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CHAPTER |

INTRODUCTION

1.1 Rationale

Rice bran (Figure 1.1) is a by-product of rice milling process, the

conversion of brown rice to white ri is obtained from the outer layers of the brown

rice during milling. In a few

contains various compo pal b@ct on human health. So, it is

usually extracted oil or is

¢ s, Figure1.1 Structure of rice

AUPINBNINYINT

other compounds, such as protein to be nutrlent for human. Flnally, it only remains

e LA LRI AT A

residues'! apply to activated carbon can increase a value of material and is a very
interesting topic. This research focuses on using rice bran residue, which was extracted
oil, called deoil rice bran, to obtain the activated carbons that were applied as a catalyst

support.



Activated carbon is a well known material used in many applications on
an industrial scale. For example, it was used for the purification of gases (Guo and Lue,
2002), the removal of organic pollutants from water (Zhou, Wang, and Chi, 2009), the
removal of heavy metal from waste water (Daifullah et al., 2003), as a catalyst or a
catalyst support in the catalytic process (Bedia, 2010; Gu, 2010), etc. So, the activated

carbon has an important role in many industries.

In principle, the methods' of spreparing an activated carbon can be
divided into two categories . physical activation®and. chemical activation (Ahmadpour
and Do, 1996). In the physieal activation, a raw material is first carbonized and the
carbonized material is*secondany activatled by steam (Li et al., 2008), carbon dioxide
(Guo et al.,, 2009), air (Wei et al, 2OOA6L),.-or their mixture i.e. there are two steps:
carbonization step and activation step. Iﬁ tr_]e chemical activation, a raw material is
impregnated with an activation agent and ;fw_‘i.rr]pregnated material is heat-treated under
inert atmosphere. The ‘carbonization stefﬁq_and activation step are carried out
simultaneously in the chemical "actfvation DFQGeJéS (Guo, 2002; Kalderis, 2008; Basta,
2009; Liou, 2009). However, Séﬁiétihe the methc;ds for preparing an activated carbon is
modified (such as crhér;ﬁ:al activatioilr'; followed by physi-calz activation (Azevedo et al.,

2007)) to improve characteristics of activated carbon=such as surface area, pore

volume, etc.

IN“many years later, activated carbons were often_produced from the
carbonaceous matetiaksuch as'coconut shell (Li, 2008; Guo, 2009); rice husk (Liou and
Wu, 2009), and etc. However, there are few reports on the preparation of activated
carbon from rice bran (Suzuki, 2007; Kumar, 2009). Therefore, in this study, rice bran
residues or deoil rice brans have been used as the activated carbon precursor. The
characteristics of activated carbons prepared from deoil rice bran are investigated and

used as catalyst support for cobalt catalyst in CO, hydrogenation.



1.2 Objective

1. To investigate characteristics of activated carbons derived from deoil rice brans.
2. To investigate performance of activated carbon, prepared from deoil rice bran,

that is used as catalyst support for cobalt catalyst in CO, hydrogenation.

1.3 Research scope

+ Synthesis of the activated carbons from deaoil rice brans.

«  Preparation of the activated carbc orted cobalt catalysts by incipient

wetness impregnatio

SEM and TRF

» Characterization

chemisorption, EDX, TGA ug,v; ’
&d‘d"_
» Investigation of the iy liC acti f \vated carbons supported-cobalt

catalysts in the CO, I ' n reaction under methanation conditions.

ﬂ'lJEJ’WIEJVIﬁWEJ’]ﬂ‘i
QW?ﬂﬂﬂ‘iﬂJmﬂ’]’mmﬁﬂ



1.4 Research Methodology

..............

. B

0 *
o

Part 1 :| Preparation activated carbon from deoil rice bran

vy
Deoil rice bran . i -EA -TGA i
: - SEM 1
v | - XRD
Treating with HoSO, T '
ZnCl, ’, // H3PO,
v

- - BET surface area
- SEM

_::‘. " llﬁn“ \ -TGA - TRF

.,
.,
----------

- BET surface area i
- SEM/EDX |
- TEM i

- TPR
- TGA
- CO chemisorptions
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Scheme 1.1 Diagram of research methodology



CHAPTER I

THEORY

2.1 Activated carbon

Activated carbon, also called activated charcoal or activated coal is a
form of carbon that has been processed to make it extremely porous and thus to have a
very large surface area available for adsogption or chemical reactions. The word

activated in the name is sometimes replaced with active. Due to its high degree of

microporosity, just 1 gram of.aetivated carbon has.a surface area in excess of 500 m”.
Sufficient activation for.useful@pplications may come solely from the high surface area,
|

though further chemieal treatment’ often. enhances the absorbing properties of the

it

material. ‘
/
Activated” carbon is“carbon produced from carbonaceous source

materials like coconut shells, peat, wood, Q"g*[ri lignite, coal and petroleum pitch. It can
be produced by one of the following procesS}_é’s;:'l'f)hysical activation, chemical activation

or combine of physical and chemical activati-c")ﬁ-;fé\‘()‘btain a desired activated carbon.

Physical activation : The precursor is developed into activated carbons
using gases. This is génerally done by using one or a“combination of the following

processes:

o Carbonization : Material with gearbon contentiris pyrolyzed at
temperatures in-the range! 600-900 £C, in absencesaf airl(usually in inert

atmosphere with gases like argon or nitrogen).

o Activation/Oxidation : Raw material or carbonised material is exposed to
oxidizing atmospheres by the gasifying agent(carbon dioxide, oxygen, or
steam) at temperatures above 250 °C, usually in the temperature range
of 600-1200 °C. These agents extract carbon atoms from the structure of

the porous carbon according to the following equations.



For the C-CQO, reaction the mechanism is postulated to be :
C+CO, © CO+C(O)

In which a surface oxygen complex [C(O)] is initially formed, subsequently becoming

stable under the reaction conditions and acting as a retardant by blocking reaction

sites:

volumes and (c) widéring-of-mi icropores into the mesof

Chemicg activation : Prior to carborﬂation, the raw material is

impregnated ﬁcer’[alnﬁﬂiﬂlcals The chénical |§ijlc f1an acid, strong base, or a

dodl&) AN bl

respectively). Then the raw materialfis carbonizedsat lower temperatures (450-900 °C).

i oo Y b bbbl b b ey i

chemlcal activation. This technique can be problematic in some cases, for example,

salt (phosph jomde zinc chloride,

zinc trace residues may remain in the end product. However, chemical activation is
preferred over physical activation owing to the lower temperatures and shorter time

needed for activating material.



Effects of impregnations (chemical activation) :

for activation with ZnCl, , (a) the volume of micropores developed is similar to the
volume of zinc chloride introduced into the particle, and the microporosity is uniform and

(b) zinc chloride acts at temperatures < 500°C.

for activation with H,PO, , (a) the volume of micropores developed during activation is
similar to the volume of the acid used in the impregnation of the precursor, the
heterogeneity of the microporosity being constant in all carbons and (b) phosphoric acid

acts at temperatures < 450°C leading to highly'aetivated carbon.

¥
for activation with KOH , (a).the reactant acts after the pyrolysis of the precursor, at

temperatures above 700°€"; () the development of porosity relates to the extent of

]
impregnation by the KOQH"; (¢) initially, narrow microporosity is formed followed by the

4

wider microporosity at the expense‘ of t@a' narrow microporosity ; (d) activation can
proceed without disinteggation to form pd}Ndér and (e) high ratios of KOH to carbon

result in the disintegration of the carbon gréhyle_s to powder.

a g
Pl
A principal gonglusion is that ehemical activation produces similar or

higher porosity than does physical .activatiqrf__fl'he_re are two advantages to the use of

4

chemical activation meéthods namely (a) higher yields, 27—4'7_wt% compared with 6 wt%

for physical activationsand (b) the surfaces of the activated fibers prepared by chemical

activation are less damaged.

dnder| an| electron "microscope, | the ' high” surface-area structures of
activated carbonare revealed. Individual particles are intensely convoluted and display
various_Kinds of paiosity; there,may be many areasiwhere'flat sufiaces of graphite-like

material fun parallel to each other.

Activated carbons are complex products which are difficult to classify on
the basis of their behaviour, surface characteristics and preparation methods. However,
some broad classification is made for general purpose based on their physical

characteristics.



Powdered activated carbon (PAC) : Traditionally, active carbons are made in particular
form as powders or fine granules less than 1.0 mm in size with an average diameter
between .15 and .25 mm. Thus they present a large surface to volume ratio with a small
diffusion distance. PAC is made up of crushed or ground carbon particles, 95-100% of
which will pass through a designated mesh sieve or sieve. Granular activated carbon is
defined as the activated carbon being retained on a 50-mesh sieve (0.297 mm) and
PAC material as finer material. PAC is not commonly used in a dedicated vessel, owing
to the high head loss that would oceur. PACis,generally added directly to other process

units, such as raw water intakes, rapid mix basins, clarifiers, and gravity filters.

Granular activated carbon (GAG)»Granular ;Ctivated carbon has a relatively larger particle
size compared to powdered.activated Qarbon and consequently, presents a smaller
external surface. Diffusion ofithe adsorba[_te}_is thus an important factor. These carbons
are therefore preferred for all adsorption (:)jlgases and vapors as their rate of diffusion
are faster. Granulated egarbons ére uséd J'-‘for water treatment, deodorization and
separation of components jof flow systemt'dGAC can be either in the granular form or
extruded. GAC is designated by sizes suoh‘ as 8x20, 20x40, or 8x30 for liquid phase
applications and 4x6, 4x8 or 4><1O for vapc;r-p;%ase applications. A 20x40 carbon is
made of particles that will pass through a U S Standard Mesh Size No. 20 sieve
(0.84 mm) (generally ‘specified as 85% passing) but be fefained on a U.S. Standard
Mesh Size No. 40 sie\(é (0.42 mm) (generally specifiedr as 95% retained). The most

popular agueous phase garbons are the 12x40 and 8x30 sizes because they have a

good balance 0f size, surface area, and head loss characteristics.

Extruded.activated.carbon (EAC): Extruded, activated ¢arbon combines powdered activated
carbon with' a binder, which' are fused“together and extruded intd'a eylindrical shaped
activated carbon block with diameters from 0.8 to 130 mm. These are mainly used for
gas phase applications because of their low pressure drop, high mechanical strength

and low dust content.

Impregnated carbon: Porous carbons containing several types of inorganic impregnate

such as iodine, silver, cations such as Al, Mn, Zn, Fe, Li, Ca have also been prepared



for specific application in air pollution control especially in museums and galleries. Due
to antimicrobial/antiseptic properties, silver loaded activated carbon is used as an
adsorbent for purification of domestic water. Drinking water can be obtained from
natural water by treating the natural water with a mixture of activated carbon and
Al(OH),, a flocculating agent. Impregnated carbons are also used for the adsorption of

H,S and thiols. Adsorption rates for H,S as high as 50% by weight have been reported.

Polymer coated carbon : This is a process bhy:which a porous carbon can be coated with a
biocompatible polymer to give a smooth/and" permeable coat without blocking the
pores. The resulting carboneis. useful for‘hemoperfusion. Hemoperfusion is a treatment
technique in which large volumes.of the;patient's blood are passed over an adsorbent

substance in order to remoVve_ ioxie substances from the blood.

Other : Activated carboen'is alSoavailable in special forms'such as cloths and fibres. The

“carbon cloth" for instanee isiised in personnel protection for the military.

2.2 Cobalt v

Cobalt, a transition series mg{qﬂic element having atomic number 27, is
similar to silver in appearance. €gbalt and c@éi.f compounds have expended from use
colorants in glasses and ground coat fits f,é'r-’p.)ottery to drying agents in paints and
lacquers, animal and-human-Rutrents,-electroplating-materials, and high temperature
alloys, hard facing alioys, and high speed tools, and magnetic alloys, alloys used for
prosthetics, and used in radiology. Cobalt is also as a catalyst for hydrocarbon refining

from crude oil forithe syinthesis of heating fuel.

The electronic structure of cobalt is [Ar]3d74s2. At room temperature
the crystallirie strucidre 'ofthe @ (ori€) form is closepacked hexagonal (cph) and lattice
parametérs are a = 0.2501 nm and ¢ = 0.4066 nm. Above approximately 417°C, a face-
centered cubic (fcc) allotrope, the Y (or B) form, having a lattice parameter a = 0.3554
nm, becomes the stable crystalline form. The scale formed on unalloyed cobalt during
exposure to air or oxygen at high temperature is double-layered. In the range of 300 to
900°C, the scale consists of a thin layer of mixed cobalt oxide, Co,0,, on the outside
and cobalt (I1) oxide, CoO, layer next to metal. Cobalt (lIl) oxide, Co,0,, may be formed

at temperatures below 300°C. Above 900°C, Co,O, decomposes and both layers,
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although of different appearance, are composed of CoO only. Scales formed below
600°C and above 750°C appear to be stable to cracking on cooling, whereas those
produced at 600-750°C crack and flake off the surface.

Cobalt forms numerous compounds and complexes of industrial
importance. Cobalt, atomic weight 58.933, is one of the first transition series of Group 9
(VIIIB). There are thirteen know isotope, but only three are significant: *Co is the only
stable and naturally occurring isotope; *®Co has a half-life of 5.3 years and is a common
source of Y-source for MOssbauer spectroscopy. Cobalt exists in the +2 or +3 valance
states for the major of its compounds and complexes. A multitude of complexes of the
cobalt (I11) ion exists, but fewstable simple saltare’know. Octahedral stereochemistry is
the most common for cobalt(il) ien as well as for cobalt (II). Cobalt (II) forms numerous
simple compounds and @émplexes, most of which are octahedral or tetrahedral in
nature; cobalt (II) forms umore tetrahedral® complex than other transition-metal ions.
Because of the small stability difference b;tween octahedral and tetrahedral complexes
of cobalt (ll), both can"be found equilib‘frl:fq.m‘_for a number of complexes. Typically,
octahedral cobalt (ll) salts and c}olmplexéé da{re pink to brownish red; most of the
tetrahedral Co (ll) species are blue:* 2 jl-‘.'-‘

Table 2.1 Physical properties of cobalt (Othm-e_ﬁ;_j991)

Property B — o Value

atomic number : 27

atomic weight 58.93
transformation temperature, °C 417

heat ©f transformation &3/a’ 251

melting point, °C 1493

latent heat of fusion, AH, . J/g” 395
boiling point, , °C 3100

latent heat of vaporization at bp, AHvap kJ/g® 6276

specific heat, J/(g °C)°
15-100°C 0.442

molten metal 0.560



coefficient of thermalexpansion, °c”

cph at room temperature 12.5

fccat 417 °C 14.2
thermal conductivity at 25 °C, W/(m'K) 69.16
thermal neutron absorption, Bohr atom 34.8
resistivity, at 20°C°, 10°Qm 6.24
Curie temperature, °C 1121

saturation induction, 4Tl 1.870
permeability, L

initial 68

max 245
residual inductio 0.490
coercive force, 708
Young’s modulus, 211
Poisson’s ratio 0.32
Hardness', diamo 99.9

At20°C 225

At 300°C 141

At og?—iﬁ, 62

At 900 22
strength of 99.99 é)cobalt MPa’ as cast annealed
~AUEINBNING NS *
tensile yiel 138 193

IRIINIUUMING0%

compressive yield

11

99.98°
253
145
43
17
sintered
679
302

®To convert J to cal, divided by 4.184.

bconductivity = 27.6 % of International Annealed Copper Standard.
°To convert T to gauss, multiply by 10",

“To convert GPa to psi, multiply by 145,000.

° Zone refined.

"Vickers, ° To convert MPa to psi , multiply by 145.
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2.3 Cobalt(ll, 11I) Oxides

Cobalt has three well-know oxides: Cobalt (II) oxide, CoO, is an olive
green, cubic crystalline material. Cobalt (ll) oxide is the final product formed when the
carbonate or the other oxides are calcined to a sufficiently high temperature, preferably
in a neutral or slightly reducing atmosphere. Pure cobalt (I) oxide is a difficult substance
to prepare, since it readily takes up oxygen even at room temperature to re-form a
higher oxide. Above about 850 °C, cobalt (1) oxide form is the stable oxide. The product
of commerce is usually dark gray and contains 77-78 wt% cobalt. Cobalt (II) oxide is
soluble in water, ammonia solution, and organic:solvents, but dissolves in strong mineral
acids. It is used in glass deceorating and-eoloring-and-is a precursor for the production of
cobalt chemical.

Cobalt (I1l) oxide; Co, D, S form when cobalt compounds are heated at a
low temperature in the presence/of an excess of air. Some authorities told that cobalt
(I11) oxide exists only in"therhydrate form.ffhg lower hydrate may be made as a black
power by oxidizing neutral gobalt solutioni;_ with 'substances like sodium hypochlorite.
Co,0, or C0,0,.H,0 is completely C;onvertéé tg) Co,0, at temperatures above 265 °C.

Co,0, will absorb oxygen in a suificient quarjt_'pty to correspond to the higher oxide

Co,0,.

i o el

Cobalt %irde, C0304,ﬁiisrformed when cobalt compounds, such as the
carbonate or the hydrated sesquioxide, are heated in air at temperatures above

approximately 265 °C and not exceeding 800 °C.

2.4 CO, Hydrogenation Reactions

In‘recently, several reaction mechanisms for the CO, hydrogenation have
been proposed. Firsty, the catalytic ' hydrogenation| over ‘promoted 'Cu-ZnO catalysts
under preéssurized conditions produces mainly CH,OH, CO and H,O. A small amount of
CH, was produced. At higher temperature, a very small amount of CH,0CH, was also
produced. Therefore, the main reactions are shown in the following equations (Arakawa

et al., 1992).
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CO, +3H, <> CH,0H +H,0

CO,+H, «> CO+H,0

However, there are reactions of methanol synthesis from CO,, showed in following
equations. Methanol synthesis from CO,:

CO,+ 3H, <> CH,OH + H,0 AH = -49.3 kJ/mol

17", AH = +41.0 kJ/mol
%z

Reverse water gas shift :

CO, + H,

CO + 2H, AH = -90.4 kJ/mol

for C, CO and CO : o, shown' in 5. Moreover, CO and CO,
methanation is investig — ‘ n step (Choudhury, 2006; Xu,
2006; Dagle, 2007)
AH = -206 kJ/mol

AH = -165 kJ/mol

|
=
il
iF |

AU INENTNEINS
ARIANTUNIINGIAE



CHAPTER IlI

LITERATURE REVIEW

3.1 Activated carbon from other precursors

As is well known, the activated carbon prepared from different
precursors or prepared by different activation process, will have different textural
characteristics that are shown in table3.1 +Furthermore, it was usually applied as
potential adsorbents for the purification of gases (Cuo, 2002; Azevedo, 2007), for the

removal of organic pollutants frem water (Zhou et al., 2009), and etc.

Table 3.1 Comparisons ofithe gharacteristics of porosity of other literature data for other

precursors under optimum¢€ondition

References Precursor Activation method Saer Vit Vo

(m’g)  (cm'fg) (cm’/g)
Guo et al.,2002 Rice husk Chemical(KOH) more than 1.9

3,000
Wei et al.,2006 Coconut shell Physical(Air) =" more than

700
Azevedo et Coconut shell Chemical activation 2,114 1.307 1.142
al.,2007 with ZnCl, followed

by physical activation

Li et al.,2008 Coconut shell Physical(stream) 1,926 1.26 0.931
Kalderis.et Ricehusk Chemical(ZnCl,) 250 0.38
al.,2008
Basta et al.,2009  Rice straw Chemical(KOH) 1,917 0.94
Guo et al.,2009 Coconut shell  Physical(CO,) 1,700 1135 0.882
Liou and Wu, Rice husk Chemical(ZnCl,) 2,434 1.344
2009
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3.2 Activated carbon from rice bran

There have reported that few researchers used rice bran as precursor for
activated carbons. Suzuki et al. (2007) reported the preparation of activated carbons
from deoil rice brans by using pre-cabonization with H,SO, and then physical
activation(CO,) as activation method that resulted in a BET surface area of 625 m2/g and
a pore volume of 0.137 cm3/g (mesopores predominance). These results indicated that
rice bran could be an economically promising material. Meanwhile, Kumar et al. (2009)
prepared activated carbons from rice braps by using pre-carbonization followed by
chemical activation (H,PO,) as activation meihod that resulted in a BET surface area of
794 m2/g and a pore volume - of 0.43-'cm3/g. Fhisswas used as carrier matrix for
immobilization of acid protease.In addition, activated carbon from rice bran was
applicable as carrier gmalrix: ffor ‘immobilization of a mutant strain  of

Pseudomonaspictorum (MW 74) (Chitra et al., 1996).

3.3 Co catalyst

In many years later, .cobalt ri;.;,_the metal which was proposed by Fischer
and Tropsch as the first catalysts fer syngaééenversion that has been used as a Fischer
— Tropsch catalyst in the industrytor hydrocaé_l!oc?}!]r{ synthesis due to their high activity and
high selectivity for linear hydrocarbon, highf'éf’fébi‘lity, low ;water-gas shift activity and
lower price comparea-to noble metal (Sun, 2000; Dutta; 2004). However, cobalt-based
catalysts are very sensitive to sulfur, which could readily contaminate them. So the
amount of sulfur in the feed should be much Jless than 0.1 ppm. In addition, they have to
operate at alfvery narfow ' range- of temperatures and |pressures. Increasing in
temperature leads to a spectacular increase in methane selectivity for Cobalt catalysts
used inthelow-temperature Fischer — Tropsch process (473-513 Ky, in 'synthesis of linear
long-chain hydrocarbon waxes and paraffins (Jager, 1998; Espinoza, 1999; Jager, 1995).
So, cobalt catalysts represent the optimal choice for synthesis of long-chain
hydrocarbons in Fischer — Tropsch process.

There were studies for active sites in cobalt catalyst in many directions,
such as unsupported metallic cobalt and cobalt monocrystals were active, for large
cobalt metal particles the reaction rate is proportional to the number of cobalt surface

sites (Iglesia et al., 2003). In addition, the active cobalt metallic phases, a working FT
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catalyst, could contain several other cobalt species: cobalt carbide, cobalt oxides,
cobalt support mixed compounds, etc. These species are probably not directly involved
in FT synthesis. Cobalt carbide formation be related to a deactivation process that lead
to the activity of Fischer-Tropsch reaction over Co-based catalysts decreased. However,
some promoters could restrain the formation of cobalt carbide (Xiong et al., 2005).
Oxidized cobalt species (Co,0,, CoO, etc.) do not catalyze FT synthesis either.
Oxidation of cobalt metallic species during the reaction leads to catalyst deactivation
and reduces FT reaction rates. At the 'same time, cobalt oxidized species could
probably affect the rate of several side and secondary reactions, such as water-gas
shift, olefin isomerization, reinsertion, and hydrogenolysis (Khodakov, 2007).

Matsuzaki et ak(1996) found that highly dispersed cobalt metal catalysts
supported on SiO, that prepared by uéjng cobalt(ll)acetate as a precursor promoted
with noble metals such asdf, Ru, Ri,‘Re, Pi'or OS in hydrogenation of carbon monoxide
were active for the formation of oxygeﬁate—'é by CO hydrogenation and the vapor phase
hydroformylation of ethene. The selectmty of oxygenates especially C,-oxygenates, was
strongly enhanced by a further modlflcatlon W|th basic additives such as alkali and
alkaline earth cations. Furthermore;highly dlspgfsed Co”’ particles are formed on SiO,
by the decomposition of Co(ll).acetate at anf;!-égated temperature in flowing H, and the

noble metals promote:';the reduction of the Co"— particles {b.cobalt metals by spilt-over

hydrogen activated on-he noble metal sites that are showa in Figure 3.1 and Figure 3.2,

respectively.

AcO OAc

Co
0"\‘ Co meial

":ﬁiﬂ-lth“‘"aﬂ Iﬂﬂ'ﬁﬁﬂ‘ﬂ Hz.lﬂﬂ'ﬂ H: «800°C

Figure 3.1 Proposed decomposition procedure of Co (Il) acetate on SiO,,. (Matsuzaki et

al., 1996)
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AcO  OAc AcO  OAc
\ \ /
f'?\ Co
0 O NHReO, d t
7t 200°C 7
H,
Co i
Hp350°C o _
TIAGOH

Figure 3.2 Proposed reduction. procedure of Co.species of Co(ll)-Re/SiO,.
(Matsuzaki et al., 1996)

Meanwahile, Sun et al.._ (2&0@) found that catalysts prepared by mixed
impregnation of cobalt(il) nitrate and CobaPe(II) acetate displayed higher activity than the
catalysts prepared from either mono precﬂlrsor at mild reaction conditions (1MPa total
pressure, H,/CO= 2, T= 518K) of F|scher—Tropsch synthesis (FTS) and assumed that the

metal readily reduced from cobalt mtrate prom,oted the reduction of Co”" to metallic

state in cobalt acetate by H splllove,rjrmechamsm during catalyst reduction

- « d

process(Figure 3.3).

A.c{] AcD
a FD{DA-:)«::'.H:G 3”:: STIK i | Hz2,673K | | Hle?SK c“"mml
s.oa 7 AeOH 7 -Hzo Z ,.«:a
CaoiOy Co metal
& CQ{DM}:M-];OLL;}{\{D‘}: 723K II1,6’.-‘3E{
—r-
v 0077 mo | 2 /
Si0s2 5i02
=
Co metal
Hz, 673K </ gy Cometal 1, coap
—_—
-H20 7 m/ 7
5i0z S0

Figure 3.3 Proposal reduction procedure of Co(ll)acetate, Co(ll)nitrate/Co(ll)acetate on
silica during catalyst preparation.; a: Co(ll)acetate; b: cobalt(l)nitrate/cobalt(ll)acetate.

(Sun et al., 2000)
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Visconti et al. (2009) found that the hydrogenation of CO and CO, on
Co/Al,O, Fischer-Tropsch catalyst under low temperature FTS conditions showed a
higher CO, reactivity with respect to CO. However, the selectivity of the CO and CO,
hydrogenation process was found to be extremely different: CO hydrogenation leads to
a classical FT product distribution, while the products of CO, hydrogenation consist
mainly of methane (with selectivity near 90%) and light hydrocarbons that result to be
similar with report of Zhang et al. (2002).

Dutta et al. (2004) found that15% Co/SiO, catalysts yield higher CO and
syngas conversions with higher methane  scieclivity than 15% Co/ Al,O, catalysts.
Conversely the AlLO, supported catalysts gave mueh higher selectivity towards olefins
than Co/SiO,. These results yield.the correlation that the presence of Co,O, yield higher
methane selectivity whereas .the presence of co™ species yields lower methane

&+

selectivity but higher olefinsSelectivity: 45

3.4 CO, Hydrogenation Reaciions

In a few years ago, efficient hejtérogeneous catalysts have usually been
developed for CO, hydrogenation-to mejtl‘:;qr?ql. However, the thermodynamics for
methanol production from H, and-CO, are-&o?_i;s favorable as that for production of
methanol from H, and,CO. Forné'rx‘ample, at ZOOCthe equiliprium yield of methanol from
CO, is slightly less thah 40% while the yield from CO is gréater than 80% (Arakawa et
al., 1998). For methanol synthesis, Fisher and Bell (1997) studied Cu/ZrO,/SiO, catalysts
by in-situ infrared spectrgscopy and suggested the pathway for the route to methanol
that was shown'in Figure 3.4. Meanwhile, Bando et al. (1997) found that TiO,-supported
Cu catalyst showed the highest TOFs: (turn-over freguencies) among Cu/AlL,O,, Cu/SiO,,
and CufliO, for methamol synthesis from [CO, hydrogenation. Inaddition, Kusama et al.
(2001) found that Rh-Co/SiO, catalysts showed methanol formation more than Rh/SiO,,.
Whereas, ethanol has also been produced by the hydrogenation of CO, (Kusama et al.,
1996). This fuel is attractive because it has a somewhat higher energy density than

methanol and it is not as toxic. However, the selectivity for ethanol production is

generally low (<40%).
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(A

The hydrogenﬁ

that when compared W|th CO hydrogenat|on in the same catalysts that was cobalt

Flscher—TropS )uvif ﬁ Yjeﬂ)?;] ? ﬁ\ﬂ fTﬂ i? were similar obtained

but selectivitiesqwere very dif ydrogenation, normal Fischer-Tropsch

e T AR

that result to be similar with report of Visconti et al. (2009). In addition, Dorner et al.

hydrocarbons is also known

(2009) reported infiuence of gas feed composition and pressure on the catalytic
conversion of CO, to hydrocarbons on a traditional cobalt-based Fischer-Tropsch
catalyst (Co-Pt/Al,O,) found that reducing the feed gas ratio of H,/CO, from 3:1 to 2:1
and subsequently to 1:1 and lowering the operating pressure has led to the modification

of the product distribution toward longer chain HC. Furthermore, Lahtinen et al. (1994)
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reported C, CO and CO, hydrogenation on cobalt foil model catalysts found that the

reactions produce mainly methane but with selectivities of 98, 80, and 99 wt% at 525 K

for C, CO, and CO,, respectively. These authors also proposed the

mechanisms for C, CO and CO, hydrogenation that were shown in figure 3.5.

C Hydrogenation

CO Hydrogenation

CO, Hydrogenation

co+ <> cor co2+* <> coz*
H+2* <> 2K H+2t <2 2Hr H2r <> opr
CO,*+Co <> CO*+Co0

C*+H* eCH*+*

CO*+Ca'SZ C*Cod
C+H* S CH*+

CH*+H* <7 CH,*+*

CH,*+H* <> CH,*
CH,*+H* <ZCH, +2*

GHF e SP 01 -

1
ol A7 JCind
CeO+Hf 77 Or+€o

CO*+Co <2 C*+Co0

G <ZcH
CH*¥H% 2 CH, "+
CH,*+H* <> CH,*
CHAH™S CH, +2"

CeO+H* 5> OH*+Co

reaction

OH#HY F2 H, 042 4 OH%H ", <> H,0+2*

co+# 37 colirr  Ala

COH*+HF <Fppoorr il

HCO™+Co_S2 Gt +Co0i it

Figure 3.5 The reaction‘mechanisms proposed for C, CO and CO2 hydrogenation. In
the case of CO, hydrogenation two alternative reaction paifis are given. The rate limiting

step is shown with a ang-way. arrow (L), (Lahtinen et al.,.1994)

For the other catalysts in CO, hydrogenation, unless a cobalt-based
Fischer<Tropsch catalyst. Kowalczyk et al. (2008) found that the eatalytic properties of
ruthenium surfaces expressed by TOFs (turn-over frequencies) proved to be dependent
on the kind of support material and metal dispersion. The following sequence of TOFs
was obtained: Ru/AlLLO, > Ru/MgAlLLO, > Ru/MgO > Ru/C, both CO and CO,
hydrogenation. Meanwhile, Kusama et al. (2000) reported effect of metal loading on CO,
hydrogenation reactivity over Rh/SiO, catalysts found that the difference in Rh loading

significantly changed product selectivity of CO, hydrogenation over Rh/SiO, catalysts.
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The main product was CO for the low loaded catalyst, while CH, was dominantly
produced on 10 wt.% Rh/SiO,.

Suo et al. (1997) studied TiO,-, ZrO,- and Al,O,-supported Fe catalysts
for CO, hydrogenation found that the catalytic activity was affected by the support used.
TiO,- and ZrO,- supported iron oxides showed good activity and selectivity in the
synthesis of C,, hydrocarbons.

Yamasaki et al. (2006) studied effect of tetragonal ZrO, on the catalytic
activity of Ni/ZrO, catalysts for CO, methanation found that the fraction of tetragonal
ZrO, in the Ni/ZrO, catalysts increased with'inCréasing nickel content and the tetragonal
zirconia-supported nickel=eatalysts showed ahigher turnover frequency than the
monoclinic zirconia-supported niekel catalysts. Meanwhile, Chang et al. (1997) studied
Nickel supported on rice_ftisksash+ activity and selectivity in CO, methanation found
that Nickel catalyst suppagted.onrice husk ash exhibited high activity in methanation of
CO, and high selectivity (80-90%) for CH, ?ormation. Moreover, Lee et al. (2005) studied
Raney Ni catalysts for GO and CO, metha::rla‘t.ioln activity found that main products were
CH, and CO, in CO methanation, and-jj’je‘?ﬁ; and CO in CO, methanation, CO,
methanation proceeded highly selectively withflé%_).ver activation energy as compared with
CO methanation. The catalyst.derived from-;}lb'y»having higher Ni content using more
methane in both CO and CO, methanation. Increasing spécific activity and selectivity
can be explained with the higher ability of catalyst to diSsociate CO. Thus, in CO and
CO, methanatiori on) Raneyy Ni seatalyst;) eatalytic ractivity:-'seem likely to have close
relation with theactivity to dissociate CO.

Fhe ~reverse, water, gas shift {(RWGS), reaction~issa part of CO,
hydrogenation. So,studying'the reverse water gas shift (RWGS) reaction is important for
studying CO, hydrogenation. Chen et al. (2003) studied the reverse water gas shift
(RWGS) reaction over with and without potassium promoter Cu/SiO, catalyst found that
after addition of even a little amount of potassium, Cu/K,0O/SiO, obviously offered better
catalytic activity than Cu/SiO,. The coverage of formate species increases on Cu/K
catalyst and new active sites could be created at interface between Cu and K. The main

role of K,O was to provide catalytic activity for decomposition of formates, besides
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acting as a promoter for CO, adsorption. A new reaction mechanism was shown in
Figure 3.6. Hydrogen was dissociatively adsorbed on Cu and could spill over to K,O to
associate with CO,. This resulted in the formation of formate species for the production

of CO.
H, +C0O, adsorption

) 5
cw

0" o0 o7

(B) Hydrogen atoms sof r; ) ": ver to the surface of interfacial

/i sites anc o form formate.

AU i ‘Wﬂ“ﬂ wzmmm -

(D) Hydrogen atom spill over'to surface of interfacial sites and K,O to form H,0O

QWIANN I UBIINE TR
|

Figure 3.6 Proposed mechanism of CO formation from CO, and H, on Cu/K/SiO,
catalyst. (Chen et al., 2003)
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Furthermore, Luhui et al. (2008) studied reverse water gas shift reaction over Co-
precipitated Ni-CeO, catalysts found that 2wt.%Ni-CeO, showed excellent catalytic

performance in term of activity, selectivity, and stability for RWGS reaction.

3.5 Co/AC catalysts

Activated carbon supported cobalt catalysts were studied by many
researcher in several reactions. In Fischer-Tropsch (FT) synthesis, Castilla and Marin
(1995) reported the preparation of Co catalysts supported on two different activated
carbons obtained from olive stones that the supported catalysts were prepared from
Co,(CO), following either a.sublimation or an“Cvaporation technique or from cobalt
nitrate following an impregnation techniq-t-Je found that.the Co/activated carbon catalysts
were structure-insensitive” In_poth’ H,/CO and H./CO, reactions within the dispersion
range studied (5-32%).4Fhese results indi.'_ca}ted that the Co particles were well reduced
as a consequence of the lew metal—sup:p(l)rt interactions. In the case of the H,/CO
reaction the selectivity fophydrocarbons pr.bdhction depended on the mean particle size
of the catalyst and methane was:the mainr';}mduct obtained. In the case of the H,/CO,
reaction, methane and CO were=the only}broducts detected and the selectivity for

#e a2 A d

methane production decreased with increasﬁigfr_'nean particle size of the Co catalyst. At

different operating COI’]ditiOﬂS,z Zaman et al.-'(ébéé) investigated performance of cobalt
on Carbon nanotubes (CNTs), Carbon nanotubes grown on MgO (CNTs-MgO), Carbon
nanotubes grown on alumina (CNTs-alumina) and activated carbon (AC) found that the
cobalt supported on CNTs grown on MgO (€o/CNT-MgO) shows the highest selectivity
to C,, as the most desired FTS products: The C;, selectivity enhancement was about 37,
34, 17, and 77% as compared tothe Co/CNT, Co/alumina, Co/CNTs-alumina, and
Co/actiyated carbbony respectively. Infaddition, Co/AC shows a BET/surface area of 927
m” while the other catalysts show moderate BET areas in the range of 17-96 mz/g, and
Co/AC shows highest CH, and lowest C, selectivity, possibly due to high BET surface
area, diffusion limitations, and small cobalt crystallite sizes on activated carbon. Ma et
al. (2004) reported effect of Co Loading and Promoters (K, Ce, Zr) on activated carbon
supported in Fischer-Tropsch synthesis found that Co loading affected initial syngas
conversion and CH, selectivity in the following order : 20%Co > 15%Co > 10%Co >

7%Co, the unpromoted Co/AC catalysts (7-20%Co) showed 25.9-73.1% initial syngas
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conversion and 1.3-2.4% CO, selectivity. In case of K, Ce, and Zr promoters would
remarkably change the initial catalytic performance of the Co/AC catalysts, addition of K
into the Co/AC catalyst significantly decreased the FTS activity and CH, selectivity but
increased the water gas shift (WGS) activity, addition of Ce improved the Co/AC catalyst
activity and high CH, selectivity, addition of Zr increased the FTS activity. Moreover, K,
Ce and Zr promoters improved Co dispersion and interaction between Co oxide and the
AC surface which might be the reasons for the subsequent catalyst performance,
especially for the Ce- and Zr-promoted catalysts. Furthermore, vanadium (V) promoter
affected on activated carbon supported cobalt.eatalysts in Fischer-Tropsch synthesis. It
was found that the CO conversion could be significantly increased from 38.9 to 87.4%
when 4 wt.% V was added.into.Co/AC |catalyst. Small amount of vanadium promoter
could improve the selectivity toward €, —C,, fraction and suppress the formation of light
hydrocarbon. However, @xcgss 0f vanadium increased methane selectivity and

decreased C,, selectivity/(Wang et al.,‘T 2006). Wang et al. (2008) reported CO
conversion increased fiom 86.4% to"92.8% and the selectivity to methane decreased
from 14.2% to 11.5% and C. | selectivity ingpeased from 71.0% to 74.7% when low La

loading (La = 0.2wt%) was added into the Z=Co/AC catalyst. However, high loadings of

La (La = 0.3-1.0 wt%) decreased oataiyst-;_c’tij/ity as well as the C,, selectivity and
increased methane selectivity. Moreover, Xiong et at. (2005).reported formation of Co,C
species in activated carbon supported cobalt-based -catalysts and its impact on
Fischer-Tropsch reaction found that the cobalt carbide (Co,C) species was formed in
some activated-€arbanssupported cobaltsbased (Co/AC) catalysts during the activation
of catalysts and; the activity of Fischer-Tropsch reaction over Co-based catalysts
decreaseds due~to~thes, formationof these scoball carbide, spegies However, some
promoters and pretreatment of‘activated 'carbon ‘with steam couldrestrain the formation
of cobalt carbide.

Lu et al. (2009) reported cobalt catalyst supported on porous carbons
derived from rice husk and carbon nanotube for treating of gas pollutants. That porous
carbons were prepared from rice husks, commercial coconut-shell-derived carbon, and
carbon nanotube (CNT) by activation with CO,, KOH, and ZnCl,. Cobalt catalysts were

supported on the six different porous carbons by excess-solution impregnation and
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were used to carry out reactions with different constituents, such as NO + CO, toluene,
NO + toluene, and NO + CO + toluene. It was found that the cobalt catalysts supported
on rice-husk-based carbon activated by CO, and those on commercial-activated-carbon
retreated by KOH showed 100% conversion on toluene oxidation. Among the six porous
supported catalysts, the cobalt catalysts prepared with CNT and rice-husk-derived
carbon by using CO, showed the best catalytic activity and thermal stability when
compared to the others. In addition, Lu et al. (2007) reported preparation the activated
carbons supported transition-metal catalyst by the polyol method for VOC oxidation that
copper, cobalt, iron, and nickel were used as.ihe eatalytic active phases. It was found
that the catalysts prepared by the polyol process exhibited well-dispersed nanoscale
metal particles. Increasing_in“the reduction time and the particle size led to a lower
toluene conversion. The ae€tivity .0f metal/AC with respect to metal was observed to
follow a particular order: @Gl 'Co &'Fe = Ni. Increasing the reaction temperature and
decreasing the toluene concentration a?_id,_-space velocity resulted in better VOC
conversion. '

Faria et al.{2009) reported m9t§I oxides (cerium, manganese and cobalt
oxides) supported on activated garbon for thé"l*;e_fr’noval of selected organic compounds.
It was found that metal oxides -supported onf'_abfivated carbon have been shown to be
effective ozonation calalyst for the degradation of aromatic :compounds (sulfanilic acid
and aniline) and an azo textile dye. Nevertheless, when comparing the respective
results with those obtained with the commercial activated carbon, it should be noticed
that a significantipart pfithescatalyticieffect abservedimust beyattributed to the support.

Xu et al. (2008) reported hydrogen production from alkaline sodium
borohydride«{NaBH.) selution.via-hydrelysisspracess over, activated garbon (activated
carbons ;are usedin their original form”and after liquid “phase "oxidation with HNO,)
supported cobalt catalysts. It was found that the oxidative treatment led to the formation
of various functional groups on the surface of the activated carbon and cobalt catalysts
supported on the modified activated carbon exhibited higher activity and stability.

Lu and Wey (2007) found that Co/CNT generated about 99% of the high
activity for CO conversion at 250°C and thermally stability that is superior to Co/activated

carbon for CO oxidation at low temperature.
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Pilecka et al. (2006) reported cobalt, iron and Co-Fe catalysts on
activated carbon in ammonia synthesis and barium or potassium were used as
promoters. It was found that the average sizes of crystallites (20-30 nm) were roughly
independent of the metal kind (Co, Fe, Co-Fe). The effects of Ba and K on the catalyst
performance proved to be strongly dependent on the choice of an active phase (Co or
Fe or Co-Fe). In the case of Co/C, the promotional effect of barium was extremely large.
Furthermore, the Ba-Co/C system was found to be less inhibited by the ammonia
product than Ba—Fe/C. At low temperature (400°C) and at high conversion (8%NH, in the
gas), the surface-based reaction rate (TOF)for.Ba-Co/C was about six times higher than
that for Ba—Fe/C. 4

Zhu et al. (1999) reported catalytic conversion of N,O to N, over Co/AC
and Cu/AC Catalysts. It was found that In{treasing loading of Co or Cu led to decreasing
dispersion, but 20 wt % loading was'an upper limit for optimal activities in both cases,
with too high loading™ caudsing sintéring?ot; metal. Co exhibited a relatively better
dispersion than Cu. Impregnationlof metalftﬁeq Jt_o a large decrease in surface area and
pore volume, especially for 30 wt %_;Qf loadizf'r‘];?_. -20 wt % of loading has proved to be the
optimum for both Cu and Co, which showed thé;_ﬁ-ighest activity.

Jiao et al. (2009) reported effq—é_:-t',(_jf La,O, doping on syntheses of C,—C,,

mixed linear a—alcohogs from syngas over the Co/AC Catalysts. The results showed that

the selectivity towards -alcohols was improved by doping La into the 15Co/AC catalysts
and the reducibility of the 15Co-xLa/AC catalyst decréased and the Co dispersion
improved dueto the| strongyinteraction between| Coj and«l'a,0; species. La,O, could
promote the formation of cobalt carbides (Co,C) which are postulated to play an
important relerimthessyntheses-of-the mixedgdinear-@l-aleohols~On-theyather hand, high
Co dispersion and“an appropriate ratio of Co”'ICa’ could enharce the activity of CO

hydrogenation.



CHAPTER IV

EXPERIMENTAL

4.1 Preparation activated carbon
4.1.1 Chemical

1.

2.

Sulphuric acid (H,SO,)

Sodium bicarbonate (N :

Zinc chloride (Zn

Distilled water A3

Phosphoric ac

Hydrochloric

a sodium bica@mate I neu@lity and was several washed

with distill water. Then, the sample was/dried at 110°C for 24 hours.

The treﬂdu}éllg«/m rﬂl Ewhﬂﬂﬂ j@2 at 1:1 by w/w and
mmmﬁim VANEIA, e

and at the desired temperature (400, 500, 600, 700°C) with a heating rate

10°C/min. Once the activation temperature was reached, it was kept for 1 hour
before cooling the furnace down to room temperature.

The activated material was stired in 1 M HCI solution at 70°C for 6 hours.
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7. The resulting materials were washed with distilled water several times until
neutrality to remove residual chemicals.

8. The washed sample was dried at 110°C for 24 hours to be as activated carbon.

4.2 Cobalt Loading
4.2.1 Chemical

1. Cobalt(I)nitrate hexahydrate 98+%[ Co(NO,),-6H,0] available from Aldrich.

2. De-ionized water

4.2.2 Experimental procedure J

In this experiment,dncipient wetness impregnation is the one methods used for

loading cobalt. Cobalt (I)mnitrate hexahyd}ate [Co(NO,),6H,0] was used as precursor in

this method. ‘ =

The incipient wetness impregnatioﬁ}procedure Is as follow:

1. The certain amoun{ of ‘cobalt (205:__‘_\1_\_/_.t°/9_ loading) was introduced into the de-

ionized water which its volume equéls-jo pore volume of catalyst.

N

. The aqueous solution of ‘€obalt was sIo_W impregnated to Activated carbons.

w

. The catalyst was dried-in-theoven at 110°Cfor.24 h._

N

. The catalyst was-caieined-n-N;-at-360-C-{oi-6-4:

4.3 Catalyst Nomenclature

Part I: Preparation ofiactivated carbon
Nomenclature of,isampleis given as follows AC_X_Y
where X.is activating,agent.that.here is ZnCl,0or.H,PO .

Y Is activation temperatire in “C

i.e. AC_ZnCl,_400 means activated carbon obtained using ZnCl, as activating agent
and activation temperature at 400°C.

Part II: Catalyst for CO, hydrogenation
Nomenclature of sample is given as follows Co/AC_X_Y
Where Co is 20%wt of cobalt impregnated

AC_X_Y is a symbol of activated carbon that was explained above.
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i.e. Co/AC_2ZnCl,_400 means activated carbon, obtained using ZnCl, as activating agent

and activation temperature at 400°C, which impregnated with 20%wt Co.

4.4 Catalyst Characterization
441 Proximate analysis(ASTM D3173-D3175)
Moisture content determination (ASTM D3173)

The moisture content of materials was determined by ASTM D3173 on oven-

drying the material at 110°C until consistency of weight was obtained.

Ash content determination (ASTM D3174)

The total ash content of the matejials Was determind using crucibles containing
dried deoil rice bran heated in_a-muffle furnace at 760°C based on the procedure by
ASTM 3174. After heating,the Cruciblis were allowed to cool in desiccators and

weighed. The residue weighi'was calqulat’ed‘,‘and reported as percentage of ash by

Y rema[ﬁm.g we@hﬁg] . ) )
Housh ( ﬂrig;inu_l_mu;criulifcjgl;t@ ) IDEIIE w (4.1

p £y
Volatile matter determination (ASTM D3175) J!
J-! i _e -.-Pj

L N

The volatile matter was: determind _@ing‘grucibles containing dried deoil rice

pran heated in a m_d{fle furnace at 950°C for 6 minutes jb_ased on the procedure by

ASTM 3175. After h"'eé'{t_ing, the crucibles were allowed -to"cool in a desiccators and
weighed. The residue“weight was calculated and reported as percentage of volatile

matter by

Upulutile mutler

prifinal material weight rémuinine wéghtl= ¢
:( ' ight) g Yghils i :l'DI}] = Moisture content ... (4.2)

urig il cinte il weisho(p]

4.4.2 Elemental analyzer
At least 0.3 mg of deoil rice bran was studied C, H, N composition that analyze
by elemental analyzer or CHNS/O analyzer with perkin elmer, PE2400 series Il. The

sample was decomposed to gas phase by pyrolysis in high-purity oxygen and then
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gaseous products were chromatographically separated by frontal analysis with
quantitatively detected by thermal conductivity detector (TCD).
4.4.3 X-ray diffraction (XRD)
XRD was performed to determine the bulk phase of catalysts by SIEMENS D
5000 X-ray diffractometer using CuK, radiation with Ni filter in the 20 range of 10-80
degrees resolution 0.04°. The crystallite size was calculated from Scherrer's equation.
4.4.4 N, Physisorption
The catalyst 50 mg was study BET isurface area, pore volume and pore diameter
were measured by N, adsorption—desorptionsisetherm at liquid nitrogen temperature (-
196 °C) using a Micromeritics-ASAP 2020. The sufface area and pore distribution were
calculated according to Brumauer-Emmett-Teller (BET) and Horvath-Kawazoe (H-K)
methods, consecutively. \
445 CO Chemisorpiions 4
The active sitesand'the relative pef’rcg;ntages dispersion of cobalt catalyst were
determined by CO chemisorptions techniqfii_e .using Micromeritics ChemiSorb 2750 and
ASAP 2101C V.3.00 software. It was carrieai‘g.)di using 80 mg of a sample and reduced
in H, flow rate at 50 ml/min‘with heated fr(;fr; igom temperature to 400 °C at rate 10
°C/min and held at this tempeﬁr;af[_ure for 3,h ﬁe[ the cooled down to room temperature
in a He flow. Desorbed CO Waé measured Qsi-ng thermal conductivity detector. Pulsing
was continued until ho-further carbon monoxide adsorption was observed. Amount of
carbon monoxide adsorption on catalyst was relative amount of active site.
446 Temperature-programmed reduction (TPR)
TPR was used to.determinelthe reducibility of.catalysts.fThe catalyst sample 50
mg was used in the operation and#emperature ramping from 35.°C to 800 °C at 10
°C/min“\The'cartier gas is be 5 % H; imAr./Duringgeduction, acold trap was placed to
before the detector to remove water produced. A thermal conductivity detector (TCD)
was measured the amount of hydrogen consumption. The calibration of hydrogen
consumption was performed with bulk cobalt oxide at the same conditions.
4.4.7 X-ray photoelectron spectroscopy (XPS)

The XPS analysis was performed originally using an AMICUS spectrometer

equipped with a Mg Ka X-ray radiation. For a typical analysis, the source was operated
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at voltage of 15 kV and current of 12 mA. The pressure in the analysis chamber was less
than 10° Pa. The AMICUS system is computer controlled using the AMICUS “VISION
2”software.

4.4.8 Transmission Electron Microscopy (TEM)

The morphology and size of the catalyst was observed using JEOL JEM 2010,
operating at 200 kV.

4.4.9 Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) were
performed using an SDT Analyzer Model Q600 from TA Instruments, USA. The TGA/DTA
analyses of the catalysts were carried out from room temperature to 1000 °C at a
heating rate of 10 °C/mifin N,

4.4.10 Scanning Electron Microscopy: SEM and Energy Dispersive X-ray
Spectroscopy (EDX)

A

Scanning elgétron” migroseopy: (SEM) and. Energy dispersive X-ray
spectroscopy (EDX) wasitsed 0 détermir?g Jt:he morphology and elemental distribution
of the catalyst particles. & Model of SEI\/]‘;::-';"JEOL mode JSM-5800LV and EDX was
performed using Link Isis Series ?OO pro&}é% at the Scienctific and Technological
Research Equipment Center, Chﬁlalongkom ﬁ;;érsity (STREC).

4.4.11 X-ray fluorescenceaéﬁéctrometry (XRF:)

X-ray quorés;ée?Cmrﬁefry (XRF) Was used 1o determine the impurity of
activated carbons that Q:_ccurred from'synthesis of activated carbons. Amount of element
was calculated by theoretical formulas, “fundamental parameter calculation”. Model of
XRF: Philips model{|PW2400, at/the Scienctific and [Technalogical Research Equipment
Center, Chulalongkorn University (STREC).

4.4412 Inductive,Coupled Plasma Opticall Emission 'Spectrometer (ICP-OES)

The actual amount of the metals loading were determined by a Perkin Elmer
Optima 2100DV AS93 PLUS inductive coupled plasma optical emission spectrometer.
The catalysts were prepared in a solution containing 65% HNO,, 49% HF and 37% HCI

with volume ratio 1:3:1 and then filter carbon out.
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4.5 Reaction study in CO, hydrogenation
4.5.1 Materials
CO, hydrogenation was performed using 0.1 g of catalyst packed in the middle
of the stainless steel microreactor, which is located in the electrical furnace. The total
flow rate is 30 ml/min with the H,/CO, ratio of 10/1. The catalyst sample was reduced in
situ in flowing H, at 400°C for 3 h prior to CO, hydrogenation. CO, hydrogenation was
carried out at 270°C and 1 atm total pressure.
4.5.2 Apparatus
Flow diagram of CO, hydrogenation sysiem is shown in Figure 4.1. The system
consists of a reactor, an automatic temperature controller, an electrical furnace and a
gas controlling system.
4.5.2.1 Reactor |
The reactor was made'from a Sfaipless steel tube (O.D. 3/8”). Two sampling
points were provided apovesand below thécatalyst pbed. Catalyst was placed between
two quartz wool layers. J-
4.5.2.2 Automation Temperature Céﬁtrbller
This unit consisted of a- magneﬁ"é_fs_,\/_\/itch connected to a variable voltage
transformer and a solid-state reiay tembére}%&re controller model no. S$S2425DZ
connected to a thermocouple.z ;Fi‘eactor temb‘;e-:rémr‘e was measured at the bottom of the
catalyst bed in the reaCtor. The temperature control set pbint is adjustable within the
range of 0-800°C at the maximum voltage output of 220 volt.
4.5.2.3 Electrical:Furnace
Thefurnace supplied heat tothe reactor far CO; hydrogenation. The reactor
could be operated from temperature up to 800 °C at the maximum voltage of 220 volt.
4'6.2.4 Gas Controlling System
Reactant for the system was each equipped with a pressure regulator and
an on-off valve and the gas flow rates were adjusted by using metering valves.
4.5.2.5 Gas Chromatography
The composition of hydrocarbons in the product stream was analyzed by a

Shimadzu GC14B (VZ10) gas chromatograph equipped with a flame ionization detector.
A Shimadzu GC8A (molecular sieve 5A) gas chromatography equipped with a thermal
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conductivity detector was used to analyze CO and H, in the feed and product streams.

The operating conditions for each instrument are shown in the Table 4.1.

Table 4.1 Operating condition for gas chromatograph

Gas Chromagraph SHIMADZU GC-8A SHIMADZU GC-14B
Detector TCD FID
Column Porapak Q VZ10

- Inner diameter

- Column material : ’f -
- Length ;
- Outer diameter 7 4 rrq _

- Mesh range 60/80

- Maximum temperatur 80°C

Carrier gas H, (99.999%)

Carrier gas flow

Column gas Air, H,
Column gas flow -
Column temperature
- initial (°C) 80 70
V

- final (° 70

Injector temperature ( Og 100
¢ a

Detectortempﬁ uu(ﬁ) fJ qn EJ ﬂ ‘%@W EJ r] ﬂ rj 150

Current (mA)
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4.5.3 Procedures

1. Using 0.1 g of catalyst packed in the middle of the stainless steel
microrector, which is located in the electrical furnace.

2. A flow rate of Ar = 8 CC/min, 8.80% CO, in H, = 22 CC/min and H, = 50
CC/min in a fixed-bed flow reactor. A relatively high H,/CO ratio was used to
minimize deactivation due to carbon deposition during reaction.

3. The catalyst sample was reduced in situ in flowing H, at 400 °C for 3 h

prior to CO, hydrogenation.

4. CO, hydrogenati 70 °C and 1 atm total pressure in
——

5. The efflue' ing gas chromatography technique. [Thermal

conductivity detector (i a8 Jused for se 6fcarbon monoxide (CO) and

AU INENTNEINS
RINNIUUNIININY
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CHAPTER V

RESULTS AND DISCUSSION

This chapter is divided into two sections: 5.1) Characteristics of activated carbon
derived from deoil rice bran residues under chemical activation and 5.2) Comparison of
catalytic activity between Co-catalyst on various activated carbons for CO,

hydrogenation,

5.1 Characteristics.of activated..carbon derived from deoil rice bran residues
under chemical activation
5.1.1 Charaeteristics/of rice bran residues
The rice bran residués ysed as raw materials to produce activated carbon in this
study were the deoil #ice prans from Fhai Edible Co. Ltd., Ayuthaya, Thailand. The
characteristics of rice lran/residues Weré_ determined using the proximate analysis

(ASTM D3173-D3175) and elemental analyz_é__r (Perkin Elmer PE2400 Series Il) shown in

Tables 5.1 and 5.2, respectively; wad

Table 5.1 Proximate analysis results of deoil rice bran.

Deoil rice bran

Moisture (%) 5.60
Ashicontent (%) 8:37
Volatile matter (%) 71.75
Fixed carbon (%) 14.28

Table 5.2 Elemental composition of deoil rice bran.

Composition (wt%) Deoil rice bran
Carbon 38.02
Hydrogen 6.37

Nitrogen 3.31
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5.1.2 Analysis of BET surface area and pore structure

From Figure 5.1, the tendency of BET surface area of activated carbons
prepared from H,PO, and ZnCl, activation at different activation temperatures was
observed. For H,PO, activation, the BET surface area slightly increases when the
activation temperature increases from 400 to 500°C and reaches the maximum values at
500°C because the pores may not be fully developed at the lower temperature of 500°C.
However, the BET surface area slightly decreases when the activation temperature
increases from 500 to 700°C because of violent gasification reaction that may cause a
part of the micropore structure to be destroyed bV collapsing or combining together (Oh
and Park, 2002). These-resulis-exhibit'the -similar-trend as other researchers, who
reported that the BET surfacerarea of activated earbon from H,PO, activation of rice
husk (Liou and Wu, 2009)#and wood (F[lared et al.,, 2007) have the maximum at an
activation temperature of 800/and /400°C, ‘respectively. For ZnCl, activation, the BET
surface area slightly décreases when the Tactivation temperature increases from 400 to
700°C and has the maximum BET surfao"e area at 400°C. In addition, the activated
carbons from ZnCl, activation have h|gher BET surface areas than those of H,PO,

_.f "
activation at the same activation temperatur_e;._ These result is in agreement with other

researchers (Timur, 2006; Liou, 2009). The,fmgximum BET surface area of activated

carbons are ca. 1400-m°/g for ZnCl, activation and 1190 rr_12/g for H,PO, activation.
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Figure 5.1 Effect of activation.température on the surface area of activated carbons: K,

ZnCl, activation and ¢, H RO, acCiivation "l

One of the methods for. esti'mlating the type of pores present in the activated

carbons is to analyze the isotherm Curve. 'Iljine"-N2 adsorption-desorption isotherms of the

activated carbons prepared under differéﬂt ‘activation temperatures and kinds of
activating agent are showngin thure 52; 'Fhe isotherms of the activated carbons

prepared from deoil rice bran for both = PO4—_aHd ZnCl, activation exhibit a combination

of types | and IV accordmg 0 the IUPAC’ (lnTernatlonaI Mnion of Pure and Applied

Chemistry) cIas&ﬂc&_l_tpn (Gregg and Sing, 1982). A corn_bmahon of types | and IV
isotherms are usually f_eﬂected the presence of both n)iicroporous and mesoporous
structure. Figure 5.2(&;) shows the isotherms of the ,activated carbons of H,PO,
activation at differentiactivation temperatures. The isotherms| exhibit a sudden increase
in N, adsorption in the initial relalive pressure range indicating, the formation of
microperes.,;In addition; the isotherms’also, appear to/ contain (hystefresis loop at high
relative pressure suggesting that the pore structure includes partly mesopores. So, the
activated carbons of H,PO, activation at different activation temperatures have both
microporous and mesoporous structures (Liou, 2004). The adsorption capacity is at a
maximum when the activation temperature is 500°C, indicating that the pore volume has
the maximum amount at this temperature. Figure 5.2(b) shows the isotherms of the
activated carbons of ZnCl, activation at different activation temperatures. These

isotherms also exhibit the similar trend as seen with those from H,PO, activation. These
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adsorption isotherm behaviors indicate that samples have both micropores and
mesopores structures. The highest adsorption capacity of the activated carbons of
ZnCl, activation occurs at activation temperature of 400°C. In addition, the activated
carbons of ZnCl, activation have the higher adsorption capacity than those of H,PO,
activation at the same activation temperature. These results are in accordance with

those obtained from surface area.

AU INENTNEINS
ARIANTAUNNINGIAY
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The characteristics of porosity of the activated carbon, such as the BET surface

area, pore volume, average pore diameter are listed in Table 5.3. The pore volumes of
ZnCl, activation have a value relatively higher than that of H,PO, activation procedure.
The maximum pore volume of activated carbons are 0.746 cm’/g for ZnCl, activation at
the activation temperature of 400°C and 0.611 cm3/g for H,PO, activation at the

activation temperature of 500°C. In addition, the range of pore diameters of the activated



41

carbons that was calculated as 4V/A by BET method ranged from 1.905 to 2.126 nm for
ZnCl, activation and 1.922 to 2.222 nm for H,PO, activation. It was observed that the
activated carbons with ZnCl, activation have a slightly smaller pore diameter than that of
H,PO, activation. These results are in agreement with other researchers (Liou and Wu,

2009).

Table 5.3 pore characteristics for activated carbons

H,PO, activation ZnCl, activation

400 500 600 700 400 500 600 700

See(M’fg) | 1045 11874065 o} 853 (1404 1385 1288 1196
Vem’lg) | 0581 06110476, 0410 | 0.746 0686 0659 0.569
V. (cm’g) | 0463 056" 0464 10400 | 0633 0653 0609 0568
%V, | 79.690 90.046 SO7 479" 99.756 | 84.853 95190 92.413 99.824

D,(nm) 2222 #0598 F #0/(3 T.922 21267 1.981 2.049  1.905

Sget, BET surface area; V,, total pore wolume; Viemicropore volume; %V mic, (Vimie/ Vi) *100; D,,
average pore diameter calculatedas 4V/A by BET. . o

Pore size distributions of activated%ér_bons by Horvath-Kawazoe method are
shown in Figure 5.3. It is observed that rTstt of pores for all samples were in the
micropore range (< 2:m). In éatdition, itis e-l'l-;c_)_?]_o‘ticed that'the portion of pores for the
activated carbons with 'ZnCIz activation having the range frorm 0.4 to 1.4 nm are higher
than that of H,PO, activation. As the result, BET surface area and micropore volume of

the activated carbons foriZn€l, activation argghigher than that of H,PO, activation.
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Figure 5.3 Pore size distfibutic vated carbon: {orvath-Kawazoe method
nla
5.1.3 Analysis of yield
Pltely |
The effect of activatioh ter re on the yield of activated carbons for
P i d o A
both H,PO, and ZnCl, activated samples own in Figure 5.4. The yield of activated

o
e
-

carbons is calculatedib ardydeviations of the yield are in

the order of ca. £2% %‘_’r“"* Se Ve 4815 for error bars shown in the

Figure 5.4.

0 v (5.1)

Figure 511 shows @t the ylel?i ac‘uvate}ﬂ rbo’anor boéI ’J n%JZnCI activation

decreases when activation temperature increases. By increasing the activation
temperature, the gasification reaction occurred severely, and ultimately leads to a
reduction of the yield. The yield of activated carbon for ZnCl, activation are the same as
that of activated carbon prepared from rice bran by physical activation procedure,

which are 24.1-27.2 wt% (Suzuki et al., 2007). For the same activation temperature, the
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yield of activated carbon for H,PO, activation is relatively higher than that of ZnCl,

activation.

30

“-.._‘_“‘
@ 27
Rt ———
E 26 : ' —o—AC_H3POA
—B-AC_7nCL2
25
24
213
4040 TO0
Figure 5.4 Effect of activation activated carbons: B, ZnCl

=
The XRD pa V. ‘i‘! rbons obtained from ZnCl,

r

and H,PO, activation :
characteristic ﬂ f T, round 20 = 22.5° as
shown in Figu@m ﬁeﬂ”ﬁﬂ ﬂ:gjgj ﬁﬁi in the rice husk (Liou
et al.,, 1997). In addltlon there are t\ﬁo broad peaks+around d 20 = 22'5° and 45° for the

st Ak bork b, bbb 0L bl g e

actlvatlon temperature increases, indicating an increase in the lattice size. The XRD

dlfferent activation temperaturemre shown in Figure 5.5. The

patterns for both activated carbons obtained from H,PO, and ZnCl, are similar upon

identical calcination temperature.
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Figure 5.5. X-ray diffractogiam of activatép carbon at the different activation

temperature and raw mategal: (A)ZnCl. activation and raw material and (B) H,PO,
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5.1.5 Analysis of S-.ca:-nning I;E':Iécii-fon Microscopy

add v ol
The morphological features of the deailsice bran, activated carbon from H;PO,

and ZnCl, activation are shown in Figure 5.6:fﬁ§r-lthe deail rice bran, the surface exhibits

e

many thin sheets or layers within the structure. However, agglomeration and migration of

inorganic matter that‘--ig present large amount on the surfa,c-:e'of the raw material can be
observed from SEM micrographs (Suzuki et al., 2007). This causes pore blockage. For
activated carbons from both"H.PO, and ZnCl-activation, the activation process resulted

in a substantial remeval.of indrganic.materialithat ¢an.be seen inithe micrographs.



Figure 5.6: Scanning electron micrographs of samples: (A) raw material, (B) activated

carbon by H,PO, at 500°C, (C) activated carbon by ZnCl, at 500°C

45
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5.1.6 Analysis of Thermal Gravimetric Analysis

The results of thermogravimetric analysis of deoil rice bran and activated
carbons are presented in Figure 5.7. The mass loss during the thermogravimetric
analysis can be divided into stages (Zeriouh, 1995; Orfao, 1999). Figure 5.7(a) shows
the TGA and DTG curve of raw material. The first mass loss for temperature up to 200°C
can be attributed to moisture elimination. The second stage (200<T<450 °C) can be
attributed to the decomposition of organic materials that has a great mass loss (~60%,).
The third stage is found at 450-1000 °C reange indicating decomposition of a structure
with higher stability. These results have the similar irend as those of other researchers
(Suzuki et al., 2007). Figure-5.7(b)-5.7(e) show-the - FGA and DTG curves of activated
carbon for H,PO, activation Fhe.initial mass loss for temperature up to 200°C can be
attributed to moisture elimination: The é‘econd stage is found at 200-300 °C range
indicating the volatilizationsof erganic materials. The third stage was found in the 300-
600 °C range that may be attibuted t§ fgrther thermal decomposition of organic
materials. Above 600°C¢'the/mass loss m;y be attributed to the reaction between the
activating agent and carbonaceo-lusi residu;e?;Térlwese results are also in agreement with

..fa“_,

other researchers (Liou and Wu,2009). Figur'e{_é_._@(f)—S.?(i) show the TGA and DTG curve

of activated carbons for ZnCl, activation that,}ma);ze_the similar trend as activated carbon

with H,PO, activation:
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Figure 5.7 TG and DTG thermograms of sa (a) deoil rice bran; H,PO, activation
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carbons deteoted by X-ray fluorescénce spectrometry (XRF) is shown in Table 5.4. It

con 0lopb bVl Fbncabldnad Urokradd b Y B amans o

Phosphorus and Zinc remains.
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Table 5.4 The impurity of activated carbons

Samples Impurity (ppm)
P Zn S
AC_H,PO,_400 10,600 - 6,400
AC_H,PO,_ 500 23,100 - 7,500
AC_H,PO,_600 23,700 - 18,600
AC_H,PO,_700 30,400 - 11,600
AC_ZnCl,_400 - 1,400 10,300
AC_ZnCl,_500 - 1,600 33,900
AC_ZnCl,_600 - 1,700 34,700
AC_ZnCl,_700 - ‘ _ | 1,700 46,200

5.2 Comparison of catalytic activity betWeen Co-catalyst on various activated
carbons for CO, hydrogenation .

The study ofithis part focused on performance of the cobalt catalysts supported
on various activated carbons for CO, hydrogenation. After synthesis, all catalyst
samples were charactefized by means afsN, physisorption, XRD, SEM/EDX, CO
chemisorptions, TEM, TPR, and TGA land were studied in|reaction. The reaction study
was carried out in CO, hydrogenatign to determine the overall agtivity of the catalyst
samplesy First, the catalysts were, reduced/in H, at 400°C€ for 13 in"a fixed-bed flow
reactor. Then, the reaction test was carried out with flow rate of H,/CO,/Ar = 20/2/8

3 .
cm /min.
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5.2.1 Analysis of BET surface area and pore structure

The characteristics of porosity of cobalt catalysts supported on various activated
carbons, such as the BET surface area, pore volume, average pore diameter are listed
in Table 5.5. From the result, it can be found that the surface areas and pore volume of
activated carbons supported cobalt catalysts were less than those of activated carbons

used as support, indicating that the pore blockage by cobalt clusters occurred.

Table 5.5 BET surface area, pore volume and average pore sizes of the Co-catalysts

Sample BET surface area Pore volume Average pore size

(mfg) (€m’/g) (nm)
Co/AC_H,PO,_400 o= 0.021 2.36
Co/AC_H,PO,_500 S84 ‘ 0.162 1.73
Co/AC_H,PO,_600 o B : 4 0.261 2.04
Co/AC_H,PO,_700 5908 L 4 0.273 1.85
Co/AC_ZnCl,_400 364 0.016 1.71
Co/AC_ZnCl,_500 385.91 7 _ 0.191 214
Co/AC_ZnCl,_600 61716 -’,.n_‘_-‘ 0.291 1.88
Co/AC_ZnCl,_700 748.6 S0 345 1.84

5.2.2 Analysis of CO Chemisorption
The results, of CO“¢chemisorption for the catalyst _samples are illustrated in
Table5.6. From thelfesult, ainount of activetsite oflcatalystsl ranged from 1.51 to 2.73
(x1019 site/g.cat), whereas, Co dispefsion of catalysts ranged from 4.01 to 1.70%. Thus,

Co exhibited well dispersion onisupports:
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Table 5.6 Active site, total CO-chemisorptions and %Co dispersion of the Co-catalysts.

CO-pulse chemisorptions

Co content” Active site(x10™"° Total CO %Co

S I
ample (Yowt) site/g.cat) chemisorptions dispersionb

(lmol CO/g.cat)

Co/AC_H,PO,_400 17.4 2.73 45.33 1.70
Co/AC_H,PO,_500 16.1 1.85 30.73 1.25
Co/AC_H,PO,_600 13.2 i3 25.16 1.25
Co/AC_H,PO,_700 13.7 9as 29.63 1.41
Co/AC_2ZnCl,_400 16.9 1.57 26.08 1.01
Co/AC_2ZnCl,_500 1658 1.81 30.12 1.17
Co/AC_2ZnCl,_600 1648 1.87 31.10 1.38
Co/AC_2ZnCl,_700 11 1.88 31.33 1.49

* determined by ICP

® based on Co content

5.2.3 Analysis of Scanning Electron Microscopy (SEM) and Energy

Dispersive X-ray Spectrascopy (EDX)
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) were also eonducted in order to study the raciphologies and elemental
distribution of the samples, respectively. From Figure 5:8, it was found that all of Co-
catalysts exhibited well dispersion of Co on the activated carbon. Energy dispersive X-
ray spectroscopy {EDX) was performed: inyorder ito studyy elemental distribution (as

shown in Table 8;7) of the sample in the bulk of catalysts. It was found that % elements

of Co weresranged fromgl 3:24.t0 16.58%.
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Figure 5.8 SEM/EDX images of Co-catalysts: (A)Co/AC_H,PO,_400,

(B)Co/AC_H,PO,_500, (C)CalAC_H.PQ, 600, (D)Co/AC_H,PO, 700, (E)
Co/AC_ZnCl,_400, (F)Co/AC_ZnCl, 500, (€)CofAC.ZnCl, 600, (H)Co/AC_ZnCl,_700.

-

Table 5.7 EDX analysis ofieobalt catalysts.

Y%/Element % Atomic
L]
Co C= @) Co C @)

&+

Samples

Co/AC_H,PO, 400 | #1416 5600 295\ | 1855 6898 2747
Col/AC_H,PO, 500 | 48.40 / "59:90 .a 26700 | 330 7246 2424
Co/AC_H,PO, 600 | 13320 53,24 08344 | 328 7227 2455
Co/AC_H,PO, 700 | 1342 _ 9075 Mm3gal| 328 7526 21.46
Co/AC_ZnCl, 400 | 13.87 5613 %3‘0.00 347 6889  27.65

Co/AC_ZnCl, 500 % 4824 ~ 4969  37.07W 387 7173 24.90

Co/AC_ZnCl, 600 L i 13.76 49067 8685 | 'dbol 6215 3434
Co/AC_ZnCl, 700 | |16.56 5842 2500 | 419 7251 2329

5.2.4 Analysis of Transmission Electron Microscopy (TEM)
TEM microgiaphs,of activated” carbons-supported. Co |caialysts are shown in
Figures "6.9. For cobalt catalysts, the dark patches represented cobalt species

dispersing on Co/AC_H,PO,_400 (a), Co/AC_ZnCl,_400 (b) and Co/AC_ZnCl,_700 (c).
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Figure 5.9 TEM images of AC-supported Co catalysts: (a)Co/AC_H,PO,_400,
(b)Co/AC_2ZnCl,_400, (c)Co/AC_ZnCl,_700
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5.2.5 Analysis of X-ray diffraction (XRD)

XRD patterns of the Co-catalysts are shown in Figure 5.10. For some catalysts,
the XRD peaks of Co,0, and CoO were slightly observed at 36.8 and 42.5; respectively.

This was probably due to Co oxide species were present in highly dispersed form.

m (o0, @CoD

Co/AC_H,PO,_700

AP I A ’ ” S I

- - CO//—\C_H3POA_600
! - ; [ I I I

s Co/AC_H,PO, 500

L 4 Co/AC_H,PO,_400

ll TN Co/AC_ZnCl,_700

I 8 Co/AC_ZnCl,_600

Tntensicy (a..)

L — Co/AC_ZnCl,_500

Co/AC_ZnCl,_400

2 thela(ileoree)

Figure 5.10 XRD patterns of Co catalysts

5.2.6 X-ray photoelectron spectroscopy

XPS analysis was carried out to determine the state of Cobalt. The samples were
analyzed in the Co 2p with regards to the binding energy regions. The binding energy and
FWHM of Co 2p,,, is given in Table 5.8 The binding energies of Co2p,,, for all catalysts
were consistent with that of Co”" (J.Pola et al, 2010). The deconvoluted XPS spectra for the

Co 2p,,, core level region of cobalt catalysts are shown in Figures 5.11.
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Table 5.8 The binding energy and FWHM of Co

Samples Co(ll) 2p,,
B.E. (eV) FWHM
Co/AC_H,PO, 400 781.4 2.850
Co/AC_H,PO, 500 781.3 2.447
Co/AC_H,PO, 600 780.9 3.367
Co/AC_H,PO, 700 7815 2.891
Co/AC_ZnCl,_400 781.8 3.080
Co/AC_ZnCl,_500 7831 1.375
Co/AC_ZnCl, 600 780:9 3.135
Co/AC_ZnCl,_700 782.0 1.822
°Co 778.1 + 0.1
*Co0 1780.1'+ 0.9
°Co,0, 780.0+ 0.7
°Co”’ 781.2

“L.Jietal, 2000

®J.Pola et al, 2010

5.2.7 Analysis of Thermal Gra.v-i}r;-::tl;ic Analysis

The results of thermogravimetric analysis of activaied carbons-supported cobalt
catalysts are presented in Figure 5.12. The mass loss during the thermogravimetric
analysis can be dividedfinte, stages. Figure.5.12(a)-5.12(e) show the TGA and DTG
curves of cobalt catalystsg supparted ongactivated carbong treated using H,PO,
activation. The initial mass loss for' temperature~up to 200°C can be attributed to
moisture. elimination’ The second, stage lis.found at 200-500 ?C.range indicating the
decomposition of cobalt nitrate. Above 500°C, the mass loss may be attributed to the
reaction between the cobalt and carbonaceous residue. Figure 5.12(e)-5.12(h) show the
TGA and DTG curves of cobalt catalysts supported on activated carbons treated using
ZnCl, activation that have the similar trend as cobalt catalysts supported on activated

carbons treated using H,PO, activation.
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Figure5.12 TG and DT ; alysts a)Co/AC_H,PO,_400,
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Co/AC_ZnCl,_400, ()C ), (g) " A _ 600, (h)Co/AC_ZnCl,_700.

The TPR profil atalysts\are gis igure 5.13. For cobalt catalysts

supported on activat

temperature around 350 '- ih.' N be assigned to the reduction of
Co,0, to CoO. In addition, the re re around 450~ C was also observed
which can be assign or cobalt catalysts supported on
activated carbons (Steccms—ntoast ction temperature around
396°C was observed @ ColA %as&gned to the reduction of

Co,0, to CoO. In additiony the reduction temperature around 442°C was also observed,

ation can e e} PIRBIHA 54 BG3 Fbirer. como znc soo

Co/AC_ZnCl, 6& and Co/AC Zan 700 only exhlblted the re%ctlon temperature

onnd 6] Y T T TR 5] s o

residuesﬂhat was present as seen in Table 5.4.
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5.2.9 Study of CO, hydrogenation
The conversion, reaction rate, product selectivity, TOF (based on the number of
active sites measured from CO chemisorption) are shown in Table 5.9 and the rate vs.
time on stream of the cobalt catalysts are given in Figure 5.14 in order to determine the
catalytic behaviors of the Co supported on various activated carbons for CO,

hydrogenation. It was found that the rate of reaction and the steady state conversion of

activated carbon supported cobal p were in the order: Co/AC_H,PO,_400 >
: /ﬁ: PO,_700 > Co/AC_H,PO,_600. In
l,_500, Co/AC_ZnCl,_600 and

sulfur impurity in supports that

addition, this reaction did not oc ur,Jgr

C_ZnCl,_500, AC_ZnCl,_600
and AC_ZnCl,_700 a ely that were much enough
to decease the rea impurity of AC_H,PO,_400,
AC_ZnCl,_400, AC_H.P _ P ,PO,_600 are 0.64%, 1.03%,
0.75%, 1.16% and 1.86% - that the conversion decreased
with increased sulfur impLJri rsion of, Co/AC_H,PO, 500 was less than that
of Co/AC_2ZnCl,_400, althoughjibegmg}_?pg _‘7_7'__ Ifur impurity of AC_H,PO,_500 was

effect of P residues in

AUEINENINYINg
RIAINTNUARINYIAY
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Table 5.9 The conversion, reaction rate, product selectivity and TOF during CO,

hydrogenation for Co catelysts

c . Product
e onversion
Rate selectivity’(%) TOF®

Catalysts (x1029CH 5 1

) Steady (x10°s )
,/g cath) | Initial . CH, CoO
state

Co/AC_H,PO,_400 20.33 31.78 29.27 29.25 | 70.75 5.2
Co/AC_H,PO, 500 15.95 23.09 23.78 16.24 | 83.76 4.6
Co/AC_H,PO, 600 2.98 2.31 431 5.53 94.47 1.9
Co/AC_H,PO,_700 6.8 8.31 oY) 4.08 95.92 1.2
Co/AC_ZnCl,_400 1539 25149 26.84 27.3 72.18 8.7
Co/AC_ZnCl,_500 n«@l. el & n.al. n.d. n.d. n.d.
Co/AC_ZnCl,_600 ndd. ma: n.d. n.d. n.d. n.d.
Co/AC_2ZnCl,_700 n.d. 0. chidd, n.d. n.d. n.d. n.d.

* CO, hydrogenation was carried out at 270 °C,.1 atm, and Hy/CO,/Ar = 10/1/4, GSHV= 11400 h'.

® After 5 min of reaction.

¢ After 5 h of reaction.

4 The TOF calculation was based on CO chemisorptions

n.d. = not detected
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
6.1.1 Characteristics of activated carbon derived from deoil rice bran residues
under chemical activation
This study reports the preparation of.aciivated carbon from rice bran residues
using H,PO, and ZnCl, as the chemical aétivating agents. Summary is given as follows:

1) The ZnCl, _aefivation produces a higher surface area than the H,PO,
activation dor preparation oﬁ‘ activated carbon.

2)  The maximgsurface ar:egaa'. of 1404 m’/g for ZnCl, activation at the
activation temperature ;)f 4&:),000 and the maximum surface area of 1187
m2/g for"H,R0O, factivation é:t____,thfa activation temperature of 500°C are
achieved. i $ i _

3)  The activated carbons for k@iﬁiﬂHfo4 and ZnCl, activation exhibit a
combination.of mesily micropjdri('j'.u.'s‘and partly mesoporous structure.

4) The "high-suriace-area-oi-carbon-obiained from rice bran residues is
compa-rable to that of other lignin—cellulose rr:{atter. So, rice bran residues

can be used as promising material in the activated carbon preparation

proGess.

6 42 Comparison-of catalytic activity, between, €orcatalysts, on various
activated carbons for' CO,'hydregenation

This study reports the comparison of performance of various activated
carbons used as supports of Co catalysts for CO, hydrogenation. Summary is
given as follows:

1) Amounts of sulfur impurity from using H,SO, for treating in preparation of
activated carbon from rice bran residues affects to catalytic

performance.
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2) The conversion and CH, selectivity obtained from using these activated
carbons as supports of Co catalysts are poor for methanation, but being
better for the reverse water gas shift reaction.

3) The conversion for Co/AC_H,PO, 400 catalyst reaches the highest
among other catalysts because it contains the least amounts of sulfur

impurity.

6.2 Recommendations

1) Trying to find the r reparation of activated carbon from
rice bran resid ) &proper’ty for leading to use.
2) Sulfur imp ! or treating in preparation of

activated investigated and eliminated in order to improve

3) e area can be used for other
ance, such as Pd/AC for
4) These activated bons-may itable to be support for ZrO, in biodiesel

1eSE ac arbons have acidity that will improve

AU INENTNEINS
RINNIUUNIININY
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Calculation for the preparation of cobalt loading catalyst (20%Co/AC_X_Y)

Based on 1.00 g of catalyst used, the composition of the catalyst will be as follows:

Cobalt=0.20 g

Cobalt 0.20 g wa rom-Cobalt (I1) nitrate hexahydrate

0 3 ) 5" 6H 2O x cobalt required

Cobalt (I1) nitrate hexahydrate required =
- =t MW of Co
'-'|#,' _: r‘:

f I{.{ “‘.-i.l s

Cobalt (II) nitrate ;a-:;;- i-m r 291.03

8.93

x 0.2

f X
. .F' g
J
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APPENDIX B

CALCULATION FOR TOTAL CO CHEMISSORPTION
AND DISPERSION

Calculation of the total CO chemisorption and metal dispersion of the catalyst, a

stoichiometry of CO/Co = 1, measured by CO chemisorption is as follows:

Integral area of CO pea{ i N unit

Integral area of 86 pl 0 unit
Amounts of CO adsor unit
Concentration of Co Yowt
Volume of CO adsorbe st 'ﬂ‘ [(B—A)/B] ul
Volume of 1 mole of CO a - I

Mole of CO adsorbed on catalyst . A)/ B]x[86/24.86] umole

=[(B —A)/Bm[86/24.86]>< [6.02x10%] p

¢ o
s o] UE AN TGHEI DN, e
site/g cat

ARIAINITU NN INYIAY

Molecule of CO adsomed on catalysts

Calculation of %metal dispersion
Definition of % metal dispersion:
Metal dispersion (%) = 100X[molecules of Co from CO adsorption/molecules of Co loaded]

Determined the % metal dispersion as follow:



%D = S,x[ V;gs ]x[(’;Mm]XmO%MOO% .................. (B.1)
Where
%D = %metal dispersion
S, = stoichiometry factor, (CO on Co* =1)
Vi = volume adsorbed (cm’/g)
v, = molar volume of gas at STP = 22414 (cm3/mol)
mw. = molecular weight of the metal (a.m.u.)

Example: %Dispersion

Calculation Volume C

Where:
_ . ! g - 3
g = (om: 0.086 cm
m =

Ai = area o s.,».,

Af = “-‘;;::;:;:;::.';:;::;:;:;:; E,
I‘I
0 086 0 08343 0 "0 0.1571

1-
0. 604' 01674) ( 0.1674

ﬂug;g}maémlzrm
s;ma\m@ﬁu[%m gINY

22414 17.4
= 1.7 %

To replace values in e watio

%Co dispersion is 1.7 %

)+(1-
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APPENDIX C

CALCULATION OF TURNOVER OF FREQUENCY

Metal active site = y molecule/g catalysts

) || J te
TOF N _ Il”

] g, site)

7:.)'» ¢ substrate cor Veted]| [gcat.] |[min]

‘ y[active site]| [s]

AU INENTNEINS
PRIAATUAMINYAE
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APPENDIX D

CALIBRATION CURVES

This appendix showed the calibration curves for calculation of
composition of reactant and products in CO, hydrogenation reaction. The reactant is

CO, and the main product is methane. The other products are linear hydrocarbons of

heavier molecular weight that are H//) ethane, ethylene, propane, propylene
and butane.

The therm

V|ty ete romatography Shimadzu model
8A was used to analyze th |n Molecular sieve 5A column.
The VZ10 i omatography equipped with a
flame ionization detecto 4 / analyze the concentration of
products including pane, propylene and butane.
Conditions uses in bot
Mole of reagenqt in y-axis ani orted by gas chromatography in x-
: n'curves of CO,, CO, methane, ethane,

ethylene, propane, propylene aﬁ&b’cﬁé-ﬁ__ are ‘i' ustrated in the following figures.

Table D.1 Conditions ﬁ ir &C-14B.

- -

e mqmﬂ%
amg%mmgmqmﬂaa

Drift
Min. area 10 10
T.DBL 0 0
Stop time 8 20
Atten 2 2

Speed 10 3




Method 1 1

Format 1 1
SPL.WT 100 100
ISWT 1 1

umole of carbon dioxide

3E-11X° + 5E-05x
R? = 0.9982

20000.0 0 et 50000.0 60000.¢

coooo
ul o WO

©
o~

umol,of Carbon monoxide¢

U IIELHS Eos

0.0 5000.0 10000.0 15000.0 20000.0

S5

area

Figure D.2 The calibration curve of carbon monoxide.
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q igure D.4 The calibration curve of ethane.
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APPENDIX E

CALCULATION OF CO, CONVERSION, REACTION RATE AND
SELECTIVITY

The catalyst performance for the CO, hydrogenation was evaluated in terms of

activity for CO, conversion rate an
Activity of the catal
reaction rate. Carbon di ion i @ moles of CO, converted with

CO,conversion (%) = 40 o ARCO N Ve T oleof CO, in produci]

Reaction rate was calculateg

Let the weight of catalyst tiseg o]
Flow rate of CO, cc/min
Reaction time . 7 min
Weight of CH, "y*— - IJ 4 g

Volume of 1 mole of gaﬁt

'm 22400 cc
Reaction rate ﬂ:% Ej;ga m Ejﬂ j I’W‘Fﬂ%%‘l/olgm x60x14%2

AR IUNAINLIEY

Selectivity of product is defined as mole of product (B) formed with respect to mole of

CO, converted:

Selectivity of B (%) = 100x[moleof B formed / mole of total products]|
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APPENDIX F
REVERSE WATER GAS SHIFT (RWGS) REACTION

Reverse water gas shift: CO, + H, <> CO + H,0
T. Osaki et al. studied kinetics of reverse water gas shift (RWGS) disulfide

catalysts found that the hydrogenation of CO, on the disulfides of molybdenum and

tungsten exhibited lower activities tt nsition metals of Fe, Co, and Ni supported
on ALLO,, however, the selective _ O, to CO via the RWGS reaction was
observed. A moderately s fﬁfor CO, was observed on MoS,

and WS, catalysts. The cau |6 c ‘\ enation of CO, to CO was found to
\“\h

be due to the suppressi bo d 1\.= CO molecule produced by the

CO, hydrogenation. In a ! dieo everse water gas shift reaction

ain active sites for RWGS

?\\
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