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CHAPTER |
INTRODUCTION

1.1 Motivation

In the last century, concentration of CO, in the atmosphere has increased
consecutively, resulting from power generation with fossil fuels, activities of industry
and deforestation. The recording of CO, content in the atmosphere has increased
from ~280 ppm before the development of industry to ~390 ppm in 2010 and then,
is predicted that it further increased to 570 ppm by the end of the century. The
increase of CO, emission -has created concerns about the increasing of global
temperature and climate change due to the greenhouse effect, which has CO, as an
important component. Therefore, finding methods to reduce the amount of CO, in
the atmosphere is very interesting and urgent necessary. There are 3 possible
strategies presented, that are reduction of CO, produced, CO, sequestration and

utilization of CO, [1].

The converting of CO, into hydrocarbon product such as methane (CH,) has
received interesting option due to the use of CO, captured from natural gas and
other sources, combined with H, generated from electrolysis of water using
renewable electrical energy. It is possible to upgrade CO, to useful CH, or synthetic
natural gas (SNG) [2]. CH, can be produced energy though combustion. Moreover,
CO, released from the production of energy can be recycled into CHgq by

hydrogenation of CO,.

Many catalysts found in several researches of CO, hydrogenation are Ni, Ru, Rh,
Pd, Co, Fe, Cu and etc. deposited on various supports (e.g., SiO,, TiO,, Al,Os, ZrO,,
and CeO,) [1, 3]. Among all the catalysts, Ru-based catalyst is the most effective
noble metal and the most stable when operated in a wide conditions range [3, 4].

However, the activity of Ru-based catalyst depends on the properties of the support.



Alumina (AL,Os) is normally used as catalyst and/or support due to its excellent
thermal stability, fine particle size and high surface area. In addition, the high stable
X-AL O3 can be prepared with common technique, by calcination of microcrystalline

gibbsite [5, 6].

Zirconia (ZrO,) possesses high surface area, high thermal stability and
appropriate in hydrogenation of CO, [7]. Titania (TiO,) is high activity and the most
effective when supported Ru catalyst in CO, hydrogenation. Moreover, TiO,-Al,O3
enhances activity of catalyst which is higher surface area and thermal stability than

the titania or alumina alone [8].

In this research, the activity of Ru supported on y-Al,0s, TiO,-Al,05; and ZrO,-
AlL,O5 catalysts is performed in-CO, hydrogenation reaction. The ¥-Al,O3 support is
obtained by thermal decomposition of gibbsite. The effect of Ru precursors of Ru/¥-
ALQO; is also investigated. The two binary oxides supports are prepared by using wet
impregnation method. Moreover, the effect of TiO, and ZrO, content in Y-Al,O;
supported Ru catalysts on the physiochemical and catalytic properties are also
investigated. The characterization of these catalysts are performed using X-ray
diffraction (XRD), N, physisorption (BET), H, chemisorption, temperature programmed

reduction (TPR).and transmission electron microscope (TEM) techniques.

1.2 Objective of Research

The objective of this research is to study the effect of TiO,-Al,O3; and ZrO,-
ALO; on the physiochemical properties and catalytic performance of supported Ru

catalysts in CO, hydrogenation reaction.



1.3 Scope of Research

1.3.1 Catalytic preparation

1) The Ru/¥-Al,Os catalysts used in this research were prepared by
incipient wetness impregnation method by using 3 different ruthenium

precursors and Ru loading content was fixed at 1 wt.%.

2) The TiO,-ALOs and ZrO,-AlLO; supports were prepared by using wet
impregnation method. The content of binary oxides support was varied as 5
wt.%, 10 wt.% and 15 wt.% of TiO, or ZrO, and all supports were impregnated

with the best Ru precursor from 1).

1.3.2  Catalytic activity test

The activity test of catalysts was performed by CO, hydrogenation reaction
and operated with temperature programmed. reaction method at atmospheric

pressure.

1.3.3  Catalytic characterization

The characterization of catalysts was determined by various techniques,

including:
1) X-ray diffraction (XRD)
2) N, physisorption (BET)
3) H, chemisorption
4) Temperature programmed reduction (TPR)

5) Transmission electron microscope (TEM)



1.4 Contribution of Research

1.4.1 Reduce carbon dioxide concentration in atmosphere, which is the cause

of greenhouse effect.

1.4.2  Produce methane from CO, hydrogenation with ¥-Al,O; and binary

oxides (TiO,-ALOs, ZrO,-Al,O5) supported Ru catalysts.

1.4.3 Prepare Ru/Y-Al,03, Ru/TiO,-Al,O5 and Ru/ZrO,-Al,O5 by using incipient

wetness impregnation method.



CHAPTER Il
THEORY

2.1 CO, hydrogenation

Hydrogenation of CO, is an one of interesting option for reduction of
greenhouse gases [9]. CO, can react with hydrogen to production of valuable
chemicals and fuels. The main products in this reaction process can be classified into

two groups as chemicals and fuels, which illustrated in Figure 1 [1, 10].

co
HCOOH I CH,

N /

HCONR, L L CO,+Hy; — Hydrocarbons

VAN

CH,OCH, Higher alcohols
CH,OH
Figure 1 Product species formed from CO, hydrogenation process [1].

In CO, hydrogenation to methane, it can be called as CO, methanation or the
Sabatier reaction. The reacted CO, with hydrogen can produce syngas and
compressed natural gas as methane. This reaction was developed from work of NASA
(National Aeronautics and Space Administration) to application of oxygen reclaiming
within life support system. CO, in cabin atmosphere is combined with hydrogen to
obtain methane and water vapor. Which stored water is used in electrolysis process

to produce breathing oxygen [1, 11].



The CO, methanation equation is shown in Eq. (1) [3, 12].

C02 + 4H2 —— CH4 + ZHZO, AH = —16475 k.J/mOL (1)

2.2 Ruthenium

Ruthenium (Ru) is one of platinum group metals (PGMs) [13, 14]. It is silvery-
grey, shiny metal that looks like platinum. Ruthenium is of the rarest metals in the
world. It is harder and more brittle than platinum [14-16]. It is better thermal
resistance due to its high melting point as 2,333°C and boiling point as 4,147°C [15,
17]. Ruthenium is not tarnish at room temperature, but can oxidize explosively in air

at about 800°C [14, 17]. Other properties of ruthenium are shown in Table 1 [15, 16].

Because of ruthenium is very hard, it is used as an alloying agent to harden
platinum, palladium and other metals in platinum group. Adding ruthenium-
hardened alloying agent in platinum and palladium are made for the manufacture of
fine jewelry and of electric contacts that extremely wear resistance [14-17].
Ruthenium is high resistance to chemical attack therefore it is used for improving
corrosion resistance. of titanium-by addition of 0.1% Ru [14, 17]. Ruthenium is also
versatile catalyst. It is used in removal of H,S from oil refineries and other industrial
processes [14, 17]. It can be catalyst in CO, hydrogenation processes to methanol

and methane [3, 18].



Table 1 Chemical and physical properties of ruthenium [15, 16].

Ruthenium properties

Atomic number aq
Molecular weight 101.07
Melting point 2,333°C
Boiling point 4,147°C
Density (g/cm”) 12.1

2.3 Aluminum oxide

Aluminum oxide also called alumina is-chemical equation as Al,O; that is a
white or colorless crystalline structure [19]. Its melting point is 2,050°C and its boiling
point is 3,500°C [20]. Alumina structure consists two types of sites that is hexagonal
and octahedral [21]. The crystalline alumina structures have many different forms
which these alumina structure were called-as “Transition Alumina” and used Greek
alphabet denote the different alumina forms such as chi, kappa, alpha, gamma, theta
and rho etc. The different alumina structures can be occurred by five alumina
hydroxides: gibbsite, boehmite, beyerite, diaspore and nordstrandite that used as
starting structure. The transition alumina is illustrated in Figure 2 which it depend on

thermal transformation [22].
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Figure 2 Alumina hydroxides transformation relate with temperature [22].

In the present, alumina is very interesting due to it is broadly application such
as adsorbents, coatings, filters, protective barriers, electronic-device fabrication, soft
abrasives, ceramics, catalysts and catalyst supports [22-24]. Moreover, 90% of all
alumina produced is ‘used-in aluminum production. These application indicate the
properties of alumina very well that are high thermal stability, low electric
conductivity, high resistance to chemical corrosion, high strength and also extreme

material hardness—diamond is only harder than alumina [19, 21, 23].

2.4 Zirconium dioxide

Zirconium dioxide (ZrO,) is also called zirconium oxide or zirconia. It is one of
the most use as ceramic materials [25]. Application of zirconium dioxide consists
ceramic pigments, artificial jewelry, dental bridges and crowns, fuel cell membranes,
joint implants, insulator and fire-retardant materials [25, 26]. It is also used as catalyst
supports [27]. Zirconium dioxide has specific properties that is non-magnetic, high
acid resistance, low reactivity, great hardness, and excellent thermal stability. It

cannot be melted at temperature below 2,680°C. Since its high melting point, it is



the oldest mineral found on the earth [25, 28]. Chemical and physical properties are
exposed in Table 2 [25, 26, 29]. In addition, characteristics of zirconium dioxide is

illustrated in TEM image which it shown in Figure 3 [25].

Table 2 Chemical and physical properties of zirconium dioxide [25, 26, 29].

Zirconium dioxide properties

Chemical formula ZrO,
Molecular weight (¢/mol) 123.22
Melting point 2,680°C
Boiling point 4,300°C
Density (g/cm?) 5.63

Figure 3 TEM image of zirconium dioxide [25].
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Zirconium dioxide phase transformation depend on various temperatures that

follows in below [28, 30]:

1,170°C 2,370°C 2,680°C
monoclinic T——* tetragonal ——— cubic —— liquid (melted).
~950°C

Monoclinic phase is the most stable of zirconium dioxide at low temperature.
At temperature of 1,170°C and ambient pressure, tetragonal phase becomes to be
transformed and then, it is transformed to cubic phase at 2,370°C [28, 30, 31].

Structural model of three zirconium dioxide phases is indicated in Figure 4 [31].

Zirconium dioxide atom

@® Oxygen atom

Figure 4 Structural model of zirconium dioxide: monoclinic (A), tetragonal (B) and

cubic (C) [31].

2.5 Titanium dioxide

Titanium dioxide (TiO,) is generally known as titania. It is a white, opaque and
resists to UV radiation. Since its UV resistance, it is added in cosmetic products such
as sunscreen creams, whitening creams, etc. [32, 33]. Other application of titanium
dioxide is an additive in paints, coatings, ceramics, filter for polymers, luminescent
materials, solar cells and also catalysts [33-35]. Table 3 is exhibited chemical and

physical properties of titanium dioxide [33, 36].
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Table 3 Chemical and physical properties of titanium dioxide [33, 36].

Titanium dioxide properties

Chemical formula TiO,

Molecular weight (¢/mol) 79.87

Melting point 1,843°C

Boiling point 2,972°C

Density (g/cm”) 4.23 (rutile)
3.78 (anatase)

Titanium dioxide is used as heterogeneous catalysts such as in CO,
methanation reaction—it is the most efficient support in Ru catalyst, and in the
Deacon reaction [37]. In_addition, titanium dioxide is utilized in environmental and
photocatalytic for hydrogen production by water splitting, and treatment of polluted
air and wastewater [34, 38, 39]. Nowadays, TiO, nanostructure can be synthesized by
several methods such as sol-gel, hydrothermal, solvothermal, direct oxidation,

electrodeposition, microwave methods, etc. [40].

Titanium dioxide has . three different polymorphs that consists rutile
(tetragonal), anatase (tetragonal) and brookite (orthorhombic). Rutile is only stale
form at all temperatures and pressures, whereas, anatase and brookite are
metastable and they can be transformed to rutile when heated. This transformation
to rutile cannot identify a unique temperature [34, 35, 41, 42]. The crystal structures

of rutile, anatase and brookite are shown in Figure 5 [43, 44].
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@ Titanium dioxide atom

@® Oxygen atom

Figure 5 Crystal phases of rutile (A), anatase (B) and brookite (C) [43, 44].
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CHAPTER IlI
LITERATURE REVIEWS

3.1 Chi-alumina ()-ALO5)

Alumina is considered to be one of the most interesting materials because of
its special chemical, physical and catalytic properties, besides it is excellent thermal
stability with high melting point as 2,050°C. Thereby, the alumina have used
extensively such as ceramics, ceramic coating, protective barriers, wear-resistance
materials, filters, crucibles, absorbents, catalysts, catalyst supports and soft abrasives
[5, 20-24]. The alumina can be produced from five crystalline aluminum hydroxide
precursors that consists bayerite, nordstrandite, diaspore, sibbsite and boehmite.
These alumina precursors can be transformed to various metastable structures which
the structures of each alumina depend on temperature of transition [22, 24]. Several
alumina research commonly used gibbsite as alumina precursor. The transition of

alumina structures from gibbsite is separated to two routes: [6, 45, 46]

>250°C >650°C >800°C
Gibbsite X AL203 — K- AL203 — O~ AL203
>300°C >700°C >800°C >850°C
Boehmite ——> Y -Al 203 —— 8 Al 203 — N % 9 Al 203 — O~ Al203

A. Tonejc et al. [46] used gibbsite as starting material for transformation to a-Al,Os.
They found that the gibbsite could transform to ¥-Al,O; when heated at 500°C, K-
ALO; at 800°C and a-AlL,O5; at 1,300°C. Chang P.-L. et al. [45] also said that sgibbsite
was heating treatment for produce ¥-Al,03 at 600°C then ¥-Al,O5 was transformed to
K-ALOs; at 1,000°C and K-AlL,Os; was formed as O-Al,O5; at 1,150-1,300°C. So that K-
Al,O5 is intermediate in formation of ¥ — 0-Al,O; reaction. In addition, the alumina
transition in route 1 (-, K-, 0-alumina) can be occurred by thermal decomposition of

fine-grained gibbsite in air, whereas coarse-grained gibbsite can be transformed to
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boehmite with water vapor presence or hydrothermal method and then

metamorphose as Y-, 8-, 8-, a-alumina with various temperature [24, 47].

X-ALOs is interested as catalysts and catalyst supports in several chemical
reactions. Chaitree W. et al. [5] studied effect of ¥-Al,03 on the catalytic behavior of
Co/ALO3 in CO hydrogenation which ¥-Al,O5 was prepared by thermal decomposition
(X-GB) and solvothermal method (X-SV). They found that %Co metal dispersion of

Co/Y(-GB was higher than Co/¥-SV and Co/Y-Al,O; respectively (Co/x-GB > Co/x-SV >
Co/Y-AlLOs). Moreover, the Co/%-GB and Co/y-SV were higher CO conversion (both in
initial and steady state), CH, selectivity and turnover frequency (TOF) than Co/y-
AlL,O5. Kanezaki E. et al. [48] reported that Pd/CeO, supported on ¥-Al,O; catalyst
gave excellent catalytic activity in methane oxidation reaction. Janlamool J. et al.
[49] studied composition effect of  ¥-Al,0; and Y-AL,O; catalyst in ethanol
dehydration to ethylene. Their results indicated that catalytic activity decreased in
order as 50% %-Al,O; > 100% %-AlL,Oz > 70% Y-ALOs > 0% X-Al,0; at reaction
temperature of 200-300°C. Observing, both catalyst mixed with %-AlL,O; in Y-ALOs
(70% y%-AlLO; and 50% %-AlOs) and pure ¥-phase alumina catalyst (100% ¥-Al,Os)
were higher catalytic conversion than pure y-phase alumina catalyst (0% %-Al,Os) at
reaction temperature of 200°C. Moreover, they concluded that hexagonal close
packing (hcp) of ¥-Al,Os structure was better catalytic conversion and ethylene yield
than cubic close packing (ccp) of ¥-Al,O5 structure. In other research, studying effect
of phase composition between Y- and ¥-Al,O; on Pt/Al,O; catalyst in CO oxidation
by Meephoka C. et al. [23]. The Pt/Al,O5 catalysts mixed of y- and ¥-Al,O5 (30 - 70%
Y-AL,Os) were higher CO conversion than without ¥-Al,Os; catalyst whereas Pt
supported on 10% ¥-Al,Os catalyst indicated the worst its activity. In addition, the CO
oxidation activities related to amount of Pt active sites. It concludes that the ¥-Al,O;
is interesting for used as catalyst and catalyst support. Therefore, in this research, the

X-ALOs is used as catalyst support.
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3.2 CO, hydrogenation reaction

In present, CO, in atmosphere is continuously increased because expanding
of world’s population and industry growth, that causing global warmed up through
the greenhouse effect. Therefore, reduction of CO, in atmosphere is urgently
necessity. In several strategies. CO, hydrogenation to methane or CO, methanation is
an option of Carbon Capture and Sequestration (CCS), that is capture of CO, in
atmosphere and storage in underground. After that the CO, captured is utilized and
converted to methane or chemical compounds [8, 9, 50]. The CO, methanation
reaction (Eq. (1) in chapter II) is strongly exothermic, although thermodynamics favor
at low temperatures. From this reason, catalyst used in the CO, methanation
reaction should be high activity catalysts at low temperatures and enough stable to

high temperatures [8].

CO, hydrogenation to methane is considered by using several metal catalysts,
including Ni, Ru, Rh, Pt, Pd, Ir, Co-and Fe carried out on various oxide supports (e.g.
TiO,, AlLOs, SIO,, CeO,, Zr0,, MgO) [8, 12, 51, 52]. Catalysts of 3% Ru/AlL,O; and 20%
Ni/Al,O3; were studied in carbon dioxide methanation reaction by Garbarino G. et al.
[9]. Feed gases were mixed with 6%CO, and 30% H, diluted with 64% N,. The
catalysts were reacted with increasing temperature from 523 to 773 K and step back
to 523 K. They reported. that CO, conversion of Ru/Al,O; was almost zero at low
temperature (523 - 573 K), then CO, conversion and CH, yield increased at 623 - 673
K that was effect of conditioning. Moreover, CO, conversion and CH, yield in
decreasing temperature steps were higher than in increasing step at same
temperature. These results confirmed that the conditioning affected to activities of
catalysts. In addition, CO, conversion and CH, yield of Ni/AlLO; was clearly lower
than that of Ru/Al,Os;, concluding that Ru/AlL,O; catalyst was more active than
Ni/AL,O5 catalyst. Activities of Ru and Ni supported on SiO, catalysts in CO,
methanation reaction were studied by Fujita S.-I. et al. [53]. CO, conversion of 5.0

wt.% Ru/SiO, was higher than that of 8.2 wt.% Ni/SiO, as 3.2% and 1.0%,
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respectively. The same results considered in rate of methane formation, the
methane formation rate of Ru/SiO, was obviously more than that of Ni/SiO, as 26.2
and 8.2 Umol/g./min. Panagiotopoulou P. [51] reported results of noble metals (as
Rh, Ru, Pt and Pd) supported on TiO, catalysts in CO, hydrogenation reaction. Mixed
gases of 5%C0O, and 20%H, in He were used as feed gases. CO, conversion of Rh/TiO,
catalyst was clearly higher than other catalysts and reached to equilibrium at about
380°C that shown in Figure 6 in Ru/TiO, and Pt/TiO, catalysts. CO, conversion curves
were shift to higher temperature, whereas the CO, conversion of Pd/TiO, catalyst was

less than 10% albeit reaction temperature reached 440°C. In addition, methane
selectivity at reaction temperature of 350°C decreased following the order of Rh >

Ru > Pt > Pd, indicated that the reverse water gas shift (RWGS) reaction was
strongly supported over Pt and Pd catalysts which it  produced co-production

compound of CO.
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Figure 6 CO, conversion in a function of reaction temperatures (A), CH, selectivity

and CO at reaction temperature of 350°C (B) [51].

Li D. et al. [54] studied Ru/TiO, catalysts prepared by different methods and
Ru loading. In the same condition, initial rate and TOF of Ru/TiO, catalysts prepared
by spray reaction (SPR) method were higher than those of Ru/TiO, catalysts prepared

by impregnation (IMP) method. The spr-Ru/TiO, catalysts were supported by
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characteristic of fine particles and new active sites creation at interface. Similarly,
Ru/Al203 catalysts prepared by three different methods were studied by Li D. et al.
[4]. The three preparation methods were consisted spray reaction (SPR), impregnation
(IMP) and Hybrid (HYB) method—method of combination with spray and

impregnation. The initial rate and TOF of Ru/Al,O; catalysts indicated in decreasing

order as spr-Ru/ALO; > imp-Ru/AlL,Os; > hyb-Ru/AlL,O; catalyst. The initial rate and
TOF of spr-Ru/Al,05 catalyst was 2 times and 3 times higher than imp-Ru/Al,03
catalyst, respectively. Reasons of the higher activities of spr-Ru/AlLO; catalyst
probably were its fine particle structure and homogeneity of metal and support. In
addition, Li D. et al. [4] also studied impact of amount of Ru molar loading as 1%,
5%, 10% and 15% in spr-Ru/AlLO5 catalysts. The 5 mol% of Ru/Al,Os catalyst could
get the maximum initial catalytic rate and hydrogen uptake. It was concluded that
the amount of Ru metal in catalyst influenced on catalytic activity per site. Kwak J.H.
et al. [55] reported effect of Ru content as 0.01, 0.5, 1, 2 and 5 wt.% supported on
ALO; catalysts which exhibited in Figure 7 Catalyst 5 wt.% Ru/AlL,O; showed the
maximum CO, conversion at reaction temperature of ~320°C. In decreasing amount
of Ru loading, CO, conversion curves were shifted toward higher temperature.
Interesting, CO, conversion-of all Ru loading catalysts continuously increased and
then, dropped to above ~450°C; although the amount of loading changed by a factor
of 50. Whereas, CO formation profiles were quiet different and lower Ru loading
catalysts were significantly higher CO rate at low temperature. Moreover, CH, yield
increased with increasing Ru loading and temperature of maximum CH, yield was
shift to higher temperature. From these reports, they concluded that CH, formation
was favored in large metal clusters catalyst because CH4 formation increased with

increasing amount of Ru loading.
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Figure 7 CO, hydrogenation reaction on Ru/Al,O5 catalyst in a function of

temperature: CO, conversion (A), CO yield (B) and CHj yield (C) [55].

Supports influence to catalytic properties that consists three main features:
improving of catalyst dispersion, reducing of inactive spinel phase formation, and
modifying of catalytic reducibility [27]. lizuka T. et al. [52] investigated CO,
hydrogenation reaction over Rh catalysts supported on various metal oxides as ZrO,,

ALO;, SiIO, and MgO. The Rh/ZrO, indicated highest activity at all reaction
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temperatures and the lowest activity was Rh/MgO. The activity of all catalysts was

showed in order as Rh/ZrO, > Rh/AlL,O; > Rh/SiO, > Rh/MgO. Suo Z.-h. et al. [56]
studied 5 wt.% Fe supported on TiO,, ZrO, and Al,O5 catalysts in CO, hydrogenation.

Reduction of catalytic activity was followed in order of Fe/TiO, > Fe/ZrO, >
Fe/ALOs. The Fe/TiO, gave higher CO, conversion (19%) and also better selectivity of
Cy,-hydrocarbon. In addition, binary metal oxide supports were investigated in
several researches. Rynkowski J.M. et al. [57] studied effect of CeO,-ALO; binary
oxide supported Ru catalysts in CO, methanation. 5 wt% Ru catalysts were varied
CeO, content in CeO,-AlL,O3. as 10, 20 wt% CeO, The maximum conversion of all
catalysts were followed as Ru/20Ce0,80A,05 = 76%, Ru/10Ce0,90A,05 = 74.5% and
Ru/AlL,Os = 72%. Observing, adding CeO; in catalyst support gave higher activity and
lower reaction temperature of maximum conversion than without CeO, in catalyst
support. Xu J. et al. [8] interested in catalysts of binary oxide support too. They used
5 wt.% Ru catalysts supported on 5, 10, 15 wt.% TiO, in Al,O5; which those catalyst
supports were compared with Ru/AlL,O; catalyst.. CO, conversion as a function of
reaction temperature was observed that the Ru catalysts with loading of TiO, were
higher CO, conversion than Ru/Al,Os catalyst that shown in Figure 8. At reaction
temperature of 225°C, reaction rate of Ru/5 wt.% TiO,-ALO; catalyst (0.59
molCO,/gRu-h) was 3.1 times higher than that of Ru/ALO; (0.19 molCO,/gRu-h)
catalyst. Moreover, loading of TiO, in"catalysts could inhibit the aggregation of RuO,

on catalyst surface.

—&— Ru/Al

103
—o— Ru/S wi%h Ti0y-Al,0;

80 |
—A— Rw/10 wt% Ti0,-Al, 04
60 F —v— Ruw15 wt% TiO,-AL O,

40}

20

CO2 conversion / %

150 200 250 300 350 400

Reaction temperature /"C



20

Figure 8 CO, conversion of various TiO, loading in TiO,-Al,O3 binary oxide supported

Ru catalysts [8].

RESEARCH METHODOLOGY

4.1 Materials Preparation

4.1.1 Materials

CHATER IV

The chemicals used in the catalytic preparation are shown in Table 4.

Table 4 The chemicals were prepared for synthetic of catalysts.

Chemical Formula Grade Manufacture
Ruthenium (II) acetylacetonate - | Ru(CsH;O5) 97% Sigma-Aldrich
Ruthenium (Il) nitrosyl nitrate RU(NO)(NO»),(OH), 1.5% in Sigma-Aldrich
solution X+y=23 nitric acid
Hexaammineruthenium (i) RU(NH3)sCls 98% Sigma-Aldrich
chloride
Gibbsite Al(OH), Technical | Sigma-Aldrich
Titanium (IV) butoxide Ti(OCH,CH,CH,CHs), 97% Sigma-Aldrich
Zirconium n-butoxide CieH2604Zr 80% in Alfa Aesar

1-butanol
Xylene CgHio AR QReC
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4.1.2  Support preparation

The chemical properties used in the preparation of support are shown in
Table 4. The ¥-Al,0; support was prepared by the thermal decomposition of
microcrystalline gibbsite. The gibbsite was calcined at 600°C in tube furnace under
the air flow (100 mU/min) with heating rate of 10°C/min and was hold in this

temperature for 4 hours.

TiO,-ALO; and ZrO,~AlL,O5 binary oxides supports were prepared using wet
impregnation method. The content of TiO, in ALLO3; was varied as 5 wt.%, 10 wt.%, 15
wt.% and 20 wt.%, and the content of ZrO, in ALO; was varied as 2.5 wt.%, 5 wt.%,
10 wt.% and 15 wt.%. In the case of TiO,~ALO; support, gibbsite was added in
titanium (IV) butoxide diluted with xylene solvent. Then, the sample was heated up
to 80°C and hold in this temperature until the sample was dampened. After that, the
sample was dried at 110°C for 12 hours and calcined in air (100 ml/min) by heating
up to 600°C with rate 10°C/min for 4 hours. The ZrO,-AlLO; support was prepared
with the same preparation procedure but zirconium n-butoxide was used as a

precursor instead.

4.1.3 = Catalytic preparation

X-ALO; supported Ru. catalysts was prepared by incipient wetness
impregnation method with 1 wt.% of Ru loading. The Ru precursors of catalyst were
varied with 3 different Ru precursors, which included ruthenium (Ill) acetylacetonate,
ruthenium (Ill) nitrosyl nitrate solution and hexaammineruthenium (IIl) chloride. The
support was impregnated with Ru precursor dissolved in solvent and kept at room
temperature for 6 hours. Then, the sample was dried at 110°C for 12 hours and
calcined in air (100 ml/min) at 300°C with heating rate of 10°C/min at 300°C and hold
in this temperature for 4 hours. The details of catalytic preparation precursor used

for Ru/y-Al,O5 catalysts are shown in Table 5.
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This preparation procedure was used also to prepare TiO,~Al,O3; and ZrO,-
ALOs; binary oxides supported Ru catalysts. But, the Ru precursor used for
preparation of Ru/TiO,—AlL,O5; and Ru/ZrO,~Al,O5 catalysts was chose from the best of
Ru/¥-Al,O5 catalysts.

Table 5 The details of preparation precursors of Ru/(-Al,O; catalysts.

Support Ru precursor Solvent
Ruthenium (Il Xylene
acetylacetonate
Ruthenium (II) nitrosyl Deionized Water
nitrate solution
Hexaammineruthenium (Ill) Deionized Water
chloride

4.2 Catalytic activity test

The catalytic activity test was performed by CO, hydrogenation reaction. In

addition, the flow diagram of this system is shown in Figure 9.

Reactor

Furnace

HyCO,=3  H, He

GC-TCD GC-FID

Temperature
controller
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Figure 9 The flow diagram of operating system of CO, hydrogenation.

The activity test of the catalysts in CO, hydrogenation reaction was performed
in a continuous-flow fixed-bed reactor with the inner diameter of 7.1 mm (stainless
steel) under atmospheric pressure. 0.15 ml of catalyst powder was loaded in reactor,
and then, reduced in H, with 30 mU/min at 400°C for 2 hours before starting the
reaction. The reaction was carried out using temperature programmed reaction
method (250, 275, 300, 325, 350, 375, 400 and 425°C), which increased continuously
by 25°C per hour. The gas mixture of H,/CO, = 3 and balanced with helium (CO,+H,
= 20 mU/min and He = 20 ml/min) was used as the feed gases for reaction with the
catalysts prepared by different Ru precursors. In addition, H,/CO, = 4 balanced with
helium (CO,+H, = 20 mU/min, H, = 5 ml/min and He =15 ml/min) as feed gas were
used for the reaction of Ru/ZrO, and Ru/TiO, catalysts. GHSV used in the reaction
was at 14,000 h'. The gas products out of the reactor were measured by using gas
chromatograph (SHIMADZU GC-14B) with a TCD and FID detector. The operating
conditions of GC-TCD and GC-FID detectors are shown. in Table 6 and Table 7,

respectively.

Table 6 The operating conditions of GC-TCD detector used for catalytic activity test.

Gas chromatograph SHIMADZU GC-14B
Detector TCD
Column Porapack Q

Carrier gas He
Carrier gas flow 30 mU/min

Injector temperature 150°C

Detector temperature 150°C

Column temperature 40°C
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Analysis gas CO,, CO, CH,

Table 7 The operating conditions of GC-FID detector used for catalytic activity test.

Gas chromatograph SHIMADZU GC-14B
Detector FID
Column DB-1

Carrier gas N,
Split flow rate 40 ml/min
Purge flow rate 10 mU/min
Carrier pressure 40 kPa

Make up pressure 50 kPa

Injector temperature 200°C

Detector temperature 200°C

Column temperature 40°C

Analysis gas Hydrocarbons

4.3 Catalytic characterization

In this research, the characterization of catalysts was determined using
techniques of X-ray diffraction (XRD), N, physisorption (BET), H, chemisorption,

Temperature programmed reduction (TPR) and Transmission electron microscope

(TEM).
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4.3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a technique that used to study crystalline structure of
catalysts. XRD patterns were recorded using a Siemens D5000 X-ray diffractometer
and Cu Kg radiation with a Ni filter. The range of 260 was from 20° to 80°. The

crystallite size was calculated using Scherrer’s equation.

4.3.2 N, physisorption (BET)

The specific surface area, average pore size and pore volume of catalysts were
measured by nitrogen gas adsorption-desorption_at liquid nitrogen temperature (-
196°C) using a BET SORP mini Il. The catalysts were pretreated in helium gas at 180°C

for 3 hours.

4.3.3 H, chemisorption

The H, chemisorption technique was performed to measure the active site,
dispersion and particle size of Ru metal, by using a Micrometics AutoChem 2910
instrument. Prior to measurement, 60 mg of catalyst sample was reduced in H, gas
(25 ml/min) at 400°C for 2 -hours. Then, the reduced sample was cooled down to
100°C and measured at this temperature using N, carrier gas. 50 ul of H, gas was
injected in the form of a pulse into instrument until amount of H, measured was

constant.

4.3.4 Temperature programmed reduction (TPR)

The reduction behavior and reducibility of catalyst were obtained from
Temperature programmed reduction (TPR) experiment using a Micrometritics
AutoChem 2910 instrument. Prior to H,-TPR experiment, about 100 mg of catalyst
sample was loaded into a U-shape quartz reactor and then, pretreated with N, gas
(30 ml/min) at 200°C with heating rate of 10°C/min for 1 hour to remove the
adsorbed water. After pretreatment, the pretreated sample was cooled to room
temperature. Then, 10% H, in N, (30 mlU/min) was flowing through the sample and

heated up to 800°C with rate of 10°C/min.
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4.3.5 Transmission electron microscope (TEM)

The morphology of catalyst sample was determined by Phillips Tecni 20 and
operated at 120 kV.
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CHAPTER V
RESULTS AND DISCUSSION

In this chapter, the story is divided into four major sections, which consists: 1)
effect of different ruthenium precursors in Ru/x-AlL,O; catalyst, 2) effect of ZrO,
addition in y-Al,O; supported Ru catalyst, 3) effect of TiO, addition in Y-Al,Os
supported Ru catalyst and then 4) Comparison of catalytic activity of ZrO,-Al,O5; and
TiO,-AlLOs supported Ru catalysts. The first three major sections describe about
characterization of catalyst which analyzed by five techniques, viz., N, physisoroption
(BET), transmission electron —microscope - (TEM), X-ray diffraction (XRD), H,

chemisorption and temperature programmed reduction (TPR) techniques.

In addition, CO, hydrogenation reaction with temperature programmed is
considered for catalytic activity investigation. Feed gases used in this reaction contain
12.5% CO, and 37.5% H, with He balanced for section one, and 12.5% CO, and 50%

H, with He balanced for section two and three. GHSV specified is 14,416 h™.

5.1 Effect of different ruthenium precursors in Ru/y-AlL,O; catalyst

In this section, the "Ru/X-Al,O; catalysts prepared by incipient wetness
impregnation method using three different ruthenium precursors are investigated.
The three different ruthenium precursors included ruthenium (Ill) nitrosyl nitrate
solution, ruthenium (Ill) acetylacetonate and hexaammineruthenium (lll) chloride. The
catalysts prepared by these precursors denoted as RNN, RAA and RCl, respectively.

The amount of ruthenium loading is 1 wt.%.



29

5.1.1 Catalytic characterization

BET surface area, total pore volume and average pore size diameter of RNN,
RAA and RCl catalysts are shown in Table 8. The BET surface area of RAA catalyst
(192 m?/¢) is higher than two other catalysts. When consider the different ruthenium
precursor catalysts, the BET surface area of RNN (171 m?/g) and RCl catalysts (155
mz/g) are lower than that of RAA, respectively. In addition, the RAA catalyst is highest
pore volume (0.91 cm®/g). The pore volume of both of the RNN and RCl catalysts are

same value (0.21 cm?/g).

Table 8 BET surface area, pore volume, pore diameter, isotherm type and hysteresis

loop type of Ru/¥-Al,O5 catalysts prepared with three different ruthenium precursors.

Catalyst BET Pore Pore Type of Type of
surface area volume diameter isotherm hysteresis
[m?/g] [cm?/g] [nm] loop

RNN 171 0.21 5.0

RAA 192 0.91 4.0 IV(a) H2(b)

RCl 155 0.21 5.5
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Figure 12 Pore diameter distribution of RCl catalyst.

Pore diameter distribution of RNN, RAA and RCLl catalysts analyzed by using
BJH method are shown in Figure 10 — 12. All catalysts exhibited the very uniform
narrow distribution curve. The pore diameter in descending sort is RCl (5.5 nm), RNN
(5.0 nm) and RAA (4.0 nm), respectively. In addition, pore structure of all catalyst is

mesopore that is confirmed in isotherm and hysteresis description.

The physisorption isotherms of RNN, RAA and RCl are exhibited in Figure 13 -
15, respectively. The physisorption isotherms of these catalysts are assigned as that
in type IV(a). This type indicate that the catalysts have characteristic as mesoporous
structure. In addition, the porous catalysts are cylindrical porous structure which
described by hysteresis loop of type H2(b) [58]. The hysteresis loops are also shown
in Figure 13 - 15.
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Figure 15 N, adsorption and desorption isotherm of RCl catalyst.

Figure 16 shows the XRD pattern of RNN, RAA and RCl catalysts. From all
catalysts, the main diffraction peaks of RuO, is appeared at 26 = 28° which is the
same peak observed by Li D. et al. [4]. The RuO, peak intensity of RNN and RAA
catalysts is much. sharper comparing with- RCl catalyst,” which almost does not
appear. In addition, the diffraction peak intensity of ¥-Al,03 are also observed in all
Ru/¥-Al,O5 catalysts prepared by using various Ru precursors. The crystallite size of
all species in RNN, RAA and RCl catalysts is calculated by using the Scherrer equation
and the results are shown in Table 9. It clearly showed that RuO, crystallite size of
RCl catalyst (24 nm) is smaller than the crystallite size of RNN and RAA catalysts (31
and 37 nm, respectively). These results are contributed with XRD results by
Nurunnabi, M., et al. [59] which they investigate in effect of Ru precursors on
Ru/AL,O5 catalyst. They found that RuO, crystallite size of Ru/AlL,O; prepared by
RuClz*nH,O precursor was smaller than the catalyst prepared by Ru(NO;);(NO) and
acetone solution of Ru(CsH;0,); precursors, respectively. In an observation of Al,O;

crystallite size, the size of all three catalysts are not much different.
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Figure 16 XRD pattern of RNN, RAA and RCl catalysts.

Table 9 Crystallite size of RNN, RAA and RCl catalysts calculated by XRD results.

Catalyst Crystallite size (nm)
RuO, ALO3

RNN 31 6.3

RAA 37 59

RCl 24 6.4
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Particle morphology of RNN, RAA and RCl catalysts observed by TEM
technique are shown in Figure 17. In the TEM images, RuO, particles exhibited as
deep black color. The RuO, particles of RNN catalyst were obviously larger than that
of RCl catalyst and the RuO, particle shape of both catalysts cannot be identified in
geometric form. In RAA catalyst, the RuO, was very large particle. Moreover, part of
the RuO, particles in RAA catalyst were similar to crystalline rods. It is seemly that
the above description has the same tendency as the XRD results. In addition, the
RuO, particles of all three catalysts are quite poorly dispersed on %-Al,O3 support

and it is like to cluster form.

Amount of active site, Ru metal dispersion and Ru particle size of RNN, RAA
and RCl catalysts are displayed in Table 10. The active site of RNN catalyst (3.0
pmol/g..) was higher than that of RAA catalyst (2.1 pmol/g.y). In the Ru dispersion
results, Ru dispersion of RNN catalyst as 3.0% was higher than Ru dispersion in RAA
catalyst as 2.1%. This means that Ru metal from ruthenium (Ill) nitrosyl nitrate
precursor dispersed on (-Al,05 support is better than Ru metal from ruthenium (Ill)
acetylacetonate precursor. In addition, average Ru particle size of RNN catalyst is
smaller than Ru particle size of RAA catalyst as 30 and 43 nm, respectively.
Interestingly, results of active site, Ru metal dispersion and Ru particle size in RCl
catalyst cannot be measured that probably due to existence of chlorine residual.
Murata S. et al. [60] explained reason for low dispersion and low activity of Ru/Al,Os;
catalyst prepared from RuCls-3H,0O precursor that because of chlorine residual.
Moreover, when chlorine removed by hydrogen treatment at high temperature and
washing in ammonia solution, the activity of this catalyst was increased about four

times.
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Figure 17 TEM images of Ru/¥-Al,O5 catalysts seeing that (A) RNN catalyst, (B) RCL
catalyst and (C), (D) RAA catalyst.
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Table 10 H, chemisorption results of RNN, RAA and RCl catalysts.

Catalyst Active site Ru dispersion Average diameter
[umol/gq,¢ ] [%] of Ru particles
[nm]
RNN 3.0 3.0 30
RAA 2.1 2.1 43
RCL N/A N/A N/A

Intensity (a.u.)

——RNN

——RAA

—R

50

Figure 18 H,-TPR profiles of RNN, RAA and RCl catalysts.

350 450 550

Temperature (°C)
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Figure 18 indicates H,-TPR profiles of RNN, RAA and RCl catalysts. These
results were composed of a sharp low temperature reduction peak at about 154 -
173°C, a medium temperature reduction peak at about 241 - 267°C, and a broad
high temperature reduction peak at about 392 - 395°C. In literatures discovered [59,
61-63], the first peak and second peak were attributed to reduction step from RuO,
to RuO and RuO to RU’, respectively. Then, third peak at high reduction temperature
can be assigned to reduction of Ru species oxidized that strongly interact with -

AL,O3 support.

5.1.2 Catalytic activity test

CO, hydrogenation reaction is investigated with Ru/Y(-Al,O53 catalysts prepared
by using three different Ru precursors. Feed gases mixed of H,/CO, as 3/1 with He
balanced and GHSV as 14,416 h' are used in this investigation. Temperature
programed CO, conversion of RNN, RAA and RCl catalysts is indicated in Figure 19.
CO, conversion profiles of RNN-and RAA catalysts are little different while that of RCl
catalyst was significantly lower than other two catalysts for all reaction temperatures.
Reason of lower CO, conversion in RCl catalyst might be the presence of chlorine
residual that caused the overlaid of active catalyst by chlorine [60]. In addition, Ru
catalyst supported on commercial Y-Al,O5; was used to compare with RNN. Both
catalysts were prepared by using same Ru precursor as ruthenium (lll) nitrosyl nitrate
precursor. The Ru/ALO; (Commercial) catalyst can get maximum CO, conversion at
lower reaction temperature at 350°C than that of RNN catalyst. Besides, CO,
conversion of Ru/Al,O5; (Commercial) catalyst decreased when increasing toward high

reaction temperature probably due to the catalytic deactivation.
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Plot between CH, selectivity and reaction temperature is shown in Figure 20.
The CH, selectivity of RNN and RAA catalysts was almost 100%, whereas, the CH,4
selectivity of RCl is less than that of all catalysts at every reaction temperature. The
result suggests that the RCl catalyst promotes production of CO. Plot between CH,
yield and CO yield with reaction temperature are exhibited in Figure 21 and 22. The
CH, yield profile of RCl catalyst was lower than that of RNN and RAA catalysts, and
RCl catalyst gave the most CO vyield of all catalysts. The CH; yield of Ru/AlL,Os
(Commercial) catalyst was higher than RNN catalyst at low reaction temperature,
whereas, at high reaction temperature, the CHg yield of Ru/AlL,O; (Commercial)
catalyst decreased and the CO yield of Ru/AlL,O5; (Commercial) catalyst increased and

then it was overtaking by RNN and RAA catalyst.
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Reaction temperature (°C)

Figure 19 CO, conversion as function of reaction temperature of RNN, RAA, RCl and

Ru/ALO; (Commercial) catalysts.
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Figure 20 CH, selectivity as function of reaction temperature of RNN, RAA, RCl and

Ru/AlL,O5 (Commercial) catalysts.
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Figure 21 CHjy yield as function of reaction temperature of RNN, RAA, RCl and
Ru/AL,O; (Commercial) catalysts.
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Figure 23 Rate of CH, formation as function of reaction temperature of RNN, RAA,

RCl and Ru/AlL,O5 (Commercial) catalysts.



a2

20

15 4

10 4

RNN
05 - @

m RAA
00 -

n TOF (s1)

o Ru/Al203 (Commercial)

-1.5 T T T T T T T T
15 16 1.7 18 19 20

1000/T (K1)

Figure 24 Turnover frequency (TOF) of CO, conversion obtained from RNN, RAA, RCL
and Ru/AL,O; (Commercial) catalysts.

Table 11 Apparent activation energy (E,) of CO, hydrogenation reaction obtained
from RNN, RAA, RCl and Ru/Al,05 (Commercial) catalysts.

Catalyst Ea
[kJ/mol]

RNN 68

RAA 79

RCL N/A

Ru/ALO; (Commercial) 91
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Figure 23 exhibits the plot between rate of CH; formation and reaction
temperature of RNN, RAA and RCl catalysts comparing with Ru/AlL,Os; (Commercial)
catalyst. The CH, formation rate of RNN and RAA catalysts are significantly higher
than RCl catalyst. These results mean that a gram of RNN and RAA catalysts can
produce CH; more than RCl catalyst. In addition, turnover frequencies (TOF) of CO,
conversion of RNN, RAA and RCl catalysts are shown in Figure 24 which observed at
reaction temperature between 250 to 350°C. The TOF of RCl catalyst could not
report due to the active site of this catalyst could not measure. In an observation,
the TOF of RNN catalyst was lower than that of RAA catalyst and also Ru/Al,0Os

(Commercial).

The apparent activation energies (E,) of CO, hydrogenation reaction over RNN,
RAA, RCl and Ru/AlLO5 (Commercial) catalysts are shown in Table 11. These results
were calculated from the slopes of linear lines in Figure 24. It is observed that these

results are similar to E; values of Ru/Al,O; catalysts in CO, hydrogenation [51].

As the results description above, Ru/Al,O; catalyst prepared by ruthenium (Il)
nitrosyl nitrate precursor-or RNN catalyst can give high catalytic activity and high
stability, and also solvent used in the preparation of this catalyst is more safety and
environmental friendly than others. Therefore, ruthenium (lll) nitrosyl nitrate

precursor is used as Ru precursor for all catalysts'in further two section.

5.2 Effect of ZrO, addition in %-Al,O; supported Ru catalyst

In this section, Ru catalysts supported on ZrO,-Al,0; prepared by using
ruthenium (Ill) nitrosyl nitrate precursor are investigated with various ZrO, content as
5, 10, 15 and 20 wt.%. These Ru/ZrO,-Al,05 catalysts are compared with Ru/y-Al,O;

or RNN catalyst and Ru/y-Al,O5 or Ru/Al,O5 (Commercial) catalyst.



5.2.1 Catalytic characterization

aq

BET surface area, pore volume and pore diameter of RNN, Ru/AlLOs;

(commercial) and Ru/ZrO,-Al,O5 catalysts are shown in Table 12. BET surface area of

catalysts decreased with ZrO, presence and these results were almost no different.

Pore volume and pore diameter of Ru/5%ZrO,-Al,O; was larger than RNN catalyst,

and then, that decreased with increasing amount of ZrO, in support. In addition, the

BET surface area of Ru/AlL,O; (Commercial) catalyst (158 m?/g) was less than that of

RNN catalyst (171 m?®g) while pore volume and pore diameter of Ru/AlLO;

(Commercial) catalyst as 0.23 cm’/g and 5.8 nm were higher than those of RNN

catalyst as 0.21 cm?/g and 5.0 nm), respectively.

Table 12 BET surface area, pore volume, pore diameter, isotherm type and

hysteresis loop type of RNN, Ru/Al,O5; (commercial) and Ru/ZrO,-Al,O5 catalysts.

Catalyst BET Pore Pore Type of Type of
surface area volume  diameter isotherm hysteresis
[m?/g] [cm®/¢]  [nm] loop

Ru/AlLO; 158 0.23 5.8

(commercial)

RNN 171 0.21 5.0

Ru/5%Zr0,-Al,05 142 0.22 6.1 IV(a) H2(b)

Ru/10%ZrO,-Al,O4 136 0.19 55

Ru/15%ZrO,-Al,Os 146 0.18 5.0

Ru/20%ZrO,-Al,Os 149 0.18 4.9
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Figure 25 Pore diameter distribution of RNN catalyst.

0.10

0.08

0.06

dv /d(d)

0.04

0.02

000 DN N N RN BENN R R RN BN NN RN RENN NN N RN RN
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

dp (hm)

Figure 26 Pore diameter distribution of Ru supported on Al,O; commercial catalyst.



0.10

0.08

0.06

dv /dd)

0.04

0.02

0.00

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

dp (nm)

Figure 27 Pore diameter distribution of Ru/5%2ZrO,-Al,O5 catalyst.
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Figure 28 Pore diameter distribution of Ru/10%ZrO,-AlL,O5 catalyst.
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Figure 29 Pore diameter distribution of Ru/15%27rO,-Al,O5 catalyst.
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Figure 30 Pore diameter distribution of Ru/20%ZrO,-AlL,O5 catalyst.
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Pore diameter distributions of RNN, Ru/Al,05 (Commercial) and Ru/ZrO,-Al,O4
catalysts analyzed by BJH method are shown in Figure 25 - 30. The RNN, Ru/AlL,Os;
(Commercial) and Ru/ZrO,-Al,05; catalysts exhibited a narrow pore diameter
distribution. Pore structure of these catalyst was same structure as mesopore. It is

further described in N, adsorption and desorption isotherm and hysteresis loop.

N, adsorption and desorption isotherm of RNN, Ru/Al,O; (Commercial) and
Ru/ZrO,-Al,O5 catalysts are exhibited in Figure 31 - 36. The physisorption isotherms
of all catalysts were assigned to type IV(a). This type is described that the catalysts is
mesopores structure. In addition, types of hysteresis loop of these all catalysts were
H2(b). The type of H2(b) is specified that porous characteristics of catalysts are

cylindrical porous structure [58].
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Figure 31 N, adsorption and desorption isotherm of RNN catalyst.
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Figure 32 N, adsorption and desorption isotherm of Ru supported on Al,Os

commercial catalyst.
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Figure 33 N, adsorption and desorption isotherm of Ru/5%ZrO,-Al,0O5 catalyst.
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Figure 34 N, adsorption and desorption isotherm of Ru/10%ZrO,-Al,05 catalyst.
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Figure 35 N, adsorption and desorption isotherm of Ru/15%2ZrO,-Al,05 catalyst.
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Figure 36 N, adsorption and desorption isotherm of Ru/20%ZrO,-Al,05 catalyst.

Figure 37 indicates XRD patterns of RNN, Ru/AlL,O; (Commercial) and Ru/ZrO,-
ALL,O5 catalysts. This figure appeared peak of RuO, in all catalysts which the positions
of this peak consisted to 26 = 28° 35°and 54.5° [4]. The catalysts of ZrO, presence
could be clearly seen that ZrO, formed in tetragonal structure and its main
diffraction peak was specified as 26 = 30° [64]. In observing, the intensity of ZrO,

peak increased with increasing amount of ZrO, loading.
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Figure 37 XRD pattern of RNN, Ru/Al,O; (commercial) and Ru/ZrO,-Al,O5 catalysts.

Table 13 Crystallite size of RNN, Ru/AlL,O; (commercial) and Ru/ZrO,-Al,O5 catalysts
calculated by XRD results.

Catalyst Crystallite size (nm)

RUOZ ALZOB ZrOZ
Ru/ALOs 31 56 -
(Commercial)
RNN 31 6.3 -
RU/S%ZrOZ—Alzo_?, 14 6.3 5.2
RU/10%Zr0,-ALO;, 27 6.0 11.8
RU/15%Zr0,-ALO, 31 6.3 12.9

Ru/20%Zr0,-ALO;, 37 6.1 12.2
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Crystallite size of each species in RNN, Ru/Al,O; (Commercial) and Ru/ZrO,-
AL,O5 catalysts calculated by using the Scherrer’s equation is indicated in Table 13. It
was observed that crystallite sizes of RuO, in RNN and Ru/AlL,O; (Commercial)
catalysts were the same size (31 nm) which it meant that the Al,O; phase did not
affect to crystallite size of metal oxide. Interesting, the crystallite size of RuO,
decreased to 14 nm when ZrO, added small amount in support (Ru/5%ZrO,-Al,Os).
Whereas, the crystallite size of RuO, increased to 27 nm for Ru/10%ZrO,-Al,O;
catalyst, and also increased to 37 nm when added ZrO, further to 20%ZrO,. The
crystallite size of ALLOs; seemed similarly in all catalysts as about 6 nm, while the
ZrO, crystallite size of various Ru/ZrO,-Al,O; catalysts increased with increasing

amount of ZrO, added.

(A) (B)
HV = Mag HV | Mag
1200 kV20000 x -200 nm— 1200 kV20000 x -200 nm—

Figure 38 TEM images of RNN catalyst (A) and Ru/AL,O5; (Commercial) catalyst (B).
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Figure 39 TEM images of Ru/ZrO,-Al,O; catalysts seeing that (A) Ru/5%ZrO,-AlLO;
catalyst, (B) Ru/10%ZrO,-AL,O; catalyst, (C) Ru/15%ZrO,-Al,O; catalyst and (D)
Ru/20%Z2rO,-Al,05 catalyst.
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I Ru/20%2:02-A1203

Figure 40 EDS spectra obtained at the area in cycle that presented in TEM image of
Ru/20%ZrO,-Al,O5 catalyst.

TEM images of RNN, Ru/Al,O; (Commercial) and Ru/ZrO,-Al,O5 catalysts are
exhibited in Figure 38 and 39. The deep black parts were assigned as RuO,. It
appeared fine particles and smaller particles size of RuO, on Y-Al,O05 support than
the particles size of RuO, in RNN catalyst. Whereas, some particles of RuO, in
Ru/ALOs (Commercial) catalyst were large size and similar to RNN catalyst. These
large RuO, particles of RNN-and Ru/Al,O; (Commercial) catalysts seemed as result of
particle aggregation to cluster form. In an observation in Ru/ZrO,-Al,05 catalysts, the
RuO, particles of Ru/5%ZrO, catalyst were smaller than other Ru/ZrO,-Al,04
catalysts, and highly dispersed on support. Moreover, the particles size of RuO,
increased with increasing ZrO, composition in ¥-Al,O; support which these results
were the same trend to their XRD results. An EDS spectrum of area in the cycle of
Ru/20%ZrO,-Al,05 catalyst is presented in Figure 40. It could confirm the above

description that the deep dark parts were assigned to RuO..
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Active site, Ru metal dispersion and average Ru particle size of RNN, Ru/AlL,O;
(commercial) and Ru/ZrO,-AlL,O; catalysts are represented in Table 14. The active
site of RNN catalyst was same that of Ru/AlL,Os; (Commercial) catalyst which it was 3.0
pmol/g.. Both Ru dispersion and average Ru particle size of RNN catalyst were
almost same value as those of Ru/AlL,O; (Commercial) catalyst. In ZrO, adding in
support observed that the catalysts with ZrO, presence gave more active site and Ru
dispersion which Ru/10%ZrO,-Al,05 catalyst could indicate the highest active site and
Ru dispersion as 9.7 pmol/g.: and 9.8%, respectively. But at large amount of ZrO,
loading, the active site and Ru dispersion of Ru/15%ZrO,-Al,O5 catalyst decreased
and the Ru/20%ZrO,-Al,05 catalyst was the least active site and Ru dispersion. In the
explanation above, ZrO, addition in X-Al,O3 support of Ru catalyst could improve
active site and metal dispersion. Whereas, the presence of high amount of ZrO, or
more than 10%ZrO, affected to decreased active site and metal dispersion which it

was probably due to RuO, aggregation.

Table 14 H, chemisorption results of RNN, Ru/AlL,O; (commercial) and Ru/ZrO,-Al,O5

catalysts.

Catalyst Active site Ru dispersion Average diameter
[umol/ge.: ] (%] of Ru particles

[nm]

(commercial)

RNN 3.0 3.0 30

Ru/5%2ZrO,-Al,04 5.1 52 17

Ru/lO%ZrOz—Ale3 9.7 9.8 9

Ru/15%Zr0,-Al,05 57 5.8 16

RU/20%Zr0,-ALO; 2.1 2.1 43
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Figure 41 indicates H,-TPR profiles of RNN, Ru/Al,O; (commercial) and
Ru/ZrO,-Al,O5 catalysts. The results were composed to two sharp low reduction
temperature peaks and a broad high reduction temperature peaks. As according to
several literatures [59, 61-63], the two peaks of low reduction temperature could be
assigned to the reduction of RuO, to RuO and RuO to Ru’, respectively. A high
reduction temperature peaks could be attributed to Ru oxidized reduction that
strongly interaction with support. In an observation, the second and third reduction
peaks of Ru catalysts with ZrO, presence were shifted to higher reduction
temperature with increasing amount ZrO, loading. Moreover, these two reduction
peaks of Ru/20%ZrO,-AL,O; catalyst were more shifted to higher reduction
temperature than other Ru catalysts with ZrO, loading. In Ru/20%ZrO,-Al,05 catalyst,
it appeared the fourth reduction peak at very high reduction temperature of about
625°C. This small broad peak was assigned to reduction of ZrO, crystallites which
similar result was reported by Souza, MM.V.M. et al. [65]. They reported that
20%ZrO,/AL,05 was also appeared a small peak at reduction temperature of 650°C,

whereas lower amount of ZrO, did not have reduction peak appeared.



58

——Ru/20%7r02-Al203

Ru/15%2Zr02-Al203

Ru/10%ZrO2-Al203

——Ru/5%Zr02-Al203

Intensity (a.u)

——RNN

——Ru/Al203

(Commercial)

50 150 250 350 450 550 650 750

Temperature (°C)

Figure 41 H,-TPR profiles of RNN, Ru/AlL,O; (commercial) and Ru/ZrO,-Al,O; catalysts.

5.2.2 Catalytic activity test

Ru catalysts supported on various-amount of ZrO, in %-Al,05; prepared by
using ruthenium (lll) nitrosyl nitrate precursor are investigated in CO, hydrogenation
reaction. The amount of ZrO, added in support is varied as 5, 10, 15 and 20 wt.% of
ZrO,. A reaction gases mixture of 12.5% CO,, 50% H, (4H,/1CO,) with He balanced,
and GHSV = 14,416 h™ are used in this investigation. The various Ru/ZrO,-AlL,Os
catalysts are compared with Ru/¥-Al,O; or RNN and Ru/Y-AlL,Os; or Ru/AL,O;

(Commercial) catalysts.

Conversion of CO, as function of temperature obtained over RNN, Ru/Al,0
(Commercial) and Ru/ZrO,-Al,O5 catalysts is plotted in Figure 42. The CO, conversion
curves increased with increasing reaction temperature and they were almost the

same conversion at high temperature which these curves could be approached to
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thermodynamic equilibrium. These results are accorded to reports of Cai M. et al.
[27]. They were presented the result of Ru/Al,Os. In increasing reaction temperature,
CO, conversion was reached to thermodynamic equilibrium. In addition, ZrO, loading
in support of Ru catalysts resulted to the CO, conversion increased and Ru/20%ZrO,
catalyst indicated high CO, conversion at lower temperature than other catalysts. In
Ru/ALOs (commercial) catalyst, CO, conversion increased with increasing reaction
temperature, and also decreased suddenly at reaction temperature of 400°C that

was probably because of catalytic deactivation at high temperature or sintering.

100
o { T Tl
50 B —e— Ru/AL203 (Commercial)
£ 70 —e—RNN
c
5 60 —e— Ru/5%Zr02-Al203
@
Z 50
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ON 40
S Ru/15%Zr02-Al203
30
—e— Ru/20%Zr02-Al203
20
10 - - - - Equilibrium
O 1 1 1 1 1 1 T
250 275 300 325 350 375 400 425

Reaction temperature (°C)

Figure 42 CO, conversion as function of reaction temperature of RNN, Ru/Al,0,

(Commercial) and Ru/ZrO,-Al,O5 catalysts.
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Figure 43 CH, selectivity as function of reaction temperature of RNN, Ru/AlL,Os;

(commercial) and Ru/ZrO,-Al,O5 catalysts.
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Figure 44 CH, vyield as function of reaction temperature of RNN, Ru/AlL,O;

(Commercial) and Ru/ZrO,-Al,O5 catalysts.
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Figure 45 CO vyield as function of reaction temperature of RNN, Ru/AlL,O;

(Commercial) and Ru/ZrO,-Al,O5 catalysts.

Figure 43 is indicated plots of CH, selectivity of RNN, Ru/AlL,Os; (commercial)
and Ruw/ZrO,-Al,05 catalysts with reaction temperature. All catalysts indicated
excellent selectivity of CHg and almost 100% at all reaction temperatures. CH, yield
as function of reaction temperature of RNN, Ru/Al,O; (Commercial) and Ru/ZrO,-
AL,O5 catalysts is shown in Figure 44. The CHgy yield profiles indicated that the CHy
yield increased with increasing reaction temperature, and the maximum CH, yield
could shift to lower reaction temperature with increasing amount of ZrO, loading. In
CO yields represented in Figure 45, the CO yields increased with increasing reaction

temperature and those of all catalysts were lower than 5% of CO yield.
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Figure 46 Rate of CHg formation as function of reaction temperature of RNN,

Ru/AlL,O5 (Commercial) and Ru/ZrO,-Al,O5 catalysts.
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Figure 47 Turnover frequency (TOF) of CO, conversion obtained from RNN, Ru/Al,O;

(Commercial) and Ru/ZrO,-Al,O5 catalysts.
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Table 15 Apparent activation energy (E,) of CO, hydrogenation reaction obtained
from RNN, Ru/Al,O5 (Commercial) and Ru/ZrO,-Al,O5 catalysts.

Catalyst E,
[kJ/mol]
Ru/AL,O3 (Commercial) 78
RNN 75
RU/S%ZI’OZ—ALZO3 79
Ru/10%Zr05-ALO;, 71
Ru/15%Zr0O»-Al,O5 67
Ru/20%ZrO,-Al;0s 88

Figure 46 indicates plots of CHy formation rate with reaction temperature
obtained from RNN, Ru/AlL,O; (Commercial) and Ru/ZrO,-Al,O; catalysts. The rate of
CH,4 formation increased with increasing reaction temperature, and at the same time,
with increasing amount of ZrO, added in support. The addition of ZrO, in catalyst, it
encouraged the formation of CH, that was CO methanation promotion, resulting in
CHy formation rate higher than the catalysts without ZrO,. Moreover, the
Ru/10%ZrO,-AlL,05 catalyst gave the maximum rate of CH, formation that was about

14.9 pmol/g.,. *s at 400°C due to its maximum amount of active site.

Turnover frequencies (TOF) of CO, conversion obtained over RNN, Ru/Al,O;
(Commercial) and Ru/ZrO,-Al,O; catalysts are summarized in Figure 47. It was
observed that the activity per metal atom exposed decreased in order of
Ru/20%ZrO,-AlL,O; > Ru/ALO; (Commercial) > RNN  ~ Ru/15%ZrO,-AL,O; >
Ru/10%ZrO,-AlL,O5 ~ Ru/5%ZrO,-AL,Os. In an interesting, the TOF line of Ru/20%ZrO,-
ALO; catalyst was higher than other all catalysts because it had stronger interaction

between Ru and binary oxides support.
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Apparent activation energies (E,) of CO, hydrogenation reaction over RNN,
Ru/AL,O5 (Commercial) and Ru/ZrO,-Al,O5 catalysts are indicated in Table 15. The E,
values of all catalysts were in range of E, values of Ru/AlL,O; catalyst in CO,

hydrogenation reaction [51].

5.3 Effect of TiO, addition in %-Al,O5; supported Ru catalyst

In this section, the effect of TiO, added in Y-Al,O; support of Ru catalysts is
studied with Ru/(-Al,05; or. RNN catalyst and Ru/y-Al,05; or Ru/Al,05; (Commercial)
catalyst comparison. All catalysts in this section are prepared by incipient wetness
impregnation using ruthenium (Il) nitrosyl nitrate precursor. The amount of TiO,

added in support is varied as 2.5, 5, 10 and 15 wt.% TiO,.

5.3.1 Catalytic characterization

BET surface area, total pore volume and average pore size diameter of RNN,
Ru/ALOs (commercial) and Ru/TiO,-Al,O5 catalysts are exhibited in Table 16. In the
increasing TiOy loading, the BET surface area decreased from Ru/2.5%TiO,-Al,O5 (178
m?/g) to Ru/15%TiO,-ALO5 (144 m?/g), moreover, total pore volume and average
pore size diameter increased to 0.25 cm’/g-and. 7.0 nm of Ru/15%TiO,-ALO5. In
addition, Ru catalyst supported on }-Al,O; or RNN catalyst had high BET surface area,

low pore volume and small pore diameter than Ru/Al,O; (Commercial) catalyst.

Pore diameter distributions of RNN, Ru/Al,O5; (commercial) and Ru/TiO,-Al,O4
catalysts are indicated in Figure 48 and 53. The pore diameter distributions of all
catalysts appeared a narrow distribution. Mesoporous structure was assigned in pore
structure of all catalysts which it was further explained in N, adsorption and

desorption isotherm and hysteresis loop.

N, adsorption and desorption isotherm observed in catalysts of RNN, Ru/Al,O;

(Commercial) and Ru/TiO,-AlL,O5 are exhibited in Figure 54 and 59. The physisorption
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isotherms type of all catalysts were specified to type IV(a). This isotherms type is
assigned to mesopores structure of catalysts. In observation of hysteresis loop type,
these all catalysts were H2(b) type. The hysteresis loop type of H2(b) is assigned that

porous of catalysts are characterized as cylindrical porous structure [58].

Table 16 BET surface area, pore volume, pore diameter, isotherm type and

hysteresis loop type of RNN, Ru/Al,O; (commercial) and Ru/TiO,-Al,O5 catalysts.

Catalyst BET Pore Pore Type of Type of
surface area volume  diameter  isotherm hysteresis
[m?/g] [cm®/¢]  [nm] loop

Ru/AL,O4 158 0.23 5.8

(commercial)

RNN 171 0.21 5.0

Ru/2.5%TiO,-AlLO; 178 0.21 4.7 IV(a) H2(b)

Ru/5%TiO,-AlL,05 163 0.20 5.0

Ru/10%TiO,-ALO; 158 0.27 6.7

Ru/15%TiO,-AlL,O; 144 0.25 7.0
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Figure 48 Pore diameter distribution of RNN catalyst.
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Figure 49 Pore diameter distribution of Ru/Al,O; (commercial) catalyst.
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Figure 50 Pore diameter distribution of Ru/2.5%TiO,-Al,O5 catalyst.
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Figure 51 Pore diameter distribution of Ru/5%TiO,-Al,O5 catalyst.
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Figure 52 Pore diameter distribution of Ru/10%TiO,-Al,O; catalyst.
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Figure 53 Pore diameter distribution of Ru/15%TiO,-Al,O5 catalyst.
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Figure 54 N, adsorption and desorption isotherm of RNN catalyst.
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Figure 55 N, adsorption and desorption isotherm of Ru/Al,0O5; (commercial) catalyst.
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Figure 56 N, adsorption and desorption isotherm of Ru/2.5%TiO,-Al,O5 catalyst.
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Figure 57 N, adsorption and desorption isotherm of Ru/5%TiO,-Al,O5 catalyst.
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Figure 58 N, adsorption and desorption isotherm of Ru/10%TiO,-Al,05 catalyst.
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Figure 59 N, adsorption and desorption isotherm of Ru/10%TiO,-Al,O5 catalyst.
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Figure 60 shows XRD patterns of RNN, Ru/ALO; (Commercial) and Ru

supported on various amount of TiO, in Al,Os catalysts. The XRD patterns appeared

Catalyst Crystallite size (nm) % rutile-TiO,

diffraction peaks of RuO, in all catalysts which the positions of diffraction peak of
RuO, consisted to 26 = 28°, 35° and 54.5° [4]. In the catalysts with TiO, presence,
diffraction peaks of TiO, appeared anatase phase in all these catalysts which the
main diffraction peak of TiO,-anatase phase is 26 = 25.3°. Moreover, diffraction peaks
of TiO,-rutile phase appeared only in Ru/10%TiO,-Al,O3 and Ru/15%TiO,-Al,05

catalysts which the main diffraction peak is 26 = 27.4° [66].

A RuO, * 7-ALO, e anatase-TiO,
Y * y-ALO, O rutile-TiO,

——Ru/15%Ti02-Al203

Ru/10%Ti02-Al203

Ru/5%Ti02-Al203

——Ru/2.5%Ti02-Al203

Intensity (a.u.)

——RNN

——Ru/Al203
¥* ** * (Commercial)

20 (degree)

Figure 60 XRD pattern of RNN, Ru/AlL,O5; (Commercial) and Ru/TiO,-Al,05 catalysts.
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RuO, ALO; anatase-TiO, rutile-TiO,

Ru/AlLOs 31 56 B B n
(Commercial)

RNN 31 6.3 - - -
Ru/2.5%TiO,-Al,O5 31 5.9 18 N/A -
RU/5%TiO,-ALO; 25 6.0 21 N/A -
Ru/10%TiO,-AlL,O5 22 6.3 24 24 48%
Ru/15%TiO,-Al,O4 25 6.9 27 31 41%

Table 17 Crystallite size of RNN, Ru/Al,O3 (commercial) and Ru/TiO,-Al,O5 catalysts

calculated by XRD results.

(A)

| HV | Mag
1200 kV20000 x -200 nm-

(B)

Hv Mag
200 k20000 x

-200 nm-

Figure 61 TEM images of (A) RNN and (B) Ru/Al,O5 (Commercial) catalysts.
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Crystallite size of RNN, Ru/AlLOs; (Commercial) and Ru/TiO,-AlL,O5 catalysts
calculated by XRD results is reported in Table 17. The presence of TiO, in catalysts
results in a smaller RuO, crystallite size. In addition, Crystallite size of both anatase
and rutile phase of TiO, increase with increasing TiO, loading. Content of rutile phase
in TiO, is calculated from equation presented by Yuangpho N. et al. [66] which
Ru/10%TiO,-AlL,O5 and Ru/15%TiO,-AlL,O5 catalysts have 48% and 41% of rutile phase.
Whereas, crystallite size of TiO,-rutile phase in the catalysts added small amount of
TiO, cannot be calculated because their diffraction peaks are not appearing or too
weak for calculation. From the results above, anatase phase of TiO, can transform to

rutile phase with increasing TiO, loading.

Figure 61 and 62 show TEM images of RNN, Ru/Al,0; (Commercial) and
Ru/TiO,-AL,O5 catalysts. Parts of deep black were assigned to RuO,. In TEM images
observed, RuO, particles was smaller with-adding of TiO, in support and its particles
size decreased with increasing amount of TiO, loading. Moreover, the RuO, particles
of the catalyst with TiO, presence were seemed better dispersion than RNN catalyst.
These results were similar-to the results of crystallite size that was the RuO,
crystallite size decreased with increasing TiO, loading. In Ru/2.5%TiO,-Al,O5 catalyst,
area cycled in TEM image was performed by EDS analysis that shown in Figure 63.

The deep dark part in cycle was confirmed that Ru metal was primarily composed.
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Figure 62 TEM images of Ru/TiO,-Al,O; catalysts seeing that (A) Ru/2.5%TiO,-AlLO;
catalyst, (B) Ru/5%TiO,-AlLL,O; catalyst, (C) Ru/10%TiO,-AL,O; catalyst and (D)

Ru/15%TiO,-Al,O5 catalyst.
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Figure 63 EDS spectra obtained at the area in cycle that presented in TEM image of

Ru/2.5%TiO,-AlL,O5 catalyst.

Table 18 H, chemisorption results of RNN, Ru/Al,0; (commercial) and Ru/TiO,-Al,05

catalysts.

Catalyst Active site Ru dispersion Average diameter
[umol/gq.: ] (%] of Ru particles

[nm]

(commercial)

RNN 3.0 3.0 30

Ru/2.5%TiO,-Al,04 3.5 35 26

Ru/5%TiO,-Al,04 a7 a7 19

Ru/10%TiO,-AlL,04 3.6 3.7 24

Ru/15%TiO,-AlL,Os 3.7 3.7 24
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Active site, Ru dispersion and average Ru particles diameter of RNN, Ru/Al,O5
(Commercial) and Ru/TiO,-AlLO5 catalysts are shown in Table 18. In TiO, addition,
their active site and Ru dispersion could increase. The maximum active site and also
Ru dispersion were obtained by Ru/5%TiO,-Al,O; catalyst (4.7 pmol/g.: and 4.7%,
respectively). Moreover, average Ru particles diameter of the Ru/5%TiO,-AlLO;
catalyst was smallest of all catalysts with TiO, added and also smaller than RNN and
Ru/ALOs (Commercial) catalysts. In an interesting, the amount of TiO, loading further

increased was shown decreasing of active site and Ru dispersion.

1% peak 2" peak

3% peak

——Ru/15%Ti02-Al203

Ru/10%Ti02-Al203

Ru/5%Ti02-Al203

——Ru/2.5%Ti02-Al203
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Temperature (°C)

Figure 64 H,-TPR profiles of RNN, Ru/AlL,O5; (Commercial) and Ru/TiO,-AlLO; catalysts.
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H,-TPR profiles of RNN, Ru/Al,O; (Commercial) and Ru/TiO,-Al,O5 catalysts are
shown in Figure 64. It was clear that consisted a low temperature reduction peak, a
medium temperature reduction peak and a broad high temperature reduction peak.
Accordance with the results reported in literatures [59, 61-63], the first reduction
peak at low reduction temperature attributed to the reduction steps from RuO, to
RuO and RuO to Ru’ at medium reduction temperature or second reduction peak.
The broad reduction peak at high temperature might be assigned to the oxidized Ru
species reduction that interaction strongly with support. In an observation, the
second and third reduction peaks were shifted toward higher reduction temperature
when TiO, added into the support. Moreover, Ru/15%TiO,-Al,O5 catalyst indicated
that two peaks at high reduction temperature were more shifted to high reduction
temperature than other Ru catalysts with TiO, loading due to Ru was more

interacted the binary oxides support.

5.3.2 Catalytic activity test

Ru catalysts supported on various amount of TiO, in ¥-Al,O5 are investigated
in CO, hydrogenation reaction. Feed gases mixed are consisted 12.5% CO,, 50% H,
(4H,/1CO,) with He balancing. GHSV of 14,416 h™' is used in this investigation. The
results of Ru/TiO,-Al,05 catalysts are compared to Ru/¥-Al,Os; (or RNN) and Ru/y-

AL, O5 (or Ru/ALO; (Commercial)) catalysts.

CO, conversion as function of reaction temperature of RNN, Ru/Al,Os
(Commercial) and Ru/TiO,-AlL,O5 catalysts is illustrated in Figure 65. In TiO, added in
support, its CO, conversion was higher than RNN catalyst and also increased with
increasing TiO, loading. In an interesting, the maximum CO, conversion of large
amount of TiO, loading could shift to lower reaction temperature. Moreover,
Ru/5%TiO,-Al,05 catalyst gave the maximum CO, conversion and it could approach

equilibrium more than other all catalysts.
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Figure 65 CO, conversion as function of reaction temperature of RNN, Ru/AlL,Os;

(Commercial) and Ru/TiO,-AlLO5 catalysts.
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Figure 66 CHg selectivity as function of reaction temperature of RNN, Ru/Al,O;

(Commercial) and Ru/TiO,-AlLO5 catalysts.
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Figure 67 CH, vyield as function of reaction temperature of RNN, Ru/AL,O;

(Commercial) and Ru/TiO,-AlLO5 catalysts.
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Figure 68 CO vyield as function of reaction temperature of RNN, Ru/Al,O;

(Commercial) and Ru/TiO,-AlLO5 catalysts.
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CH, selectivity of RNN, Ru/AL,O; (Commercial) and Ru/TiO,-Al,O5 catalysts,
and reaction temperature are plotted in Figure 66. The CH, selectivity of all catalysts
could almost reach to 100% at every reaction temperature. Figure 67 and 68 exhibit
plots between CH, yield and CO yield with reaction temperature. The CH, yield of all
catalysts increased rapidly with increasing reaction temperature and slowed down
when approaching the equilibrium. The CHy yield curve of TiO,-promoted catalyst
shifted toward lower reaction temperature than RNN catalyst. Moreover, the CHq4
yield decreased in order of Ru/5%TiO,-ALO; > Ru/15%TiO,-AlL,O; > Ru/10%TiO,-
ALO; > Ru/ALO; (Commercial) > Ru/2.5%TiO,-Al,O3 > RNN catalysts which obtained
at reaction temperature of 350°C. The maximum CH; yield of Ru/5%TiO,-Al,04
catalyst was about 76% at 375°C, and then, it decreased with further increasing of
reaction temperature. This probably due to the deactivation of catalyst. In addition,
CO vyield of all catalysts increased with increasing reaction temperature and did not
more than 5% of CO yield. In an interesting, the addition of TiO, in support could
reduce the amount of CO yield.

Plots between rate of CH; formation of RNN, Ru/AlL,O; (Commercial) and
Ru/TiO,-Al,O5 catalysts, and reaction temperature are exhibited in Figure 69. In an
observation, the amount of CHy formation per gram catalyst with TiO, presence was
more than Ru catalyst without TiO, added. These results of CH4 formation rate could
confirm the description above that the addition of TiO, in support promoted CHg
formation. In Ru/5%TiO,-AlL,O5 catalyst, it ‘could get the maximum rate of CH,
formation due to the amount of its active site was more than all catalysts that could
be seen in H, chemisorption result.

Turnover frequencies (TOF) of CO, conversion are displayed in Figure 70
which showing linearity in reaction temperature of 250 — 325°C. In an observation,
the TOF of Ru/15%TiO,-Al,Os catalyst was obviously higher other all catalysts
probably due to it had stronger interaction between Ru and binary oxides support.

Decreasing order of TOF was followed as Ru/15%TiO,-ALO; > Ru/10%TiO,-AlLO; ~

RU/5%TiO,-AlLL,O5; > Ru/AlLOs (Commercial) > Ru/2.5%TiO,-Al,O; > RNN catalysts.
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Figure 69 Rate of CH4 formation as function of reaction temperature of RNN,

Ru/AlL,O5 (Commercial) and Ru/TiO»-AlLO5 catalysts.
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Figure 70 Turnover frequency (TOF) of CO, conversion obtained from RNN, Ru/Al,O;

(Commercial) and Ru/TiO,-AlL,O5 catalysts.
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Table 19 Apparent activation energy (E,) of CO, hydrogenation reaction obtained
from RNN, Ru/AlL,O; (Commercial) and Ru/TiO,-Al,O5 catalysts.

Catalyst E,
[kJ/mol]
Ru/AL,O5 (Commercial) 78
RNN 75
Ru/2.5%Ti0,-ALO; 70
Ru/5%TiO,-ALO; 74
Ru/10%TiO»ALOs 66
Ru/15%TiO,-AlL,03 9

Apparent activation energies (E,) of RNN, Ru/Al,O5; (Commercial) and Ru/TiO,-
ALO; catalysts in CO, hydrogenation reaction are shown in Table 19. It could be
calculated from slopes of fitted linear curves [67]. The E; values of all catalysts were

similar to results of Ru/Al,O5 catalyst in CO, hydrogenation reaction [51].

5.4 Comparison of catalytic activity of ZrO,-Al,0; and TiO,-Al,O; supported Ru

catalysts.

In this section, Ru/10%ZrO,-ALO; and Ru/20%ZrO,-Al,O5 catalysts are
compared with Ru/5%TiO,-AlL,O; and Ru/15%TiO,-Al,O5 catalysts and also RNN
catalyst. This comparison is determined in rate of CHy formation and turnover
frequency (TOF) of those catalysts. Feed gases composition used is 12.5% CO,, 50%
H, (4H,/1C0O,) with He balancing. GHSV of 14,416 h™! is used in this investigation.
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Figure 71 Rate of CH, formation as function of reaction temperature of Ru/10%ZrO,-

ALOs5, Ru/20%2ZrO,-Al,0s, Ru/5%TiO,-AlLO5, Ru/15%TiO,-Al,O5 and RNN catalysts.
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Figure 72 Turnover frequency (TOF) of CO, conversion obtained from Ru/10%ZrO,-
ALOs, Ru/20%ZrO,-Al,03, Ru/5%TiO,-AlLO5, Ru/15%TiO,-Al,O5 and RNN catalysts.
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Plot of CH, formation rate versus reaction temperature of Ru/10%ZrO,-Al,0s,
Ru/20%ZrO,-Al,0s, Ru/5%TiO,-ALOs, Ru/15%TiO,-Al,O3 and RNN catalysts is indicated
in Figure 71. It observed that both ZrO, loading and TiO, loading in Ru
catalysts were higher rate of CH, formation than RNN catalyst. Moreover, Ru
catalysts with TIO, presence could give CH, formation rate more than Ru

catalyst with ZrO, presence.

In Figure 72 indicate turnover frequency (TOF) of CO, conversion
over Ru/10%Zr0,-AlLOs, Ru/20%ZrO,-Al,O5, Ru/5%Ti0O,-AlL,Os5, Ru/15%TiO,-AlL,O5 and
RNN catalysts. The TOF values of Ru/20%2rO,-Al,05 catalyst were not much with
those of Ru/15%TiO,-AlL,O; catalyst and the TOF values were followed in order of
Ru/20%Zr0,-ALOs ~ Ru/15%TiO,-AlL,Oz > Ru/5%Ti0O,-ALO; > RNN > Ru/10%ZrO,-

AL,O5 catalysts.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

6.1.1 Effect of ruthenium precursors

In this study, 1 wt.% Ru catalyst supported on %-Al,O; was prepared by
incipient wetness impregnation method. Effect of three different ruthenium
precursors including ruthenium (lll)  nitrosyl ~nitrate solution, ruthenium (Ill)
acetylacetonate and Hexaammineruthenium (lll) chloride used in catalytic
preparation was investigated, which denoted as RNN, RAA and RCl catalysts. The
RNN and RAA catalysts gave high active site and Ru dispersion, whereas, the active
site of RCl catalyst could not determine. CO, conversion and selectivity of RNN and
RAA catalysts were almost similar and higher than that of RCl catalyst, moreover, CH,
yield of RNN and RAA catalysts were 2 times higher than RCl catalyst at reaction
temperature of 400°C. The worst results of RCl was probably due to residual chlorine
covered on the catalyst surface, which inhibited the adsorption of CO, and H,

molecules.

6.1.2 Effect of ZrO, addition in %-Al,O; supported Ru catalyst

ZrO,-AlLLO; with different Zr loading content varied as 5, 10, 15 and 20 wt.%.
was used as the support for Ru catalyst. The addition of ZrO, could improve active
site and Ru dispersion of Ru/¥-Al,03 catalyst, moreover, Ru/10%ZrO,-Al,0; catalyst
gave the highest active site and Ru dispersion (9.7 umol/g.,. and 9.8%, respectively).
In addition, Ru catalysts added with ZrO, could affect the interaction between Ru
and binary oxides support. The Ru/ZrO,-Al,0; promoted CO, conversion and CHy

yield. In addition of large amount of ZrO, to Ru catalysts (Ru/20%ZrO,-Al,05 catalyst),
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it gave values of TOF more than Ru catalysts with other support due to the

interaction between Ru and binary oxides support was stronger than other catalysts.

6.1.3 Effect of TiO, addition in ¥-Al,O3 supported Ru catalyst

Ru catalyst supported on TiO,-Al,O5 was different Ti loading content varied as
2.5, 5, 10 and 15 wt.% was investigated in this part. The Ru/TiO,-Al,O3; exhibited
higher active site, Ru dispersion and smaller RuO, particles size, and at the same
time, the addition of TiO, in the Ru catalysts could improve interaction between Ru
and binary oxides support. Moreover, the Ru catalysts with TiO, presence could give
higher CH4 formation rate than Ru catalyst without TiO, loading. The TOF values of
large amount of TiO, loaded in Ru catalyst (Ru/15%TiO,-Al,O; catalyst) were higher
than Ru catalysts with other support because Ru was stronger interact to binary

oxides support than other Ru catalysts.

6.1.4 Comparison. of catalytic activity of ZrO,-Al,O5 and TiO,-Al,O5 supported

Ru catalysts.

Ru catalysts supported.on 10%ZrO,-AL,O5 and 20%2ZrO,-Al,O5 were compared
with Ru catalysts supported on 5%TiO,-Al,05, 15%ZrO,-Al,O; and also Ru/(-Al,Os
catalyst. The addition of Ti and Zr in Ru catalysts could give better rate of CHy
formation than Ru/y-Al,O; catalyst. Moreover, Ru/TiO,-Al,05 catalysts could show
higher CH4 formation rate than Ru/ZrO,-AlL,O5 catalysts.
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APPENDIX A
CALCULATION OF CATALYTIC PREPARATION

A.1 Calculation of support preparation

A.1.1 Calculation of ZrO,/Al,O5 support preparation

Example: Preparation of 15% ZrO, supported on Al,O3 by wet impregnation.

In this preparation, properties information used for calculation is followed

below.

C16H3604Zr

1l

— Formula of zirconium n-butoxide (ZNB)

— Purity of zirconium n-butoxide solution 80% w/w

— Density of zirconium n-butoxide solution (Pzyg) = 1.07 g/ml

— Molecular weight of zirconium n-butoxide (MWxyg) = 383.68 g/mol
— Molecular weight of zirconium dioxide (MW,,) = 123.22 ¢/mol

— Molecular weight of gibbsite (MWgg) = 155.96 ¢/mol

— Molecular weight of aluminum oxide (MWapez) = 101.96 ¢/mol

Basis: Total weight of ZrO,/AL,O; = 2 ¢

Volume of zirconium n-butoxide solution (Vzyg) is calculated by

(15 ¢ Zr0,)

383.68 ¢/mol ZNB [ 1 mol ZNB |1 ¢ ZNB sol.

MZNB sol. = 0.30 9 Zr02

123.22 g¢/mol ZrO, [ 1 mol ZrO, 0.8 ¢ ZNB

Mzagsol = 1.17¢
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MZNB sol. 1.17¢
Vng sol. = = = 1.09 ml
Pons 1.07 ¢/ml

Weight of gibbsite is calculated by

Mazos = (2 ¢ ZrO,/AL,05) x = 170¢
(100 g ZrO,/Al,03)

155.96 ¢/mol GB 1 mol GB

101.96 g/mol AL,O5 | 1 mol Al,O4

Mg = 2.60 g GB

A.1.2 Calculation of TiO,/Al,05 support preparation

Example: Preparation of 15% TiO, supported on Al,O; by wet impregnation.

In this preparation, properties information used for calculation is followed

below.

— Formula of titanium (IV) butoxide (TNB) = Ti(OCH,CH,CH,CH>),

— Purity of titanium (V) butoxide solution = 97% w/w

— Density of titanium (IV) butoxide solution = 1.00 g/ml

— Molecular weight of titanium (IV) butoxide (MWqyg) = 340.32 ¢/mol
— Molecular weight of titanium dioxide (MWqis,) = 79.87 ¢/mol

— Molecular weight of gibbsite (MWgs) = 155.96 ¢/mol

— Molecular weight of aluminum oxide (MW203) = 101.96 ¢/mol
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Basis: Total weight of TiO,/ALO; = 2 g
Volume of titanium (IV) butoxide solution (Vqyg) is calculated by

MTi02 = (2 g TlOZ/ALZO3) X = 0.30 g
(100 g TIO,/AL,05)

340.32 ¢/mol TNB | 1 mol TNB | 1 ¢ TNB sol.
MTNB sol. = 0.320 g TiOZ
79.87 ¢/mol TiO, | 1 mol TiO, 0.97 ¢ TNB
MTNB sol. = 1.32 g
MTNB sol. 132 ¢
Vg sol. = = =132 ml
Prne 1.00 ¢/ml

Weight of gibbsite-is calculated by

(75 g AL,O3)
Mazos = (2 ¢ ZrO,/AL05) x = 1.70¢
(100 g ZrO,/Al,05)

155.96 ¢/mol GB 1 mol GB

Mg = 2.60 g GB

A.2 Calculation of catalytic preparation

Example:  Preparation of 1% Ru supported on Y-Al,O; by incipient wetness

impregnation with Ruthenium (Ill) nitrosyl nitrate precursor.

In this preparation, properties information used for calculation is followed

below.



— Formula of ruthenium (Ill) nitrosyl nitrate (RNN) = RuNO)XNO3)(OH),, x + y =

— Purity of ruthenium (Ill) nitrosyl nitrate solution = 1.5% (typical)

— Density of ruthenium (Ill) nitrosyl nitrate solution (Pgyy) = 1.07 g/ml

Basis: Total weight of support = 2 ¢

Volume of ruthenium (Ill) nitrosyl nitrate solution (Vgyy) is calculated by

0.01 ¢ Ru 98.5 ¢ RNN sol.
Mannsol = 28 Alzo3
0.99 ¢ Al,O3 1.5¢Ru
Maansol = 1.33 ¢
MRNN sol. 133¢
Vann sol. = = = 1.24 ml
P 1.07 ¢/ml
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APPENDIX B
CALCULATION OF CRYSTALLITE SIZE

The Scherrer’s equation is used to estimate the average crystallite size that

shown in Eq. (B.1).

Incident beam

Diffracted beam

d hklI

Crystal planes

Figure 73 Observing the crystal plane of diffraction phenomenon [68].

The Scherrer’s equation:

BeosO

Where D is crystallite size, A
K'is constant dependent on crystallite shape = 0.9.
A is x-ray wavelength = 1.54 A (for CuKa).

B is the full width at half maximum which can be calculated by

Warren’s formula.
0 is Bragg angle.

The Warren’s formula is used for B calculation that showed in Eq. (B.2).
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2 2 2
B~ = B,-B (8.2)

Where B, and s are the full width at half maximum in radians for the sample and
standard, respectively. The Bs can be get from Figure B.2. This graph is the full width

at half maximum in radians for 0-Al,O that used as standard

1.30E-03
1.20E-03
1.10E-03
1.00E-03
9.00E-04
8.00E-04
7.00E-04
6.00E-04

5.00E-04
20.000 30.000 40.000 50.000 60.000 70.000 80.000

Degree (20)

Bs (radian)

Figure 74 Graph of the full width at-half maximum in radians for 0-Al,O5 that used

as standard.



APPENDIX C
CALCULATION OF ACTIVE SITE, METAL DISPERSION
AND METAL PARTICLE SIZE

C.1 Calculation of active site

Active site of catalyst can be calculated by Eq. (C.1).

Moles of metal chemisorbed H, VHy, sTP X S
Active site = =
Total weight of catalyst W x 22414
Where Vi, st IS Volume of H, chemisorbed at STP, cm’.

W is total weight of catalyst, g.

S is stoichiometric factor of H, to Ru 'atom or H,/Ru = 2

C.2 Calculation of metal dispersion

Metal dispersion can be calculated by Eq. (C.2) [69, 70].

Number of metal atoms chemisorbed H,

Metal dispersion (%)

Total number of metal atoms in catalyst

VHZ: stp XS xM x100

Metal weight %

Where Vi, st is volume of H, chemisorbed at STP, cm”,
M is molecular weight of metal, ¢/mol.

S is stoichiometric factor of H, to Ru atom or Hy/Ru = 2

94

(C.1)
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C.3 Calculation of metal particle size

Metal particle size can be calculated by equation reported by Shen X. et al.
[69] that followed in Eq. (C.3).

6V

Metal particle size = (C.3)
%metal dispersion x a,

Where Vo is the volume occupied by a metal atom = 13.65 x 10 nm? for Ru
am is the surface area occupied by an exposed surface metal atom

=9.09 x 10? nm?
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APPENDIX D
CALCULATION OF CO, CONVERSION, CH4 SELECTIVITY, CH,4 YIELD,
CH, FORMATION RATE AND TOF

Composition of outlet gases mixture in reaction test is measured by GC-TCD
equipment which it reports as area of species’ peak. The calibration curves of species

observed in this research are shown in Figure 75 - 77.

200.000

180,000 -+
y = 9459.8x

160,000 R? = 0.9983

140,000 |
120,000 |
100,000 4

80,000 4

Area of CO, peak

60,000 4

40,000 -

20,000 -

vol.%C0,

Figure 75 Calibration curve of CO, peak measured by GC-TCD.
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Figure 76 Calibration curve of CHy peak measured by GC-TCD.
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Figure 77 Calibration curve of CO peak measured by GC-TCD.
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D.1 Calculation of CO, conversion

CO, conversion can be calculated by Eq. (D.1).

Area of CO, inlet peak - Area of CO, outlet peak

CO, conversion (%) = x 100
Area of inlet CO, peak

D.2 Calculation of CH, selectivity

CHj, selectivity can be calculated by Eq. (D.2).

Area of CH, peak
CH, selectivity (%) = x 100
Area of CH, peak + Area of CO peak

D.3 Calculation of CH, yield

CH, vield can be calculated by Eq. (D.3).

CH, yield (%) = CHj selectivity x CO, conversion

D.4 Calculation of CH, formation rate

CH,4 formation rate can be calculated by Eq. (D.4).

Molar folw rate of CO, inlet x CO, conversion

98

(D.1)

(D.2)

(D.3)

CH,4 formation rate = x CHj selectivity

(moles/g . "time) Weight of catalyst

(D.4)



D.5 Calculation of turnover frequency (TOF)

Turnover frequency (TOF) can be calculated by Eq. (D.5).

Molar folw rate of CO, inlet x CO, conversion

TOF (time™) =
Active site x Weight of catalyst

99

(D.5)
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