15 and 10Ni/5TiN-SBA-15 catalysts, a similar
decrease of H,/CO ratio was obtained only in the first three hours, and then it became
rather constant after 6 hours of reaction. It has been reported by Arbag et al. [95] and
Yasyerli et al. [69] that the selectivity to CO against that to H, was higher for Ni-

MCM-41 catalysts than the promoted catalysts with Rh and Ru due to a consequence
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of the side effects of RWGS reaction. In this study, the promoted catalysts also
showed better activity and stability for the reaction times longer than 6 h with lower
selectivity to CO when compared to non-promoted catalyst. Although CO was
produced by the promoted catalyst greater than non-promoted catalyst, suggesting that
TiN promoter facilitate to enhance the catalytic activity of DRM reaction better than
side reactions. This was also in agreement with the previous report that the
contribution of RWGS reaction was decreased by the addition of Rh into the Ni-
MCM-41 catalyst [95].

Regarding several catalysts for DRM reaction, variety of design catalysts were
prepared and tested with varying condition. The similar experimental condition were
selected and summarized in Table 4.6. It is notable that the desired conversion
depends on many factors such as GHSV, catalyst amount and reaction temperature.
Nonetheless, the synthesized catalyst in this study was the ones with great
performance in catalytic activity although the conversions were not as high as others.
It was effective to keep the constant activity with H,/CO ~ 0.8 and reduce coke

formation that could inhibit catalyst deactivation and prolong the catalyst life time.
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Figure 4.21 Conversion of (a) CH, and (b) CO; and % yield of (c) H, and (d) CO at
12 h of dry reforming reaction using 10Ni/SBA-15, 10Ni/5TiN-SBA-15 and

7.5Ni/10TiN-SBA-15 catalysts.
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reforming reaction using 10Ni/SBA-15, 10Ni/5TiN-SBA-15 and 7.5Ni/10TiN-SBA-

15 catalysts.



Table 4.6 Performance of different catalysts in similar experimental conditions.

75

Catalyst g GHSV Temperature | Reaction | Conversion (%) H,/CO Ref.
ml/gcanh (°C) time (h) | (COx:CH,=1:1)
CO, CH,
7%Ni/SizN, 0.15 8000 800 12 91 95 - [71
CozMosN - 6000 800 50 91 96 ~0.9 [93]
Ni/WC - 6000 800 12 ~90 ~80 - [5]
10%Ni/8%Mg 0.10 36000 700 40 65 67 0.9-1.1 [24]
O-SBA-15
7%La/6%Ni— 0.045 20000 750 1 80 73 0.8 [20]
SBA-15
5%Ni/SiO, 0.10 36000 750 3 89 73 0.8 [96]
20wt%Co/80wt | 0.20 30000 750 - 60 50 0.78 [97]
%La,04
3%Gd/10% 0.30 8000 700 6 80 80 0.9<x<1.1 | [98]
Ni/Y,0;
3Sm,0,3/10Ni/S | 0.2 12000 700 5 ~75 ~72 0.8 [28]
BA-15
25%Ni-Al,03 0.20 12000 700 5 80 70 0.9 [99]
10%Ni/6%Mg 0.10 18000 700 12 ~80 75 0.6 [60]
0O-MgSiO,
10%Ni/45%Ti 0.1 36000 700 10 78 65 - [59]
0,Si0,
0.1Rh10Ni/BN | 0.06 WHSV 700 6 81 72 ~0.7 [66]
=60
Ilg(cat)h
Cu-Ni/ - 10000 650 6 7 75 - [93]
SBA-15 (space
velocity)
10Ni/5TiN- 0.05 1558 700 12 71 66 0.80 this
SBA-15 work
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4.2.5 Spent samples characterization

After the long term reaction, all of the spent samples in Fig 4.23 showed the
appearance of the graphitic carbon with the intense diffraction peak at 26 values of
26° [2]. The reflection peaks of Ni were obviously attenuant, evidencing the catalysts
suffered from carbon deposition after the stability test. The elemental composition can
be verified by SEM-EDS including metals; Ni, Ti, Si, O and C as shown in Fig (4.26).
Confirming the well dispersion of Ni within SBA-15 pore structure still maintain the
active site which can restrain the segregation of nickel oxide and lead to the

elimination of accumulated carbon and prolongation the catalysts performance.

* Graphite
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Figure 4.23 XRD pattern of spent catalyst 10Ni/SBA-15, 10Ni/5TiN-SBA-15 and
7.5Ni/10TiN-SBA-15 catalysts.

The amount of carbon deposition of the spent 10Ni/SBA-15, 10Ni/5TiN-SBA-
15 and 7.5Ni/10TiN-SBA-15 catalysts after 12 h reaction was measured by TGA
analysis in the temperature range of 50-800°C Fig.4.24. All three catalysts exhibited
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their weight loss of carbon removal gradually happened during 100-400°C and more
rapid at higher temperature than 500°C. This phenomenon can be explained that
carbon on the surface was mostly the graphitic carbon that oxidized at temperature
above 500°C [100, 101]. The amount of carbon removal followed the order of
10Ni/5TiN-SBA-15 (62.48%) < 7.5Ni/10TiN-SBA-15 (74.88%) < 10Ni/SBA-15
(83.28%). It was clear that 10Ni/SBA-15 (non-promoted catalyst) showed higher
weight loss than the TiN incorporated-catalysts. As described before, 10Ni/SBA-15
has the largest Ni particle size which could be sintered easily. Therefore, the sintering
of Ni metals during dry reforming reaction can provoke the deposited carbon on the
catalyst surface and cause the most rapid deactivation [102]. Furthermore, the TGA
results also support the carbon conversion in Boudouard reaction which resulted in
low amount of carbonaceous species and CO-rich production in the promoted catalyst.
Thus, the promoted catalyst can reduce carbon accumulation, resist to Ni sintering and

maintain the catalyst stability.
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Figure 4.24 TGA and DTG profiles of the catalysts after 12 h reaction.

The SEM images and SEM-EDS mapping of the spent catalysts after 12 h
DRM reaction were shown in Fig. 4.25 and 4.26, respectively. The morphology of the
spent catalysts was changed and aggregated. The elemental compositions from EDS
analysis confirmed the existence of Ni and TiN after the reaction which is not clear in
the XRD results. The carbon deposition covered on the catalyst surface was also

obviously observed and more apparent in EDS mapping images.
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e Spent catalysts

Figure 4.25 SEM photographs of spent catalysts with x3,000 and x20,000
magnifications: (a) 10Ni/SBA-15, (b) 10Ni/5TiN-SBA-15 and (c) 7.5Ni/10TiN-SBA-
15.



Figure 4.26 SEM-EDS mapping of the spent catalysts; (a) LONi/SBA-15, (b)
10Ni/5TiN-SBA-15 and (c) 7.5Ni/10TiN-SBA-15.

80
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The TEM micrographs of spent catalysts were recorded after 12 h of the
stability test on the selected catalysts, displayed in Fig. 4.27. It can be seen the aspect
of carbonaceous species formation which was consistent with the graphite reflection
peaks in the XRD patterns. Moreover, all samples still preserved the ordered
mesoporous structure of SBA-15 although undergoing the coke deposition.
Interestingly, the resident nickel particles on the outer surface, with weak interaction
with the support, were apart from the surface of SBA-15 so the reaction could still
continue on these particles [24, 103] . In addition, the larger particles sized due to Ni

sintering were observed with the encapsulated carbon.

Noted, two types of carbons were found on the spent catalyst; filamentous
carbon and encapsulating carbon as shown in Fig. 4.28 carbon [24, 91]. The
filamentous structure is the long tube carbon, when the carbon was dissolved and
located through the active sites of nickel particles then dark pear-shaped of nickel (in
Figure 4.28a) was formed as the encapsulating carbon [24, 63, 103]. The filamentous
carbon has minor influence on the catalyst efficiency [24, 91, 103], noticed in TiN-
coated samples, but a high volume of the filaments, found in 10Ni/SBA-15 could
impact the catalyst structure, plug the reactor and suppress the catalytic activity.
Therefore, the coating TiN-catalysts posed high %conversion and %yield during the
reaction over 12 h whilst both %conversion and %yield were gradually reduced for
10Ni/SBA-15.

AR
5 ~ }"Q' \ A
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100 nm

Figure 4.27 TEM micrographs of spent catalysts: (a) 10Ni/SBA-15, (b) 10Ni/5TiN-
SBA-15 and (c) 7.5Ni/10TiN-SBA-15.

20 nm

Figure 4.28 Example of TEM images of (a) encapsulating carbon and (b) filamentous
carbon [24, 91].
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Further investigation of catalyst stability was investigated on the catalytic
performance of the regenerated catalysts. The performance of the reused catalysts
(10Ni/SBA-15 and 10Ni/5TiN-SBA-15) in terms of CH, and CO, conversions, H,
and CO selectivity and H,/CO ratio were shown in Fig.4.29. The used catalysts were
reduced in H, at 600°C after the 12 h on stream reaction. As can be observed, the
promoted catalyst showed almost sustained catalytic performance whereas it
gradually declined in unpromoted catalyst. Indicating that TiN promoted catalyst is

productive after the regeneration process as well as prolonged the catalyst stability.
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Figure 4.29 (a) Conversion of CH4 and CO; (b) Selectivity of H, and CO and (c)
H,/CO ratio at 12 h of dry reforming reaction using regenerated 10Ni/SBA-15 and
10Ni/5TiN-SBA-15 catalysts.
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4.3 Zeolite Y support

There are some literatures about the catalytic effectiveness of zeolite Y in
DRM reaction [51, 52, 58]. Thus, Zeolite Y was selected to use as a microporous
support for TiN promoted Ni-based catalyst in DRM reaction. Ni/TiN-HY catalyst
was prepared by impregnation of TiN follow by Ni into HY before calcination.

Elemental composition of TiN incorporated in Zeolite Y materials was
investigated by WDXRF technique in Table 4.7. In case of SBA-15 mesoporous
support, the effective catalyst is 10Ni/5TiN-SBA-15 which contains 10 wt% of Ni and
4.9% of TiN. Therefore, sample 5TiN-ZY which has 4.8% of TiN is selected to study

the catalytic activity in order to use the same quantity of TiN.

Table 4.7 Chemical composition of TIN-SBA-15 and TiN-HY.

Sample Composition by WDXRF (wt%)

Ti TiN (calculation) Ni
5TiIN-SBA-15 3.8 4.9 -
10TiN-SBA-15 7.2 9.3 -

2.5TiN-HY 1.9 2.4 -
5TiIN-HY 3.7 4.8 -
7.5TIN-HY 5.9 7.6 -
10TiN-HY 7.3 9.5 -
5Ni/5TiN-HY 35 5.3 5.6
7.5Ni/2.5TIN-HY 2.04 2.6 8.7
10Ni/2.5TiN-HY 1.55 2.0 9.4
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The results in Fig.4.30 obviously indicated high catalytic activity was obtained
in the first hour and then it was gradually decline, especially H, yield was less than
10%mol so the reaction was observed of about 2 h. Nonetheless, TiN-promoted
catalysts (10ONi/5TiN-HY) showed the improvement of catalytic activity better than

non-promoted catalyst (10Ni/HY) with slightly higher for both conversions (CH,4 and
CO,) and yields of H, and CO.
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Figure 4.30 Conversion of (a) CH4 and (b) CO, and % yield of (c) H, and (d) CO in
dry reforming reaction using 10Ni/HY, 10Ni/5TiN-HY and 10Ni/5TiN-SBA-15

catalysts.

H, and CO selectivity and H,/CO ratio of 10Ni/HY and 10Ni/5TiN-HY were
shown in Fig.4.31. It was found that H, selectivity of the promoted catalysts
maintained of about 40%mol approximately 2 h on stream whereas CO selectivity
gradually increased to ~60%mol. H, and CO selectivity of non-promoted catalyst
was lower than the promoted catalyst and it was gradually declined after first hour of
reaction. The H,/CO ratio of non-promoted catalyst was also less than the promoted
catalyst. Thus, this is also evidenced that TiN can promote the catalytic activity of Ni-

based catalyst.

Noted, type of support has much influenced on the catalytic activity. It can be
concluded that SBA-15 is favor to DRM reaction more than zeolite Y. The result was
also reported by some literatures about the effect of the acidity of the support, CO; is
an acidic gas so it prone to adsorb on the basic alkaline or alkaline oxide modified

support or the neutral support than the pristine zeolite [15, 51, 58, 104]. The proposed
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reaction on the support in Table 2.2 (Chapter 2, page 13) indicates that the basic
support plays bigger role than the acidic support. The activation of CO; also takes
place on the basic support whereas only CO, adsorption occurs on the acidic surface
[54]. This influences the deposition and polymerization of carbonaceous on the active
metals which leads to pore blockage or destroy the zeolites’ pore as shown in Fig 4.31
[104]. TGA analysis was used to determine the coke content as shown in Table 4.8. It
was found that the deposited coke on 10Ni/5TiN-HY for 2 h reaction (47.26%) was
higher than 10Ni/5TiN-SBA-15 (41.35%) for 4 h reaction. Confirming the growth of
carbonaceous on the zeolite Y support was larger than SBA-15 support. Therefore, no

additional investigation was performed on the zeolite Y supported Ni catalysts.

Support particle
Carbon PP P

Metal

/ crystallite

Figure 4.31 A supported metal catalyst with pore plugging due to carbon deposition
[105].

Table 4.8 Mass change (%) of catalysts by TGA analysis over different supports.

Catalyst Reaction TGA analysis
Time (h) Mass change (%)
10Ni/5TiN-HY 2 47.26
10Ni1/5TiN-SBA-15 4 41.35
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Figure 4.32 Selectivity of (a) H, and (b) CO and (c) H2/CO ratio in dry reforming
reaction using 10Ni/HY, 10Ni/5TiN-HY and 10Ni/5TiN-SBA-15 catalysts.
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CHAPTER V
CONCLUSIONS AND OUTLOOKS

In this dissertation, the variations of Ni and TiN loading have been
successfully prepared by a one-step hydrothermal route together with a facile
impregnation method. The intrinsic properties of metals and support, such as the
basicity of TiN and mesoporous framework of SBA-15, were still persisted. A
difference of catalysts composition affects the catalytic performance and stability of
the catalysts. This is the outcomes of the interaction and synergistic catalysis with
respect to catalysts constituents: active component, support and promoter. The
optimize quantity among Ni, TiN and silica support relates to the catalyst basicity
which can enhance CO, adsorption, reduce carbon formation and prolong catalyst
stability. Therefore, the catalytic performance of the promoted catalysts was greater
than conventional catalyst.

In addition, the presence of TiN also reduced relative side reactions,
particularly reverse water gas shift reaction with lower CO selectivity than just Ni-
base catalyst without TiN promoter. The reaction test for 12 h revealed that the
conversion of 66% CH,4 and 71% CO, and selectivity of about 45% H, and 55% CO
were obtained from this new modified catalyst containing 10 wt% Ni and 5 wt% TiN
supported on SBA-15. Moreover, supporting material has a strong effect on the
catalytic activity. It can conclude that SBA-15 is more appropriate for DRM reaction
than zeolite Y. Thus, acidic support is not well-suited to adsorption and dissociation
of acidic CO,. However, TiN is an efficient promoter for Ni-based catalyst with
higher catalytic activity than non-promoted conventional catalyst for both silica
supports. Therefore, Ni-TiN supported SBA-15 is a promising candidate to apply as a
catalyst in DRM reaction.
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Outlooks

From this study, it can prove that 10Ni/5TiN-SBA-15 is the promising catalyst for
dry reforming of methane with high catalytic activity and stability at 700°C and
CH4:CO, =1:1. The reaction productivity could be improved by additional study as

follow;

1. Adjust gas reactants ratio (CH, and CO,) altered by the desired products i.e.
H, or CO-rich syngas in order to find the capacity of catalyst, varying
CH4:CO;, ratio such as high CO, may reduce side reaction by H, consumption

for reverse water gas shift.

2. Prepare TiN into SBA-15 by post synthesis before Ni impregnation and
compare its catalytic efficacy with this study in order to compare the catalyst
performance from different preparation method with the same mesoporous

structure.

3. Use dealumination of zeolite Y or silicalite-1 as a microporous support to
avoid acidic property of the support in order to compare the impact on pore
size and structure of SiO;

4. Test long-term efficiency, stability, and selectivity of the prepared catalysts

~100 h of reaction time

Moreover, Ni/TiN-SBA-15 has a potential to apply in other reactions
especially, for the basicity property requirement such as a catalyst, adsorbent or use in

the reaction involving CO, in favor to make CO, utilization cost effective.
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APPENDIX A

Catalyst preparation

1. Preparation of TiN-SBA-15 by direct synthesis

The obtained composition of 5, 10, 15 and 18TiN-SBA-15 were prepared by
the loading amount of TiN as shown in Table Al. The percentage of TiN
measurement by WDXRF was less than the loading amount almost 0.6 times for all
samples. Owing to the characteristic of TiN which is poor aqueous solubility so the
particles may aggregate and separate from the gel solution during the synthesis and

washing step.

Table Al Chemical composition of TIN-SBA-15

Amount of Composition by TiN"/TiNioading
TiN loading
Sample WDXRF (wt%)
(Wt%)
Ti TiN*

5TiN-SBA-15 8 3.8 4.9 0.61
10TiN-SBA-15 15 7.2 9.3 0.62
15TiN-SBA-15 22 11.2 145 0.66
18TiN-SBA-15 28 13.9 17.9 0.64

*calculation: Ti 47.87 g containing in TiN 61.874 g/mol

Ti 3.8 9= (61.874*3.8)/47.87=4.9¢
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e TEOS MW 208.33 g/mol and SiO, MW 60.08 g/mol

Basis 8.5 g of TEOS
Therefore, weight of SiO, = (8.59/208.33g.mol™)*60.08 g/mol = 2.45 g
Example; 5TiN-SBA-15 was obtained from 8 wt% of TiN loading

Based on 100 g of catalyst; the catalyst composition of 8 wt% TiN loading is
containing 92 g of SiO,and 8 g of TiN

For 2.45 g of SiOy;
Required TiN = (8*2.45)/92 = 0.22 g

Therefore, 5TiIN-SBA-15 was prepared by loading 0.22 g of TiN into 8.5 g of TEOS.

2. Preparation of Ni/TiN-SBA-15 by impregnation
e Ni(NO3),.6H,0 MW 292 g/mol
Example; 10Ni/5TiN-SBA-15 was obtained from 10 wt% of Ni loading.

Based on 100 g of catalyst; the catalyst composition of 10 wt% Ni loading is
containing 90 g of 5TiN-SBA-15 and 10 g of Ni

For 1 g of 5TiIN-SBA/15;

Required Ni = (10*1)/90 =0.11¢

The required Ni was prepared from Ni(NOz3),.6H,0 as follow;

Ni 58.69 g containing in Ni(NO3),.6H,0 292 g

Ni 0.11 g containing in Ni(NO3),.6H,0 = (292*0.11)/58.69 = 0.55 ¢

Therefore 10Ni/5TiN-SBA-15 was prepared by loading 0.55 of Ni(NO3),.6H,0 into

1 g of 5TiN-SBA/15.



APPENDIX B

Additional details of Catalyst activity

Catalyst 0.05 g
Average catalyst bed high =2 cm
Diameter inside stainless tube = 0.35 cm
Volume of bed = 77?2 x catalyst bed high (cm)
=3.14x(0.35)°x 2=0.77 cm®
GSHV = Gas volumetric flow rate'/Volume of bed
=20 (ml/min)/ 0.77 ml

=25.97 min! x 60 min.h"}= 1558 h*

at STP; Gas volumetric flow rate = volumetric flow rate' *((273.25+T)/(273.15))

T = room temperature
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Table A2 Data of dry reforming reaction with and without Ni catalyst at 700°C.

Catalyst H, yield CO yield H,/CO
(%) (%)

1h 4h 1h 4h 1h 4h

No catalyst 1616010610610
5TiN-SBA-15 CHECHECEECEECRES
10TiN-SBA-15 1O 1616106106
15TiN-SBA-15 1O 1616106106
18TiN-SBA-15 1616160106106
2.5Ni/SBA-15 | O [52]0 6|06

25NI/STINSBA1S | () | O |95 | O | O | (O

25NI/I0TINSBALS | (O | O | 94| O | O | (O

25NI/I5TIN-SBA-15 | 122 | () | 241 | () | 051 | ()
2.5Ni/18TIN-SBA-15 | 23.1 | 15.1 | 35.1 | 25.1 | 0.66 | 0.66

5Ni/SBA-15 () | ¢ | 863 () |034] ()
ENi/5STIN-SBA-15 | 31.4 | 29.3 | 395 | 39.2 | 0.80 | 0.75
ENi/IOTiN-SBA-15 | 29.0 | 23.4 | 37.0 | 33.2 | 0.78 | 0.70
ENi/I5TIN-SBA-15 | 25.4 | 12.4 | 346 | 22.2 | 0.73 | 0.56
ENi/18TIN-SBA-15 | 22.1 | 12.8 | 33.6 | 22.3 | 0.66 | 0.58
7 5Ni/SBA-15 266 | 11.7 | 31.1 | 18.9 | 0.86 | 0.62
75Ni/5TIN-SBA-15 | 32.1 | 29.9 | 39.3 | 400 | 0.82 | 0.75
75Ni/10TIN-SBA-15 | 32.9 | 31.8 | 38.9 | 39.7 | 0.85 | 0.80
75Ni/15TIN-SBA-15 | 285 | 21.3 | 37.1 | 305 | 0.77 | 0.70
75Ni/18TIN-SBA-15 | 31.9 | 30.9 | 36.1 | 37.3 | 0.88 | 0.83
10Ni/SBA-15 319 | 29.2 | 39.2 | 389 | 0.81 | 0.75
10Ni/STIN-SBA-15 | 33.7 | 32.7 | 41.0 | 386 | 0.82 | 0.85
10NI/I0TiN-SBA-15 | 31 | 296 | 39.8 | 39.7 | 0.78 | 0.75
10Ni/15TIN-SBA-15 | 32.3 | 30.1 | 37.3 | 38.1 | 0.80 | 0.79
10Ni/18TiN-SBA-15 | 31.4 | 29.5 | 39.2 | 39.1 | 0.87 | 0.75
() <5%




The H, and CO selectivity of DRM at 4 h reaction.

Selectivity (%mol)

Selectivity (%mol)

e H, selectivity (2.5-10 wt% of Ni)
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