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CHAPTER I

INTRODUCTION

Cobalt-based catalysts are applied most widely for hydrogenation reactions in
a variety of systems. It has been known that supported cobalt (Co) catalysts are
preferred for Fischer—Tropsch (FT) synthesis because of their high activities during
FT synthesis based on natural gas, high selectivity to linear long chain hydrocarbons
and also low activities for the competitive watci=gas shift (WGS) reaction (E. Iglesia,
1997).To increase the catalytic aetivity,jcobaltis usually supported on a high surface
area support in order tesobtain.a high metal dispersion. Various supports for cobalt
have been used, such.as siliea (J. Panpranot et al., 2002), alumina (B. Jongsomjit et
al., 2003; T. K. Das etal., 2002; Y, Zhar&gll.et al.,1999]), titania (J. Li et al., 2002) and
zeolites (X. Li et al., 2003). It has_been Ishown that the reducibility of the cobalt
catalysts and, in generaly the dispersion'j.of ‘the metal phase formed depend on the
support used (M. Kraum and M. Baerns, 1999), the cobalt precursor used (M. Kraum
and M. Baerns, 1999; S. Suncet al., 2000), the metal loading (R. Riva et al., 2000), the
preparation method, thermal “treatment a@-"éhe reduction process (Y. Zhang et
al.,1999) Besides, modification -of the suppéﬁsr would also has influence for the

significant change in the characteristics and reaction behaviors of the catalysts.

The effects of*variety of promoters and modification of the support can
increase the reducibility ,0f-Co, .preserve the activity by preventing the formation of
coke, exhibit clustet and ligand' effects, act as ‘alsource’ of hydrogen spillover, and
enhance the dispersion. Many promoters such as:Ru ( Panpranoter al., 2002; J. Li et
al., 2002; Y\ Zhang etal., 1999), Zr (.Rohr et al, 20005 B. Jongsomyjit et al., 2003)
La (.J. Haddad et al., 1996), B ( Li and N.J. Coville, 1999), Pt (D. Schanke ef al.,
1995) and Re (T.K. Das et al., 2002) have been investigated for Co catalysts. The
focus of this study was to investigate the impact of Ga modification on different
supports for cobalt catalysts. It has been known that Ga containing catalyst has been
reported to have catalytic activity in catalytic combustion, CO oxidation and NOy

selective reduction (K. Shimizu et al., 1997).



The addition of gallium or indium oxide on alumina is known to enhance the
low temperature performance for NO reduction by hydrocarbons in lean conditions, as
shown by Maunula er al.,1999. Haneda et al., 2001. have also shown the good
catalytic performance of Ga,03;—Al,0 ;3 catalysts prepared by sol-gel method for the
selective reduction of NO with propylene in the presence of oxygen. Similarly,
Shimizu et al., 1997 reported that the Ga,Os/ y - AlOs catalyst prepared by
impregnation of y -Al,O3 (JRC ALO4) with a gallium nitrate solution showed a high
activity for selection catalytic reduction (SCR).of NO with methane. Petre et al., 2001
have shown that depositing Ga;05 on agidic supports leads to a decrease in the acidic
character of the resulting catalystS in comparison with the gallium-free supports.
However, less is known about the effect of Ga modification on the supported cobalt

|
catalysts.

In this present study, it was focuséd on the effect of Ga modified Al,O3, SiO,
and TiO, of cobalt catalysts. Experimentél-_ly;;the Co was supported on Al,Os, SiO;
and TiO, with and the Ga modificatrién, prepared by the incipient wetness
impregnation. Then, the catalyst samples wéﬁé"éharacterized using BET surface area,
X-ray diffraction (XRD), rtemperatur'eipfe.i)grammed reduction (TPR), Ho»-
chemisorptions, scanning.electron. microscopy. (SEM), <energy dispersive X-ray
spectroscopy (EDX), -and transmission electron microscopy (TEM). The reaction
study on carbon monoXide (CO) hydrogenation under methanation was performed in

order to evaluate the catalyfic activity and selectivity,of.produects.
The study was scoped as follows:

1. Preparation of Ga-modified different supports (y-Al,O3;, TiO, and
SiO;) containing 0.2 and 1 wt% of Ga,0; in the final catalyst by
impregnation method.

2. Preparation of modified Ga-based supported Co catalyst (20 wt%Co)

using the incipient wetness impregnation method.



3. Characterization of the catalyst using BET surface area, X-ray
diffraction (XRD), temperature-programmed reduction (TPR), H»-
chemisorptions, scanning electron microscopy (SEM), energy
dispersive  X-ray spectroscopy (EDX), X-Ray photoelectron
spectroscopic (XPS), ammonia temperature-programmed desorption

(NH3-TPD) and transmission electron microscopy (TEM).

Reaction study of, alyst samples in carbon monoxide (CO)

AULINENINYINT
PAIATUAMINYAE



CHAPTER 11

LITERATURE REVIEWS

There are several studies of alumina, silica, titania and Ga-modified supported
catalysts. Many researchers have found better knowledge about this supports
especially supported cobalt catalyst in Co hydrogenation. These reports are very

useful and will use to develop works for the future.
2.1 Co-support compound formation ,

Supported cobalt catalysts are important for the Fischer—Tropsch synthesis of
high molecular weight, paraffinic wax|.eslllwhich can be hydrocracked to produce
lubricants and diesel fuelss The' type a;nId structure of the support influence the
dispersion, particle size and reducibility;f.- and thereby the activity for Co-supported
catalysts. R. Riva et al., 2000 studied the iﬁteraotion of cobalt with two different kinds
of support: silica and titania and. their effécxr on the dispersion and reducibility by
XPS, TPR, TPO, XRD and TEM: They also'showed that the interaction is much
stronger in the case of titania-The different-"réaétivity of cobalt with silica and titania
explains why reducing and reoxidizing ftreatments have' opposite effects on the
dispersion of cobalt depending on whether it is suppoited on SiO; or TiO,. The low
reactivity of cobalt with silica favours sintering effects:"Conversely, due to the high
reactivity of cobalt with titania, the coverage of TiO, by cobalt tends to increase after
the same treatments‘and“M."Vof'eral.; 2002 investigated the structural, chemical and
electronic properties of Co and Co/Mn catalystsssupported on AlhOs, Si0; and TiO,
by a combination of different methods such as TEM, XRD; XPS, TPR and TPO.
They reported that temperature-programmed reduction and oxidation reveal the
formation of various oxides in dependence on temperature. In case of the alumina-
and titania-supported cobalt catalysts, the formation of high-temperature compounds
CoAl,O4 and CoTiOs, respectively. Moreover, these compounds are not reducible
under the applied conditions, the degrees of reduction are only 18-20% (Co/Al,O3)
and 77% (Co/TiO»).



Beside the supported, the promoter is one important focus in the development
of this process is the improvement of the catalyst activity by increasing the number of
active Co metal sites that are stable under reaction conditions. S. Ali et al., 1995
investigated the influence of Zr promotion of 20 wt% Co/SiO; on Fischer-Tropsch
synthesis using catalysts prepared in different ways and having different loadings of
Zr (up to 8.5 wt%). The Zr-promoted exhibited higher overall rates of FT'S compared
to unpromoted Co/Si0,. The sequentially impregnated Co/Zr/SiO; catalysts appeared
to be the most active. However, the co-imprégnation method of preparation appeared
to result in higher cobalt dispersion. While Zr promotion did not appear to promote or
inhibit H, activation, -hydrogen spillover may have been partly responsible for
enhancing the activity-of the sequentially impregnated Zr/Co/SiO; catalysts. Zr also
possibly created an a€tivedinterface with Co that increased catalyst activity by
facilitating Co dissociawon. #Although hig_hl levels of promotion tended to increase the
selectivity for higher hydrocarbon, /Zr r"api’)-ears to be primarily an excellent rate
promoter for Co/SiO,. Similarly, A. Fei'l;era; et al., 1999 studied the addition of
zirconium oxide chloride to the catalyst fdpfr;ulation of Co/Si0,. It leads to a higher
reducibility of cobalt, due to the formation _Qf Ja cobalt zirconium species, which can
be reduced at lower temperatures than cobal't‘-'Siiicate. Furthermore, the metal particle
size of cobalt is increased, but the size of cobalt clusters 4s-teduced. The Co—Z1r/SiO,
catalysts were tested for their activity in the Fischer—Tiopsch synthesis. The steady-
state activity increased Wwith increasing zirconium loading, which was attributed to the
resistance against.reoxidation,of the.larger cobalt particles-and thus to the larger
amount of surfacecobalt metal present at steady-state in the zirconium promote
catalysts. With increasing zirconium content the=mumber of surface metal atoms at
steady-state conditions,increases; leading to a higher extent ofsecondary reactions,
but the size of the cobalt clusters decreases, leading to a decrease in the extent of
secondary reactions. With increasing zirconium content the extent of secondary
hydrogenation of olefins (e.g., ethene) passes a minimum, and the Cs,-selectivity
passes a maximum due to readsorption of small, reactive organic product compounds,
which can be incorporated in larger product compounds. Double bond isomerization
increases with increasing zirconium content. This might be attributed to the catalytic

activity of zirconia.



G. Jacobs et al., 2002 investigated the effect of support, loading and promoter
on the reducibility of cobalt catalysts. They have reported that significant support
interactions on the reduction of cobalt oxide species were observed in the order Al,Os
> TiO,> Si0,. Addition of Ru and Pt exhibited a similar catalytic effect by
decreasing the reduction temperature of cobalt oxide species, and for Co species
where a significant surface interaction with the support was present, while Re
impacted mainly the reduction of Co species; interaction with the support. They also
suggested that, for catalysts prepared with-aneble.metal promoter and reduced at the
same temperature, the increase in the!number of active sites was due mainly to
improvements in the percentage reéduction rather than the actual dispersion (cluster
size). Increasing the cobaliloading, an|d therefore the average Co cluster size, was
found to exhibit impsoved seducibility by decreasing interactions with the support.
and B.H. Davis et al.,.2002 studied the:_elffect of the addition of small amounts of
boron, ruthenium and rhénigm on the ﬁiséher—Tropseh (F-T) catalyst activity and
selectivity of a 10wt.% Co/F10;, catalyétf'-:.has been investigated in a continuously
stirred tank reactor (CSTR). A wide raﬁé’é’aof synthesis gas conversions has been
obtained by varying space velocifies over?tﬁe catalysts. The addition of a small
amount of boron (0.05 wt.%) onto Co/Tindb‘és"not change the activity of the catalyst
at lower space times and-shightly-incicases-synthesis-gas conversion at higher space
times. The product selectivity is not significantly influenced by boron addition for all
space velocities investigated. Ruthenium addition (0.20 wt.%) onto Co/TiO; and
CoB/TiO; catalysts improyes the eatalyst activity sand-selectivity. At a space time of
0.5 h-g cat./NL, synthesis gas conversion increasesfrom 50-54 to 68—71% range and
methane selectivity decreases from 9.5 to 5.5% (melar carbon basis) for the promoted
catalyst.;Amaong the five promoted and non-promoted catalysts, the rhenium promoted
Co/TiO; catalyst (0.34 wt.% Re) exhibited the highest synthesis gas conversion, and at
a space time of 0.5 h-g cat./NL, synthesis gas conversion was 73.4%. In comparison
with the results obtained in a fixed bed reactor, the catalysts displayed a higher F-T
catalytic activity in the CSTR.



2.2 Gallium-modified supports

Galla containing catalyst has been report to have catalytic activity in catalytic
combustion , CO oxidation and NOy selective reduction. A. L. Petre et al., 2002
investigated the effect of boria, gallia and india loadings on the surface acidities of
Al,O3-M,0; (M=B, Ga, In) systems as determined by the chemisorption of acidic and
basic probe molecules (sulfur dioxide and ammonia). Each sample was prepared by a
conventional impregnation method and caleined at 873 K in dry air for 3 hours. They
were found that the addition of B>O; on alumina increased the number of acid sites,
while no real basicity could be evidenced. In the caseof Al,03—Ga,0s3, they were also
found that the additien of .Ga,03 on ailumina caused a decrease in the acidity of
alumina and did not affect markedly the basicity, while depositing indium oxide on
alumina decreased bothsthe acidity and b_aslicity. Moreover, alumina-supported Ga,O3
and In O3 samples displayedia well—preséifvéd amphoteric character. F. Dominguez et
al., 2005 studied the effect of gallia (galliﬁm oxide, Ga,0O3) on the catalytic behavior
for benzene hydrogenation reactions bf platinum supported on alumina.
Gallia/alumina supported 0.5% Pt catalysts w1th different gallia content (0, 1, 10 and
100 wt% of gallia), varying from pure alur"n"rh% to pure gallia, were prepared. They
were suggested that the increase of gallia content in the-alumina reduced the surface
area, the dispersion and the activity. Moreover, the addition of gallia to the alumina
did not provide enough acidity to generate isomerization products. It was not possible
to determine neither ithe effect,on the activity,of the gallium.species reduced at high
temperatures nor eliminate diffusional control at réaction temperature of 250°C and T.
Mathew et al., 2005 synthesized Ga,03-Al,0; mixed oxides by?sol-gel method on
catalytic performances‘for steam reforming of dimethyl ether (DME). They suggested
that Ga,0Os3 significantly affected the catalytic performance with respect to the DME
conversion and H; yield. In addition, the catalytic activity increased with the gallium
concentration in Ga,0O3-Al,O3 mixed oxides. It was very interesting that without the
aid of an additional transition metal component, Ga,0O3 and Ga,03-Al,O3 mixed oxide

system exhibited good activity in the reforming reaction.



M. Takahashi et al., 2006 synthesized Ga,03;—Al,O3 solid solutions with
aluminum isopropoxide and gallium acetylacetonate as precursor using glycothermal
method. They were found that the reaction with a higher Al/(Ga+Al) charged ratio
yielded the glycol derivative of boehmite as a by-product and increasing in the Al
content in the solid solution increased the surface area and the thermal stability of the
solid solution. The oxides system exhibited extremely high catalytic activity for
selective catalytic reduction of NO, with methane as a reducing agent. Moreover, the
solid solution showed high durability under stcaming conditions. In the solid solution,
Ga™ and AI’* ions selectively occupieds tetrahedral and octahedral sites of the spinel
structure, respectively. From the characteristie, they eoncluded that tetrahedral Ga™*
ions were the active sites for this reactilpn. In the other words, tetrahedral Ga’* ions
with AI** ions in the next—nearest—neighﬁo; (NNN) sites were the active sites for this
reaction. M. Takahashier al; 2007 ‘also i.Ln\I/estigated the effect of organic media used
in synthesized Ga,O3—AlO; Solid by sol\”g{otﬁermal method on catalytic performances
for selective catalytic redugtion  of NOX ~with methane. In the solvothermal
synthesized, the crystal stricture of mlx,éd oxides was controlled by the initial
formation of Ga,Os; nuclei. When diethyigi{é@riamine was used for prepared, the
resulting catalyst extremely high activities f(')‘r"tflis reaction and had lower densities of

acid sites than those prepared.in other solvents.



CHAPTER III

THEORY

3.1 Fischer-Tropsch synthesis (FTS)

Fischer-Tropsch synthesis (FTS) that discovered by Fischer and Tropsch over
80 years ago, as an alternate process, can ¢onvert the synthesis gas (H,/CO) derived
from carbon sources such as coal, peat, biomass and natural gas, into hydrocarbons
and oxygenates. During the past decades, FT'Shas been developed continuously by
many researchers, although the.rise and fall in research intensity on this process has
been highly related testhe démands for liquid fuels and relative economics. This
synthesis is basically#the reductiye éolﬁymerization (oligomerization) of carbon
monoxide by hydrogen 10 form orgeinic p_[plducts containing mainly hydrocarbons and

some oxygenated produci$ indesser amounts.

By manipulation ‘of the reaction c'dﬁditions, the process may be designed to
produce heavier saturated hydrecarbons or @vif’é’r olefins or oxygenated hydrocarbons

as we shall see in the following discussion. =

Metals that have significant activity for Fischer-Tropsch synthesis include
iron, cobalt, nickel and'ruthenium. Iron has proved so far to be the best. It is superior
to cobalt with.respect to-conversion rate, selectivity and.flexibility. Nickel has
disadvantage of producing appreciable amaéunts 'of--methane. Ruthenium enhance the
formation of high molecular weight alkanesssand catalyzesapolymerization to
polymethane. Other group VI metals.are’ of low.activity. Copper does not catalyze

Fisher-Tropsch synthesis.

The catalyst is usually prepared by fusion or precipitation over a silica,
alumina or kieselguhr support. Small amounts of promoters such as alkaly metal or
copper salts are included in the catalytic mix. Copper is believe to facilitate the

reduction of the catalyst, alkali metal salt, particularly K,O, enhance activity and
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olefins selectivity. The support increased the surface area of the catalyst metal thus

extremely increasing in dispersion.

Sulfur compounds generally poison the catalyst and they must be removed
from the synthesis gas feed stream. However, partial sulfur poisoning may have
favorable effects. Thus, it has been found that deliberate slight sulfur poisoning of the

iron/manganese catalyst enhances selectivity to shot chain olefins.

Three main types of reactors are currently in use in the Fischer-Tropsch
processes: Fixed-bed, fluidized=bed and slurry bed reactors. Fixed-bed reactors are
usually tubular, each tube having 50 min ID and 12 m length. A single reactor may
contain as many as 2000 such tubes. Fluidized-bed reactors provide for better heat
transfer and continuougregeneration of i:hle catalyst. The catalyst used in fluidized-
bed reactors must haveshigh physical étafiility. SASOL (in Sought Africa), uses
fluidized-bed reactors 46 m high, 230 crr;'-;ina;diameter with reaction temperature of
320-360°C and pressure. In the slurry-bed‘feactors the feed gas is bubbled through a
suspension of finely divided+catalyst paméies It has the advantage of good

temperature control thus providing greater ﬂ'éXibility of reaction conditions.

Each type of reactor is better suited for certain product composition. Fixed-bed
reactors, for example, produce high boiling straight-chain hydrocarbons consisting,
typically, of 33%, gasoline hydrecarbons. (Cs:Cy1),~17% .diesel and 40% heavy
paraffins and higher‘waxes."The ‘gasoline fraction is'of low'oétane value and requires
further treatment (isomerization or‘blending) before use. FluidiZed-bed reactors are
the best'when lighter hydrocarbons.are desired. A gypical product composition is 72%
lower molecular weight gasoline-range hydrocarbons rich in olefins and 14%
oxygenated hydrocarbons. However, the product is low in diesel. Thus two or more

different reactors may be operated in parallel to provide an integrated fuel plant.

The demands on selectivity of Fischer-Tropsch reactions are ever-increasing.
In the earlier days of the process the concern was to improve selectivity with respect

to better gasoline grade and/or diesel oil chemicals. With the realization of feasible
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route of converting synthesis gas to industrial intermediates, more stringent conditions

are being imposed on the reaction parameters to make the process more selective.

Selectivity improvement is sought with respect to product properties such as
chain length, chain branching, olefin content, alcohol content and methane content.
Reaction conditions that particularly eliminate or minimize carbon deposition are
desirable. In order to achieve and improve product selectivity the optimization of the
following reaction parameters has been anvestigated: reaction temperature and
pressure, Hp/CO ratio, conversion, space velocity, amount and type of promoters,
nature of the catalyst, sizé of eatalyst particles and 'mode of its deposition, type of

support, and type of reactor,

We have already'segh éxamples of how the choice of the metal catalyst and
support affects the produet distribution. The effect of the choice of the reactor type on

the nature of the reaction products-has also been demonstrated.

#

Selectivity to olefins may be enhanced by addition of promoters such as K,0,
Ti, Mn or V. Selectivity of greater than 70% 10 €,-C, olefins at high conversion rate

has been achieved.

The search for selectivity to lower olefins by controlling the chain growth and

inhibiting hydregenation;has been follewed-in.three directions:

(a) The use of highly disperseéd catalyst either by improvidg the method of
deposition/er using special dispersing supports.

(b) The use of bimetallic catalyst eg. With Mn/Fe ratio of 9:1 at 330 °C up to 90%
olefin selectivity has been achieved. However, the activity of the catalyst and
its life-time are low.

(c) The use of shape-selective catalyst.

Since the Fischer-Tropsch process was originally in intended for the

production of hydrocarbons, little attention was paid in the early phases of the
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application of the process to the oxygenated products obtained as co-products. With
the search for more economical sources of the oxygenated hydrocarbons, the
possibility of tuning the Fischer-Tropsch process for the production such as
oxygenates has been investigated. It has been found that with a nitrided iron catalyst,
selectivity for alcohols may exceed 80%. A Rh/Hg/SiO, catalyst system gave 75%

selectivity with respect to ethanol. The major side products are olefins.

The Fischer-Tropsch process may besdefined as being the hydrogenative
oligomerization of CO over heterogeneous catalyst to produce alkanes, alkenes
oxygenated hydrocarbons and.waier. A complete mechanism must account for the
formation of all produets observed. The“l first attempt at eludicidating the mechanism
of the process was made by the inventors of the process themselves, Fischer and
Tropsch. | _

3.1.1 The surface carbide mechai;ism:

2
Fischer and Tropsch apparently;{s;é;e trying to exolain the formation of
alkanes and alkenes rather than-introduce a'.fnééhanism for whole line of the products
that could be formed-from the process. They observed-that hydrocarbon formation
occurred with heterogeneous metal catalysts (Ni, Fe, Co, Ru) that tend to absorb CO

dissociatively to firmi“surface carbide species. Their mechanism consists of the

following steps:
(i) Initiation:

0]

C cC O

oy !
M+CO —M —> M+M

2M+H, — 2M
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H C CH CH;
| | |
M+M > M+M > —> M

Note: M-X means species X chemisorbed on the metal surface atom M.
The hyphen has no implication with respect to the strength of the M-X interaction or

has been suggested, based spectroscopic

the order of the bond. More recently it

RCH,CH, %R -CH=CH, a+ M

ﬂumwﬂmwmm

a.rb1de mechamslg has survngl the severaldecades since its

o O T i v

mechaniSm e.g.

(a) In the hydrogenation of CO over clean Ni surface it has been observed

that CO, evolution proceeds that CH,4 thus

2CO — C(ad) + CO,

C(ad) + 2H, — CH,4
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(b) Decompositon of diazomethane(CH,N,) at 200°c in the presence of H,
over Co, Fe and Ru catalysts gives linear alkanes and olefins with distribution similar
to that obtained from CO/H; reaction over the same cayalyst.

(c) Distribution of °C in CH,=CH formed when "*CO, H,- and “CH,N,
were reacted under Fischer-Tropsch conditions is consistent with the distribution
predicted based on the carbided mechanism and inconsistent with other proposed

l///

mechanism.

However, a s that it does not explain the
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H OH HO CH; HO CH,CHj;
N / N/ NS
G i I-H,0 I
M — > M —> et

This mechani alkanes, and olefins as well as

oxygenated hydrocarbons. dissociation of CO, which is not
consistent with many experime g}rp ot

3.13 The €O N

7 9

(i) initiation ¢ =

bSO VLIRS WBI VL She catide mechaism

although the me%lnamsm of its formation is dlffere

q W’mmm lWiﬂ VIEH Y

M + M —
Ili CH,OH
|
HM-C=0 + M —» M
CH,OH H CH;

|
M + M — M + H,O
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(ii) Propagation:

propagation proceeds via CO insertion rather than —CH>- insertion.

R-CHOH .

ﬂﬂuﬂ% mq@w BIN73

o) et} .@tﬂﬁﬂd for W%Wﬂﬁ]’ﬂﬂm nature, the

hydrogenation activity increases in order of Fe < Co < Ni < Ru. Ru is the most active.
Ni forms predominantly methane, while Co yields much higher ratios of paraffins to
olefins and much less oxygenated products such as alcohols and aldehydes than Fe

does.

The current main goal in FTS is to obtain high molecular weight, straight

chain hydrocarbons. However, methane and other light hydrocarbons are always
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present as less desirable products from the synthesis. According to the Anderson-
Schulz-Flory (ASF) product distribution, typically 10 to 20% of products from the
synthesis are usually light hydrocarbon (C;-C,). These light alkanes have low boiling
points and exist in the gas phase at room temperature, which is inconvenient for
transportation. Many attempts have been made to minimize these by-products and
increase the yield of long chain liquid hydrocarbons by improving chain growth
probability. It would be more efficient to be able to convert these less desirable
products into more useful forms, rather than‘re-reforming them into syngas and
recycling them (Farrauto_and Bartholemew, 1997). Depending upon the type of
catalyst used, promoters; reaetion conditions (pressure, temperature and H,/CO
ratios), and type of«reactors, the digtribution of the molecular weight of the
hydrocarbon products.ean be'noticcably varied.

3.2 Aluminium

3.2.1 Properties of alumina 7/

Alumina which is -ALO; in génefal form is a polymorphic material.
Alumina can be easily synthesized small particles and obtained desirous surface area
and pore distribution. Commercial alumina have surface area between 100-600 m?/g.
High porosity solid Cause high intra surface area, “good metal dispersion and
increasable effectiveof catalytic, There are.many forms of alumina (a-, y-, 8-, 1-, K-,
x-, 0-, p-, and =" AlOs5) but ‘the " a- “Al,O; 48 the only stable form. The
thermodynamically stable phase is alpha alumina=(a- Al,O3, corundum) where all Al
ions are equivalent. in' octahedral/ ceerdination in a hep oxide array. o- Al,Os;
(corundum) powders are applied in catalysis as supports, for example, of silver
catalysts for ethylene oxidation to ethylene oxide, just because they have low Lewis
acidity, low catalytic activity, and conversely, they are mechanically and thermally

very strong. All other alumina polymorphs are metastable. (Evans 1993).

The other forms are frequently termed ‘transition’ aluminas. These

transition aluminas are frequently termed ‘activated’ or ‘active’ aluminas. p-Al,O; is
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amorphous but the other forms have reasonably well-defined X-ray diffraction
patterns. The activated aluminas use as an adsorbent. Even though the surface of an
activated almina has a strong affinity for water, it makes very effective as a desiccant.
Activated alumina can be used for removing water from a very wide range of
compounds including acetylene, benzene, alkanes, alkenes and other hydrocarbons,
air, ammonia, argon, chlorinated hydrocarbons, chlorine, natural gas and petroleum

fuels, oxygen, sulfur dioxide and transformer oils (Evans 1993).

Activated alumina can drysa gas to a water content lower than that
achievable with any other commercially available desiccant. In addition to water
removal, activated alumina.eanbe used| selectively to adsorb certain other chemical
species from gaseous of liquid steeams. Polar molecules such as fluorides or chlorides
are readily adsorbed and soactivated alufnina 1s used in petroleum refining to adsorb
HCI from reformed hydwogen and organié fluorides from hydrocarbons produced by
the HF-alkylation process (Evans 1993).

o

Activated aluminas find Widespﬁé:a-&"' application as both catalysts in their
own right and as catalyst substrates. "T-héé' more significant applications are
summarized as the'elaus catalyst for the removal of the hydrogen sulfide in natural
gas processing, petroleum refining and coal treatment, as alcohol dehydration to give
olefins or ethers, as hydrotreating to remove oxygen, Sulfur, nitrogen and metal (V
and Ni) impurities from petroleum feedstocks, and .to dincrease the H/C ratio, as
reforming catalysts:"Pt-and ‘Re’catalysts on‘a y- ‘Al»O; substratre are used to raise the

octane-number of petrol, as automotive exhaust catalysts (Evans 1993).

Activated alumina has a surface with both Lewis and Bronsted acidic and
basic sites. Acidity is derived from the Al** ions and H,0O molecules coordinated to
cationic sites, while basicity is due to basic hydroxide groups and O* anion vacancies

(Evans 1993).

If alumina contact to humidity, surface are adsorped water molecules and

when alumina were dried at 100 °C to 150 °C, water molecules are desorbed but
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remain hydroxyl group (-OH) cause acidity of alumina are weak Bronsted acid.
(Figure 3.1) Calcination temperatures below 300 °C, the acid strength and
concentration of alumina are low and at 500 °C reduce Bronsted acid sites.

(Wittayakhun et al. 2004)

Bronsted acid site

OH OH OH

OH O
| | o S26 N\ |
N0 N i S AN AN

Figure 3.1 Desorptionof water from aluﬁlina surface (Wittayakhun et al. 2004).

Lewis base

Al/ 2 8 Al;l:*/'/‘f*'o \Al

Eewis acid 4+
Figure 3.2 Lewis acid and Lewis basic sites on alumina (Wittayakhun ez al. 2004).

Asshown in) Figure'3:2,) furthér increasing, t€mpeératures above 600 °C,

1°* are Lewis acid sites

adjacent —OH cembine and more emit H>O and contribute to A
and O”.are Lewis.basic sites..Hardness of.surfdcé bring about 116 reaction between
Lewis acid and Lewis“base which“both sites have high-activity ‘in-various reaction
such as Dehydration of alcohol and isomerization of alkene. The decline in acidity for
calcination temperatures above 800 °C can be attributed to the collapse in surface area

as the alumina is converted to its alpha form (Wittayakhun et al. 2004).
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3.2.1.1 Properties of y- Al,O;

v- Al,O3 which is the most used form of alumina in industry and any
field of technologies is mostly obtained by decomposition of the boehmite
oxyhydroxide y-AIOOH (giving medium surface area lamellar powders, ~100 m%/g)
or of a poorly crystallized hydrous oxyhydroxide called “pseudoboehbite” at 327 to
527 °C, giving high surface area.materials (~500 m?/g). However, the details of its
structure are still matter of controversy. It-has.a cubic structure described by Lippens
(Fierro et al.2006) and de Boer (Fierro et al.2006) _to be a defective spinel, although it
can be tetragonally distorteds B€ing the stoichiometry of the “normal” spinel
MgALO4 (with Al ions™Virtuallyin octahedral coordination and Mg ions in tetrahedral
coordination) the presence of all trivalent cations in y- Al,Oz implies the presence of
vacancies in usually e€cupted tetrahedléall or octahedral coordination sites. Soled
proposed that the cation ¢harge €an be baIanEed, more than by vacancies, by hydroxyl
ions at the surface. In facty y- < Al,O4 1s always hydroxylated; dehydroxylation
occurring only at a temperature where conivéfsion to other alumina forms is obtained.
XRD studies using the Rietveld method, pex:fojrmed by Zhou (Fierro et al.2006) and
Snyder (Fierro et al.2006), suggested that AT** cations can be in positions different
from those of spinels thatiss-ii-tiigonal-cooidination.—the possibility of a structure of
v- AlLO;, as “hydrogen-spinel” has been proposcd-based on IR spectroscopy.
Calculations based on the composition HAIsO4 have béen performed but found that
this structure is=Veny unstable. Sehlbengetal. (Fierro eral:2006) arrived to a structure
very similar to, that” proposed’ by“Zhou (Fierro er al.2006)"and Snyder (Fierro et
al.2006), based on_spinel but with ‘occupation of‘extraspinel sites. On the contrary,
Digne et al. (Fierro, et al.2006)and Krokidis etgal. (Fierro efal.2006) proposed a
structure based on ccp oxide lattice but different from that of a spinel, with 25% of Al
ions in tetrahedral interstice and no structural vacancies. According to these authors,
this structure, although unstable with respect to corundum, is more stable than that of
the spinel based structures. y- Al,Os is also active as an acidic catalyst. As for
example it is very active in the dehydration of alcohols to olefins and to ether as well

as both in double bond isomerization and in skeletal isomerization of olefins.
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Figure 3.3 Assignment of the OH stret¢hings of transitional aluminas, following
Busca et al., based on the compatison with the spectra of nondefective
and partially-~defective spinel -aluminates and ferrites. The square
represents a vacancy in a normally occupied position of stoichiometric
spinels (Fierroser al 2006). “'1
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In Figuwe 3.8 the assignments of the five main vOH bands of the

\ #

surface hydroxyl groupsiof transitional af_grriinas proposed by Busca et al. (Fierro et
al.2006) The catalytic activity of"transitioizﬁl aluminas are undoubtedlt mostly related
to the Lewis acidity of a small nurﬁber of ld*w :cl’oordination surface aluminum ions, as
well as to high ionicity of the “sueface Al-éj‘f;"(‘)nd. The alumina’s Lewis sites have
been well characterized by adé'(')'r'pﬁon of prob“é‘s sueh. as pyridine, carbon monoxide,
and several bases f,oliﬁwed—by—ﬁ(,—mmonia—and—anﬁnéjs "waollowed by calorimetric,
triphenylphosphine %a-ll‘owed by 31P NMR, to be the sti;(;;lgest among metal oxides,
only weaker than those of Al halides. Volumetric, TPD and calorimetric experiment
allowed also 0" deétermihe thé aniount of=such| very strong=Lewis sites present on
transitional alumina surfaces, which however depend on the dehydroxylation degree
(depending, on .the.actiyation.temperature) .and ‘-the, peculiar, phase, and preparation

(Fierro et al.2006).
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3.3 Silicon dioxide (Patnaik, 2002)

3.3.1 General feature of silica

Table 3.1 Physical properties of silica

Other names Silica
Molecular formula. - SI_OQ_ .
Molar mass : H 60.1 g/mol
.
Appearance : / . white or colourless solid (when pure)
Density an—d ph;se_ f s _26 g/cm3, solid_
Solubility indvatér s, }ng'élﬁblé
Melting point y )+ 16?10°C ;

Boiling point 2230-°C

—

In its many forms, silica has been used in all stages of civilization, from
the ancient flints of the Stone Age to the modern silica laboratory ware. Because of its
many uses, and-ofithe tnanyvaried forms it whichvit occurs,Silica has been called by
more names than any other mineral. Many of the older names of flint are now so
obsolete, that repetition, is.needless, but many. of the. present-day names for quartz
gems are unknowil‘save to a few. jewellers. Then, toos-the exact.research of the
modern laboratory has shown several distinct crystallographic varieties of silica; some

of which are closely connected with the temperatures experienced in their life-history.

The many different names, and their different connotations, which are now
in use for silica minerals, call for a classification and arrangement in a more ample,
yet more concise manner than is to be found in the usual discussion of the varieties of

silica. This article is written with the hope of making a scientific classification of



23

these names, so that the use of the different terms will no longer be a cause for tedious

searching for definitions.

These varieties are named in the order formed with descending
temperatures. Recrystallization changes occur at the temperatures noted when ample
time is allowed for the action, often in the laboratory only in the presence of catalysts.
Besides the changes at these critical temperatures, there are probably similar changes
from unstable forms towards quartz at atmespheric temperatures, especially after long
time intervals. With fairly rapid eoolingior heating intermediate forms may not occur
in their stable zone, but-a'direci-change from one to another without the intermediate
product may take placerMost of the recr}/stallization changes noted are found to occur
at oth ascending and deScending temperatures.

(A) SILICA GLASS - amorphots, a tfueJ'- non-crystalline glass, stable below the
melting point and above the "gc' tempéfatu,re. Quartz Glass, Fused Silica, Fused
Quartz, are other names for this supercoél%d liquid. In most forms at atmospheric

Ad

temperatures there are traces of*cristobalite. _
(B) CRISTOBALITE: - isometric, or pseudo-isometric, “ge" range is at 1710° where
Cristobalite changes to-glass as temperatures rise, or glass to cristobalite as they fall.
Christobalite, an alteritate spelling. Beta Cristobalite, also called High Cristobalite, is
the high temperature product, forming.in,the."ge¢" range,in-cooling. It is isometric, and
in cooling recrystallizes to' Alpha~Cristobalite; or Low Cristobalite, at 200-275°,
providing cooling through the "¢t" and "tq“=wranges has beén too rapid for

recrystallization. It4s tefragonal.

(C) TRIDYMITE - hexagonal, bipyramidal. "ct" range is at 1470°, where cristobalite
changes to tridymite on cooling. Glass may crystallize as tridymite at 1670° if the
cooling was too rapid through the "gc" range. Beta Second Tridymite, or Upper High
Tridymite, is the high temperature product, forming in the "ct" range in cooling, and

which recrystallizes to Beta First Tridymite, also called Lower High Tridymite, at
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163° if cooling was too rapid for the "tq" transformation. This in turn alters to

Alpha Tridymite, or Low Tridymite, at 117°, which is the usual tridymite of nature.

Asmanite - a meteoric tridymite, related to the above series.

Vestan - adoubtful silica mineral, probably to be ascribed to
tridymite.

Granuline - adoubtful pulverescent mineral which seems allied to

tridymite on optical€retinds.
2
(D) QUARTZ - hexagonal, forms ftom tridymite in the "tq" range at 870° in cooling.
Glass may change to erystalline quartz atl about 1400° providing cooling was too rapid
for the "gc", "gt" andfet” wransformations. Beta Quartz, or High Quartz, is the high
temperature product, ferming at fhe "t:q'l' point. It 1S hemihedral. On cooling it
recrystallizes to Alpha Quartz, also callé‘d Low Quartz, at 573°, yielding the stable

low temperature mineral. It is tetartohedral, showing polarity along the ¢ axis and is

divisable into Right Hand Quartz and Left';H'and Quartz

Aol A

(E) CHALCEDONY - a cryptoerystalline,;br"#ery finely fibrous mineral, which has
not been successfully located in the thermal equilibrium-diagram. Heating to 725-
850° usually results uu an alteration to tridymite, which:thereafter acts as normal
tridymite. Chalcedony~is usually found as a deposit from solutions, and may be a
mixture of glass -and, quattz, or, mere probably, an. intermediate product in the
dehydration of' the opal-eolloid. Various subdivisions of ‘chalcédony have been made

on optical grounds.

Chalcedony - biaxial,positive,elongationpositive.

Chalcedonite - biaxial,negative.

Lussatite - biaxial,positive, parallel, elongation.

Quartzine - biaxial, positive, negative elongation
pseudochalcedonite,Lutecite.

Jenzschite - differently soluble, but of same S. G. as chalcedony.
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Melanophlogite - possibly impure chalcedony.

Sulfuricin - probably a chalcedony rich in sulphur.

(F) COLLOIDAL SILICA - is usually hydrous, and is commonly described under
opal. Silicon occurs in nature combined with oxygen in various forms of silica and
silicates. Silicates have complex structures consisting of SiOy tetrahedral structural
units incorporated to a number of metals; Silicon is never found in nature in free
elemental form. Among all elements siliconsforms the third largest number of
compounds after hydrogen and ecarboms There are well over 1000 natural silicates
including clay, mica, “feldspar;” granite, asbestos, ‘and hornblende. Such natural
silicates have structural uniés containing orthosilicates, SiO44', pyrosilicates Si2076',
and other complex strtictural ainits, such as, (Si03),"™ that have hexagonal rings
arranged in chains or pyfoxene (SIO’; =% and amphiboles, (814011 )" in infinite chains.
Such natural silicate§ dnclude . common minerals such as tremolite,
Ca;Mgs(OH),Si30y,; diopside, CaMg(Sidé-)g;-kaolin HgAl14S140,15; montmorillonite,
H,ALLSi4Opy; tale, Mgs[(OH), S10}; muscov1te (a colorless form of mica),
H,KAI3(Si04)3; hemimorphite; Zn4(OH)ZS_2(j7 H,O; beryl, Bes;Al;SicO;s; zircon,
Z1rS10y; benitoite, BaFiSiz0q; < -feldspars, KAIS1;0g; zeolites,
Na,0.2A1,03.5S5105:58L,0; _nephrite,  CalMg,Fe)i(Si04)4; enstatite, (MgSiO3),;
serpentine, H4Mg;S1,0, jadeite, NaAl(SiO3),; topaz,—Al,SiO4F,; and tourmaline,
(H,Li,K,Na).Al;(BOH);S10,9. silica, the other most™ important class of silicon
compounds, exists, asssand, quartz; flint.amethyst,-agate,-opal, jasper, and rock

crystal.
3.4 Titanium (I'V) oxide

Titanium (IV) oxide occurs naturally in three crystalline forms: anatase, which
tends to be more stable at low temperature, brookite, which is usually found only in
minerals, and rutile, which tends to be more stable at higher temperatures and thus is
sometimes found in igneous rock. These crystals are substantially pure titanium (IV)

oxide but usually amounts of impurities, e.g., iron, chromium, or vanadium, which
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darken them. A summary of the crystallographic properties of the three varieties is

given in Table 3.2.

Although anatase and rutile are both tetragonal, they are not isomorphous
(Figure 3.4). Anatase occurs usually in near-regular octahedral, and rutile forms

slender prismatic crystal, which are frequently twinned. Rutile is the thermally stable

form and is one of the two most m‘;{q{\a’, ;7 of titanium.
The three allotropic forms ofy tit@ ) oxide have been prepared

rall sgab%been obtained in the form of
'Bsfchs%om anatase to rutile is
Ca. I2. j/mol (

artificially but only ruti -

transparent large sin

accompanied by the 01 kcal/mol), but the rate of

transformation is gre u ‘ans by the presence of other

o Sddonis + < fadeily

from anatase to rutile is always ficgative. g
TR '

PN N

Figure 3.4 Crystal structure of TiO,. (Fujishima et al.,1999)

Brookite has been produced by heating amorphous titanium (IV) oxide,
prepared from alkyl titanates of sodium titanate with sodium or potassium hydroxide

in an autoclave at 200 to 600°C for several days. The important commercial forms of
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titanium (IV) oxide are anatase and rutile, and these can readily be distinguished by

X-ray diffraction spectrometry.

Since both anatase and rutile are tetragonal, they are both anisotropic, and
their physical properties, e.g. refractive index, vary according to the direction relative
to the crystal axes. In most applications of these substances, the distinction between
crystallographic directions is lost because of the random orientation of large numbers

of small particles, and it is mean value of thepreperty that is significant.

Table 3.2 Crystallographi¢ propetiies of anatase, brookite, and rutile.

Properties Amnagase Brookite Rutile

Crystal structure Tetragonal ‘, | Orthorhombic Tetragonal

Optical ‘Uniaxial, ) Biaxial, positive Uniaxial,
negative 4 4 negative

Density, g/cm’ 3.9 i, 40 423

Harness, Mohs scale 5, %6 & 1"1":51/2 -6 7 -7,

Unit cell Dya’4Ti0, . 4 “D3h’ 8TiO, D,4h'*.3TiO,

Dimension, nm

a 0.3758 0.9166 0.4584

b 0.5436

c 0:9514 0.5135 2.953

Measurement of physical ptoperties, in' which the.crystallographic directions
are taken into account, may be made of both natural and synthetic rutile, natural
anatase crystals, and natural brookite crystals. Measurements of the refractive index
of titanium (IV) oxide must be made by using a crystal that is suitably orientated with
respect to the crystallographic axis as a prism in a spectrometer. Crystals of suitable
size of all three modifications occur naturally and have been studied. However, rutile
is the only form that can be obtained in large artificial crystals from melts. The

refractive index of rutile is 2.75. The dielectric constant of rutile varies with direction
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in the crystal and with any variation from the stoichiometric formula, TiO; an
average value for rutile in powder from is 114. The dielectric constant of anatase

powder is 48.

Titanium (IV) oxide is thermally stable (mp 1855°C) and very resistant to
chemical attack. When it is heated strongly under vacuum, there is a slight loss of
oxygen corresponding to a change.in compesition to TiO; ¢7. The product is dark blue

but reverts to the original white color when ieissheated in air.
3.5 Cobalt (Young 19605Othmer, 1991)

3.5.1 General
Cobalt, a transition series metallic element having atomic number 27, is
similar to silver in appearance.

o

Cobalt and cobalt compounds ha."y;c": -éipended from use colorants in glasses
and ground coat frits for pottery-to drying agéhté'in paints and lacquers, animal and
human nutrients, eleciroplating materials, high temperature-alloys, hard facing alloys,
high speed tools, magnetic alloys, alloys used for prosthétics, and used in radiology.
Cobalt is also as a catalyst for hydrocarbon refining front crude oil for the synthesis of

heating fuel.

3.5:2-Physieal Properties

The electronic structure of cobalt is [Ar] 3d"4s%. At room temperature the
crystalline structure of the a (or €) form, is close-packed hexagonal (cph) and lattice
parameters 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 =
0.3544 nm, becomes the stable crystalline form. Physical properties of cobalt are

listed in Table 3.3.
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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, Co304, on the outside and cobalt (II) oxide,
CoO, layer next to metal. Cobalt (III) oxide, Co,O3, may be formed at temperatures
below 300 °C. Above 900°C, Co3;04 decomposes and both layers, 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!

2

Cobalt forms™ numetous compounds and complexes of industrial
importance. Cobalt, atomicsweight 58.?33, 18 one of the three members of the first
transition series of Group 9(VII1B). There are thirteen know isotopes, but only three
are significant: >’Co is thie omly, stabie ancf_liaturally oceurring isotope; “°Co has a half-
life of 5.3 years and is a gommon source é{f \J(';radioactivity; and *’Co has a 270-d half-
life and provides the y-source for-'Mbssbaﬁ;r' spectroscopy.

: : dia

Cobalt exists in the +2 or +3 valé;_hé)e:"‘ states for the major of its compounds
and complexes. A multitude of complexes of the obalt (III) ion exists, but few stable
simple salt are knowil.~Octahedral stereochemistries are the most common for cobalt
(IT) ion as well as for cobalt (IIT). Cobalt (II) forms numefbus simple compounds and
complexes, most of which are octahedral or tetrahedral in nature; cobalt (IT) forms
more tetrahedral complex~thaniother: transition-metalyions.=Because of the small
stability difference between octahedral and tetrahedral complexes of cobalt (II), both
can be_found. equilibrium_for a number, of compiéxes. Typically; octahedral cobalt
(II) salts' and complexes! are pinktotbrownish red; most of ‘the'tetrahedral Co (II)

species are blue.
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Table 3.3 Physical properties of cobalt (Othmer, 1991)

Property Value
atomic number 27
atomic weight 58.93

transformation temperature, °C

heat of transformation, J/g"

W,

melting point, °C 1493
latent heat of fusion, 395
boiling point, , °C ‘ , N\ 3100
latent heat of vaporizatio fa 7 Vg N 6276
specific heat, J/(g°C)

15-100°C 0.442

molten metal 0.560

cph at room temperatur 12.5

fec at 417°C . 4.2
thermal conductivit V 2 ‘ 9.16
thermal neutron absormon Bohr atoir m 34.8
resistivity, at 20 °C® 10%Qm 6.24
cure erperft 14 £ 3 ) 8 NINYNG
saturation 1nduc?on 4nl,, T¢ 1. 870
permeahmmﬂﬁm NAINYINY

iitial

max 245
residual induction, T¢ 0.490
coercive force, A/m 708

Young’s modulus, Gpac 211
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Table 3.3 Physical properties of cobalt (cont.)

Property Value
Hardness', diamond pyramid, of %Co 99.9 99.98°
At20°C 225 253
At300°C 141 145
At 600°C 62 43
At900°C 22 17
strength of 99.99 %cobalt, MPa® ascast  annealed sintered
tensile 2% 588 679
tensile yield : 133 193 302
compressive A\ ¢! 808
compressive yield 291 387

*To convert J to cal, divided by 4.184.

b conductivity = 27.6 % of International Annealed Copper Standard.
“To convert T to gauss, multiply by 10", |

4To convert GPa to psi , multiply by 145,000.' o

¢Zone refined.

"Vickers.

£To convert MPa to psi ,umultiply by 145.
3.6 Cobalt aluminate and cobalt oxide
3.6.1 Cobalt aluminate (CoALLOy4)

CoAl,O4 is a binary oxide consisting of cobalt oxides and aluminum
oxides that crystallize in spinel structure. The unit cell of spinels is represented by
formula of AB,O;. the Co** ions occupy the tetrahedrally coordinated A site and Al 3
ions occupy the octahedrally coordinated B site. The structure of cobalt aluminate is

shown in Figure 3.5
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0 0
Figure 3.5 Structure of cobalt aluminate

Spinels are usually synthesized aihigh temperature from a mixture at solid
state of the two oxide components. In this spmel-type structure, the metal aluminates
seem to be a good option'because.of their propertics such as greater thermal stability,
high resistance to acids‘and.alkalis, hydrlophobicity, low surface acidity, high melting
points and surface area; lower temperature sinterability, increase hardness, ductility,
better diffusion, etc (Edelstein,l999). Thésé properties make it interesting materials as
catalysts and carriers fof active metals ﬁ"";od'-‘substitute the more traditional systems.
CoAl,O4 has received special -interest éue ‘to their technological applications as
inorganic ceramic blue pigment (Cho and';Kal_(ihana, 1999; Mimani, 2001; Zayat and
Lavy, 2000; Bacon and Roberts; 1953). Co@;@i is also of great interest in the field of
heterogeneous catalysis whileit-has been uSéd'for catalytic application (Chokkaram et
al., 1997; Arean et al., 1998). Recently, CoAL O, has been prepared by several
methods, such as co-precipitated method, sol-gel methéd, hydrothermal method,

polymerized complex methods and solvothermal method
3.6.2 Cobalt'Oxides
Cobalt has three well-known, bxides:

Cobalt (IT) oxide, CoQO, is an olive green, cubic crystalline material. Cobalt
(I) 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 (II) 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 (II) oxide form is the stable oxide. The product of commerce is usually
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dark gray and contains 75-78 wt % cobalt. Cobalt (Il) oxide is soluble in water,
ammonia solution, and organic solvents, but dissolves in strong mineral acids. It is
used in glass decorating and coloring and is a precursor for the production of cobalt

chemical.

Cobalt (IIT) oxide, Co,03, is form when cobalt compounds are heated at a
low temperature in the presence of an excess of air. Some authorities told that cobalt
(IIT) oxide exists only in the hydrate form. ‘Thedower hydrate may be made as a black
power by oxidizing neutral cobalt solutiens with substances like sodium hypochlorite.
C0,05 or Co,03. HyO isseompletely converted to Co30y4 at temperatures above 265°C.
Co304 will absorb oxygen in" a sufficier?t quantity to correspond to the higher oxide
Co0,0:;.

Cobalt oxidey Co30y, is forrﬁed- when cobalt compounds, such as the
cabonate or the hydrated sesquioxide. ;i_re ‘heated in air at temperatures above

approximately 265°C and not exceeding SOO?C.

Ad

3.7 Co-based Catalysts e -

Supported cobait (CO) catalysts are the preferred catalysts for the synthesis of
heavy hydrocarbons ffom natural gas based syngas (CO and H,) because of their high
Fischer-Tropschy (FT) sactivity, ~high ~selectivity for linear Jhydrocarbons and low
activity for the water-gas shift reaction. ‘It ‘ts known that‘reduced cobalt metal, rather
than its oxides or carbides, is the most active phase for CO hydrogenation in such
catalysts. Investigations have-beéen/done to determine the nature, of cobalt species on
various supports such as alumina, silica, titania, magnesia, carbon, and zeolites. The
influence of various types of cobalt precursors used was also investigated. It was
found that the used of organic precursors such as CO (III) acetyl acetate resulting in

an increase of CO conversion compared to that of cobalt nitrate. (Kraum and Baerns,
1999)
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3.8 Cobalt-Support Compound Formation (Co-SCF)

Compound formation between cobalt metal and the support can occur under
pretreatment and/or reaction conditions, leading to catalyst deactivation. The
compound formation of cobalt metal with support materials, however, is difficult to
predict because of the lack of sufficient thermodynamic data. Co-support compound

formation can be detected evidentially.
3.8.1 Co-Aluminate Formation

Interaction-of cobalt.with its |alumina support has been observed by many
authors using various.techuniques inc]uding TPR, XRD, EXAFS, and XPS (ESCA).
The migration of cobalt 10ms into alumi_né lattice sites of octahedral or tetrahedral
symmetry is limited to the first few layérsJ’-Of the support under normal calcination
conditions. The reaction of Co with y-Alzbg can form a surface spinel in Co/y-Al,O3
catalysts. The surface spinel structure éa}},not be observed by X-ray diffraction
because it does not have long range, three airﬁénsional order. It has been suggested
that cobalt ions occupying surface octahéaf'étf'site of y-Al,O3 are reducible while
cobalt ions occupying-tetrahedral sites-are non-reducible, at least at temperatures <
900°C. At lower calCination temperatures, filling of the octahedral sites is more
favorable. Filling of the tetrahedral site of y-Al,O3 may be enhanced by an increase in

calcination temperdture:

3.9 Gallium

Gallium (chemical symbol Ga, atomic number 31) is a rare, soft, silvery metal.
It is a brittle solid at low temperatures, but it liquefies slightly above room
temperature and melts in the hand. It is one of only a few materials that expands when
freezing (like water), and its liquid form has a higher density than the solid form (like

water). Gallium occurs in trace amounts in bauxite (an aluminum ore) and zinc ores.
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Gallium is most commonly used in the form of the compound gallium(III)
arsenide, which is a semiconductor useful for integrated circuits, light-emitting diodes
(LEDs), and laser diodes. The nitride and phosphide of gallium are also valuable
semiconductor materials, and gallium itself is used as a dopant in semiconductors. In
addition, this metal is a component in low-melting temperature alloys, and its alloy
with indium and tin is used in medical thermometers to replace mercury. Also,

gallium can wet (coat) glass to create brilliant.mirrors.

Table 3.4 Chemical properties of gallium.

Atomic number 3l

Atomic mass s 69.72 g.mol '
Electronegativityaceording to ]En’daql_ing unknown
Density _ 5.1 g.cm at 20°C
Melting point w \ | 29.8 °C

Boiling point 0 204°C
Vanderwaals radius - S 10,161 nm

Ionic radius 0.083 nm (+3)
Isotopes 6

Electronic shell [ Ar ] 3d'° 4524p1
Energy of first ionisation 578.6 KJ.mol !
Energy of second ionisation 1978.8-kLmol; '
Energy of third ionisation 2389 kJ.mol '
Energy of fourth ionisation 2962.3 kJ.mol !
Standard potential -052V




CHAPTER 1V

EXPERIMENTAL

This chapter consists of experimental systems and procedures used in this
work which is divided into three parts including catalyst preparation, catalyst

characterization and reaction study in CO hydrogenation.

The first part (section 4.1) is deSeribed catalyst preparation such as Ga-
modified Al,O3, SiO, and.TiO; and Preparation.of Co catalyst. The second part
(section 4.2) is explained Catalyst-.Characterization by various techniques including of
BET surface area, TPRXRD, 'SEM/EDX, TEM, XPS, NH3;-TPD and H;
Chemisorption.  Finally, the Jast part .(s;?ction 4.3) 1s illustrated catalyst activity

measurement in CO hydrogenation. —~
4.1 Catalyst preparation
4.1.1 Chemicals ,
The details of chemicals-used-in-this-experiment are shown in Table 4.1

Table 4.1 Chemicals used in the preparation of catalysts.

Chemical Supplier
Cobalt (II) nitrate hexahydrate. 98%
Aldrich
(Co(NO3),-6H,0)
Aluminum oxide Fluka
Silicon dioxide 99.5% (Si0,), nanopowder,
Aldrich
15 nm,
TiO, (JRC-TIOI1, anatase) Catalysis Society of Japan

Gallium (IIT) nitrate hydrate 99.9% Aldrich
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4.1.2 Preparation of Ga-modified Al,O3, SiO; and TiO,

The Ga-modified supports were prepared by the impregnation method.
There were three kinds of the supports used [(1) Al,O3 from Fluka, (ii) Si0; (99.5%),
nanopowder, 15 nm from Aldrich and TiO,(JRC-TIO1, anatase) (Catalysis Society of
Japan)]. First, Zr was impregnated into the support using a solution of Gallium (III)
nitrate hydrate(99.9% from Aldrich) to produce Ga-modified supports having 0.2 and
1 wt% of Ga,0s. Second, the Ga-modified supports were dried at 110 °C for 20 h and

calcined at 500 °C for 4 h prior to impregnation.of.cobalt.
4.1.3 Preparation of Co catalyst

Cobalt nitrate [Co(NO3)»6H20] was dissolved in deionized water and
impregnated into the support as mentioned_ above to give a final catalyst with 20 wt%
cobalt. The catalyst precursor was dried at 110 °C for 20 h and calcined in air at
500°C for 4 h. e
4.2 Catalyst Characterization

4.2.1 X-Ray Diffraction (XRD)

XRD ‘were’ performed" fo “determine the bulk crystalline phases of
catalyst. It wasiconducted using a SIEMENS D-5000 X-ray diffractometer connected
with a,eomputer, with DPiffract-ZT, version 3.3-program for fully-control of the XRD
analyzer, The experiments were carried out by using Cukg (A '="1:54439 A) radiation

with Ni filter in the range 26 = 20-80° resolution 0.04.

4.2.2 N, Physisorption

BET surface area, pore volume and pore diameter were measured by N

adsorption—desorption isotherm at liquid nitrogen temperature (-196 ‘C) using a



38

Micromeritics ASAP 2020. The surface area and pore distribution were calculated
according to Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH)

methods, consecutively.

The reaction apparatus of BET surface area measurement consisted of two
feed lines for helium and nitrogen. The flow rate of the gas was adjusted by means of
fine-metering valve on the gas chromatograph. The sample cell made from pyrex
glass. The mixture gases of helium and nitrogen flowed through the system at the
nitrogen relative of 0.3. The catalyst sample (ca. 0.2 to 0.5 g) was placed in the
sample cell, which was-then heated up to 160 °C and held at this temperature for 2 h.
After the catalyst sample was cooled <1|own to roonm temperature, nitrogen uptakes
were measure as follows.

Step (1) Adsorption step: The safnpi‘é that set in the sample cell was dipped
into liquid nitrogen. Nitrogen gas that ﬂ(;we_c:l through the system was adsorbed on

the surface of the sample until equilibrium was reached.
)

Step (2) Desorption ~step: = The safnpl'e ‘cell with nitrogen gas-adsorption
catalyst sample dipped.into.the water at room temperature. - The adsorbed nitrogen gas
was desorbed from the surface of the sample. This siep was completed when the

indicator line was in the€ position of base line.

Step (3), Calibration-step: T=ml of mitrogen-gas' at atmospheric pressure was
injected through the calibration port of the gasschromatographi-and the area was

measured. The area was the calibration.peak.
4.2.3 NH;-Temperature Programmed Desorption (TPD)
Temperature programmed desorption (TPD) of NH; was performed in a

Micromeritic ChemiSorb 2750 automated system attached with ChemiSoft TPx

software. The amount of NH; adsorbed on the surface was determined by temperature
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programmed desorption. The thermal conductivity detector was used to measure the

amount of NHj3

Approximately 0.2 grams of sample was placed in a quartz tube in a
temperature-controlled oven. Helium gas with flow rate at 15 ml/min was released to
flow through sample. The sample was heated from room temperature to 200°C with a
heating rate of 10°C/min and held for. I hour. Then, the sample was cooled down to
40°C. In the next step, 15 vol% ammonium gas.with flow rate at 20 ml/min flowed
through sample instead of.helium, and hold-for 30 -minutes. Adsorption of 15 vol%
ammonium on the catalyst susface occﬁ}red in this step. Consequently, helium gas at
the same flowed throughwetir sample instead of ammoenium and also holds for another
hour. In the final step which was the desbrption step; sample was heated from 40°C to
650°C with a heating rate’of 40°C/rin. The signal from this step was recorded every

second and reported on a microcomputer. |

4.2.4 Scanning electron microsco;_py' (SEM) and Energy dispersive X-ray

spectroscopy (EDX) =l

-

SEM and EDX were used to determine the ‘catalyst morphologies and
elemental distribution’ throughout the catalyst granules, respectively. The SEM of
JEOL mode JSM-5410LV was applicd using the secondary electron mode at 15 kV.

EDX was performed usingdsink Isis series 300 program.

4.2.5 Transmission Electron Microscope (TEM)

The morphology and size of the catalysts were determined using a JEOL-
TEM 200CX transmission electron spectroscopy operated at 160 kV at the Scientific
and Technological Research Equipment Center (STREC), Chulalongkorn University.
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4.2.6 Temperature programmed reduction (TPR)

TPR was used to determine the reduction behaviors of the samples using

a Micrometritics Chemisorb 2750.

1. The catalyst sample 0.1 g used in the sample cell.

2. Prior to operation, the catalysts were heated up to 200 °C in flowing nitrogen
and held at this temperature for | h:

3. After the catalyst sample was cooled-down to room temperature, the carrier
gas was 5% H, in Ar (30 CC/;nin) were ramping from 35 to 800 °C at 10
°C/min.

4. A cold trap wasplaced before the detector (o remove water produced during
the reaction. ¥

5. A thermal conductivity detector (EFGD) was used to determine the amount of
hydrogen consumption du_ring TPR:"'_,. 4

4.2.7 Hydrogen Chemisorption
Static H,-¢hemisorption at 100 OCron the réduce catalysts was used to
determine the number of reduce surface cobalt metal-atoms and overall cobalt
dispersion. The total hydrogen chemisorption was calculated from the number of
injection of a known volame. H, chemisorption was carried out following the
procedure discribed. by Reuel and Bartholomew, 1984 using.a Micrometritics Pulse
Chemisorb 2750. Prior to chemisorption, the catalysts will be reduced at 350 °C for 3

hours after ramping,up at a rate of 1 °C/min.

4.2.8 X-ray photoelectron spectroscopy (XPS)

XPS was used to examine the binding energy and the surface composition of
the catalysts by using an AMICUS spectrometer with a x-ray source as Mg K,
radiation operated at voltage of 20 kV, current of 10 mA. The computer controlled by

using the AMICUS “VISION2” software.
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4.3 Reaction study in CO hydrogenation
4.3.1 Materials

The reactant gas used for the reaction study was the carbon monoxide in
hydrogen feed stream as supplied by Thai Industrial Gas Limited (TIG). The gas
mixture contained 9.73 vol % CO in H; (22 CC/min). The total flow rate was 30
CC/min with the H,/CO ratio of 10/1. Ulfta hugh purity hydrogen (50 CC/min) and
high purity argon (8 CC/min) manufagtured by Thai Industrial Gas Limited (TIG)

were used for reduction-and balanced flow rate

4.3.2 Apparatus
Flow diagramof €O hydrogehafion system is shown in Figure 4.1. The
system consists of a reactor, an automatic temperature controller, an electrical furnace

and a gas controlling system. 7N

4.3.2.1 Reactor - -
The reactor was made from a stainless-sieel tube (O.D. 3/8). Two
sampling points were provided above and below the catalyst bed. Catalyst was placed

between two quartz wool layers

4.3.2.2 Automation Temperature Controller
This unit consisted of a magnetic switch connected to a variable
voltage, 'transformei sand’ a “solid-state " relay “temperature ' cointroller model no.
SS2425D7 connected to a thermocouple. Reactor temperature was measured at the
bottom of the catalyst bed in the reactor. The temperature control set point is

adjustable within the range of 0-800°C at the maximum voltage output of 220 volt.
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4.3.2.3 Electrical Furnace
The furnace supplied heat to the reactor for CO hydrogenation.
The reactor could be operated from temperature up to 800°C at the maximum

voltage of 220 volt.

4.3.2.4 Gas Controlling System

regulator and an on-off val were adjusted by using metering
valves.

e [ ] the product stream was
analyzed by a Shimad G Z10). ' “.‘ hromatograph equipped with a flame
ionization detector. : ‘ _ ) sieve 5A) gas chromatography
equipped with a thermal ¢ i det “was used to analyze CO and H, in the

feed and product streams. or each instrument are shown in

the Table 4.2.

AULINENINYINT
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Table 4.2 Operating condition for gas chromatograph.

Gas Chromagraph SHIMADZU GC-8A SHIMADZU GC-14B
Detector TCD FID
Column Molecular sieve SA VZ10

- Column material SUS -

- Length 20 -

- Outer diameter 4 min -

- Inner diameter 3 mm -

- Mesh range 60/80 60/80

- Maximum temperature 350 °C 80°C
Carrier gas He(99.999%) H, (99.999%)
Carrier gas flow 40 cc/fnin -
Column gas He (99.999%) Air, H,
Column gas flow 40 ce/min -
Column temperature ‘

- initial (°C) 60 70

- final (°C) 60 70
Injector temperature ('C) 100 100
Detector temperature ("C) 100 150
Current (mA) 80 -
Analysed gas Ar, CO, H, Hydrocarbon C;-C4

4.3.3 Procedures

1. Using 0.05 g of catalyst packed in the middle of the stainless steel

microrector, which is located in the electrical furnace.
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2. A flow rate of Ar = 8 CC/min, 9% 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 re-reduce in situ in flowing H, at 350 °C for 3

h prior to CO hydrogenation.

220 °C and 1 atm total pressure in

hromatography technique.
[Thermal conductivi ation of carbon monoxide
(CO) and methane (C (FID) were used for separation
of light hydrocarbon such a (C H6), propane (C3Hg), etc.] In

all cases, steady-state was geached

AULINENINYINT
ARIAINTUNRIINYINY
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CHAPTER V

RESULTS AND DISCUSSION

This thesis investigated effect of Ga-modified Al,O3, TiO, and SiO, supports
on characteristics and catalytic properties of supported cobalt catalyst during CO
hydrogenation. In this chapter, the experimental results and discussions are described.
First section described characteristics of Ga-modified Al,O3 and SiO;-supported Co
catalysts. Second section described reduction behavior of Ga-modified Al,O3; and
SiO,-supported Co catalysts.and the last second.determinded catalytic activity for
CO-hydrogenation over of Ga=medified ALLO3 and SiO,-supported Co catalysts. For
Ga-modified TiO, supports€o catalysts, the results and discussions are divided in
appendix A. ‘

5.1 Characteristics of Ga-modified Alzdgf ;ind Si0,-supported Co catalyst.

5.1.1 X-ray diffraction (¥RD)
d iy :IJ‘—I

X-ray diffraction is” used to féVéaiI ‘material_structures because of its
qualitative and nondestructive-anatysis—TFhe phase-identtfication is carried out on the
basis of data from X—ray diffraction. A 20% wt of cobalt was impregnated onto Ga-
modified and unmodified Al,O; and SiO, supports. After calcination in air at 500 °C
for 4 h, all catalysts were testedrbys XRD..XRD patterns for the calcined Co catalysts
(with and without Ga modification)"on Al,O3;and"SiO, supports are shown in Figure
5.1. They exhibited almost identical XRD patterns. The XRD peaks of Co304 were
observed at 31°,1379 45° 599, and'65«(S. Rojandpipatkul and B. Jongsomjit, 2008).
However, XRD peaks of Ga,Os; were not observed in all catalyst samples. This

indicated that Ga was present in a highly dispersed form.
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Figure 5.1 XRD patterns for the Ga-modified and unmodified Al,O3 and SiO,

supported cobalt catalysts.

As known, the width at half maXimum of the most intense Co30, peak, 26
= 36.9°, was used to calculate the CoszQ, erystallite size. The Co304 crystallite size
calculated for all catalysts from the' Scherrer equation are shown in Table 5.1. The
crystallite size of €050, slightly increased with increased- %Ga loading on Al,Os but

slightly decreased with increased %Ga loading on the SiO; support.



51

Table 5.1 Crystallite size of Co304 from XRD of Ga-modified and unmodified Al,Os

and SiO; supported cobalt catalysts.

Co304 crystallite size

Samples
(nm)*
Co/ALO; 5.7
Co/ALO5-02%Ga | 7.9
Co/ALOs-1%Ga oh
Co/SiO, , 25.7
Co/ Si0,-02 %G o 22.5

Co/Si0,-1%Ga ) 20.9

* from Scherer’s equation

5.1.2 N, physisorption =

The BET-surface area; pore size and poie volume measurement of
catalysts on Ga-modified and unmodified Al,Oz and SiO,-supported cobalt catalyst
are also shown in Table 5.2. From the result, it observed that the surface areas of the
Al,O3 supports-were|ldarger than thoselof SiO3 supports: Thisswas in accordance with
the smaller pore sizes of Al,Osthan those of SiO,. It was found that the modification
of Ga on both Al,O3 and SiO,.supportts,did. not Significantly.affect the surface areas,

pore size and pore‘volume of samples.
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Table 5.2 BET surface area, pore volume and pore size of Ga-modified and

unmodified Al,O3 and SiO, supported cobalt catalysts.

BET surface area  Pore size  pgre volume

Samples ) .

(m/g) (A) (cm3/g)
Co/ALOs 111 36 0.1551
Co/Al,03-0.2%Ga 108 37 0.1561
Co/ALOs-1%GE 109 36 0.1529
Co/SiO, 46 129 0.1643
Co/ S10,-0.29%Ga 45 4 130 0.1481
Co/S10,-1%Ga 47 & 105 0.1394

5.1.3 Scanning electron microscoﬁy (HS'EM) and Energy dispersive X-ray
spectroscopy (EDX) S

The typical-measurement curve for the quantitative analysis of Co/Al,Os-
19%Ga and Co/SiO,-1%Ga using EDX measurement is shown in Figures 5.2 and 5.3,
respectively. Theé amounts,of elementsiin the various catalysts-are also listed below. It
can be seen that the "amounts of“elements in "various ‘supports varied due to the
adsorption_ability of each support. Results revealed that Co/Al;03-1%Ga exhibited
higher the amount of Co thantCo/Si05+1 %Ga with regards to atithe external surface.
In addition, it was found Ga can be detected only on Al,O3 support, but could not be
observed on SiO,. This was probably due to Ga was dispersed more on the external

surface.
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Besides the content of Co and Ga in the supports, one should consider the
distribution of Co and Ga in the supports. SEM and EDX were also conducted in
order to study the morphologies and elemental distribution of the samples,
respectively. The typical SEM micrographs along with the EDX mapping for
Co/Al,0; (for Co, Al and O) and Co/SiO; (for Co, Si, and O) samples are illustrated
in Figures 5.4 and 5.5 respectively. The white or light spots on the catalyst granules
represent high concentrations of cobalt oxides species, where the darker areas of the
granules indicate the support with no cobali“aiindicating the external surface of the
sample granule. It can be seen that the Co oxide species show good distribution on the
surface (shown on EDXsmapping)-of all the samples: Apparently, SEM micrographs
and EDX mapping for all.samples exihibited similar trends of morphologies and
elemental distributionsdé However. for all capalyst samples with Ga modification, it can
not be observed the diStribution 6f Ga;_;Olg or any other Ga compounds by EDX
technique. This may be due only little an{buhts of Ga present or highly distribution of
Ga as confirmed also by XRD,
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Figure 5.4 SEM micrograph and EDX mapping: of the calcined Co/Al,03-1%Ga

catalysts.
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Figure 5.5 SEMmicrographand EDX mapping of the/calcined €0/Si0;-1%Ga

catalysts:
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5.1.4 Transmission Electron Microscopy (TEM)

In order to determine the dispersion of cobalt oxide species and crystallite
size of them, the more powerful technique, such as TEM was performed. The TEM
micrographs for Co oxides species dispersed on Al,O3 and SiO, supports with and
without Ga modification are shown in Figures 5.6 and 5.7, respectively. The dark

spots represented cobalt oxide species after calcination of samples dispersing

on the support. As seen, Co ides e Al,O3 appeared in smaller crystal

oxide species dispersed b€ support, the ! rentiate between those and
the supports. This was cobalt oxide species were

essentially similar wit S€ variou e IppOrt icating the more uniform of

AUEINENINYINS
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Figure 5.6 TEM microg ﬁ,aph of Co supported on Ga-modified and unmodified Al,O;

supported cobﬂ w)gtjs feg W)ﬁ%ﬂqﬁﬁd ¢) Co/Al,03-1%Ga.
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Figure 5.7 TEM mlcro%ragl of Co supported on Ga-mod1f1ed and unmodified SiO,

supported cobﬁ Tﬂl%tjs ’aa (VFBZ‘W ﬁ/w gjz%rﬂm'gc) Co/Si0,-1%Ga.
AR mmm UAIINYIAY
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5.1.5 X-ray photoelectron spectroscopy (XPS)

In order to give a better understanding on Co species present on supports,
XPS was used to determine the surface compositions of the catalysts and the
interaction between Ga , Co and the supports, which may result in shifts in binding
energy. The deconvolution of XPS spectra of Co 2p and Ga 2p on Al,O; are shown in
Figure 5.8, indicating the BE of Co 2p;,; was.in the range of 795.7-796.7 eV and the
BE of Co 2p;3,; was in the range of 780. 4 781L.4¢V (Y. Okamoto et al., 1975). The Ga
2p3p BE value appeared at L107.2- 1118 2 eV (F. Mathew et al., 2006). For the SiO,
support, the deconvolutionof XPS spectra of of Co 2p and Ga 2p are shown in Figure
5.9. From the result, it indicated/the BEi'of Co 2pj,, and Co 2p3, with in the range of
795.2-795.6 eV and 780.3°751 &V, r'espéet'}'vely. The BE of Ga 2p3,; was in the range
of 1115.6-1118.8 eV. The surface. concentratlons of elements on catalysts measured
by XPS are also shownin Table 5 3.k can be observed that the addition of Ga, caused
the Co 2p and Ga 2p peaks o Shlft to hlgh,er b1nd1ng energy. It was found that, the
surface concentrations of Ga and Co on the,Aigpg supports were larger those of SiO;

supports. These results were in agreement Wﬁl EDX measurement.
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Figure 5.8 The deconvolution of XPS spectra of Ga-modified and unmodified Al,O3

supported cobalt catalysts; a) Co/Al,O3, b) Co/Al;,03-0.2%Ga and c) Co/Al,03-1%Ga.
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Figure 5.9 The deconvolution of XPS spectra of Ga-modified and unmodified SiO,

supported cobalt catalysts; a) Co/SiO,, b) Co/S10,-0.2%Ga and c¢) Co/Si0,-1%Ga.



Table 5.3 XPS data of Ga-modified and unmodified AO3 and SiO, supported cobalt catalysts.

64

"BE/#6rCo” | BE for Ga

BE for Al | BEfor O | BE fo n-...:_-_;:} Amount of element at surface(%mass)
Catalysts V) | IseV) | 2@V @pEda2peV) | a1 | o | si | o | Ga
Co/ALOs 75.1 3319 28.61 | 51.37 - 20.01 -
Co/AL03-0.2%Ga |  74.9 531.4 804 7 072 | 4197 | 4363 ] 1899 | 011
Co/A1,05-1%Ga 75.6 532.1 82 | 26.96 | 50.01 -] 2202 | 1.02
Co/SiO, - 532.9 - 53.99 | 43.73 | 2.28 -
Co/ Si0,-0.2%Ga - 532.6 17504 s | 1156 - 5224 | 4496 | 278 | 0.05
Co/SiOx-1%Ga - 532.8 75T 8 1118.8 - | 5298 | 4494 | 191 | 0.17
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5.1.6 NH; Temperature Programmed Desorption (NH3-TPD)

NH; temperature program desorption was a commonly used technique for
the titration of surface acid sites. The strength of an acid site could be related to the
corresponding desorption temperature, while the total amount of ammonia desorption
after saturation coverage permits quantification of the number of acid sites at the
surface (Kung et al.,1985). The temperature-programmed desorption profiles for the
Ga-modified and unmodified Al;O3 and S1O5-supported cobalt catalyst are shown in
Figure 5.10. From the TPD profiles, the amounts of acid sites which are also listed in

Table 5.4 were calculated from the area below curve.

' C/Si0,-0.2% Ca

= CofSi0,
g
3 3
@
o /\/\—/q{ CofbadyDs-1%05a
LI
B /\/‘ﬁ Cof il 0s-0.2%Ca
CIII.I'IMQD3
| 200 400 L] |0 1000

Temperature {'J )

Figure 5.10 NH;-TPD profiles of Ga-modified and unmodified Al,O3 and SiO,

supported cobalt catalysts.
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Table 5.4 Acidity of Ga-modified and unmodified Al,O3; and SiO, supported cobalt

catalysts.

Samples Acid site (umolH"/g)
CO/A1203 936
Co/Al,03-0.2%Ga 892
Co/Al,03-1%Ga ) 907

Co/SiO, 593
Co/ Si0,-0.2%Ga L 4 589

Co/S105-1%Ga 4 624

The strength of an-acid site Lédﬂld be related to the corresponding
desorption temperature. From-the result, it-"waé— found the Co/Al,O3 had higher the
amount of acid site‘than that of Co/Si0O,. With the addition.of Ga on Al,O3 support, it
was observed that the-amount of acid site was decreased, it was suggested that the
modification of Ga on"Al,O3 led to a decrease in the*acidity of Al,Os. The results
were in good agreement with those reported by, Petre er al., 2002. They reported that
depositing Ga;O5 onacidictsupports led to a dectrease 'in thetacidic character of the
resulting catalysts. They also revealed that thesaddition of Gaton Al,O; led to a
decrease in the acidity\of] Al,Os (Petre er al., 2001; Petre et al., 2002). In the case of
SiO, support, the amount of acid site slightly decreased with the addition of Ga
0.2%wt, but increased with Ga 1%wt addition in comparison with unmodified SiO,.
Petre et al., 2001 have shown that addition of Ga on SiO; led to increased in the

acidic character of the resulting catalysts in comparison with the gallium-free catalyst.
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5.1.7 Hydrogen Chemisorption

H, chemisorption was performed in order to measure the number of
reduced cobalt metal surface atoms, which is related to the overall activity during CO

hydrogenation. The resulted H, chemisorption is illustrated in Table 5.5.

Table 5.5 Results of H; chemisorption Ga-modified and unmodified Al,O3; and SiO,
supported cobalt catalysts.

H> chemisorption

Samples
(x10"® mol'gicat ")
Co/Al,O4 I 30,
Co/Al,0340.2%Ga : 9.7
Co/ALO3-1%Ga e NS
Co/SiO, T 60
Co/Si0520.2%Ga —
Co/Si0,1%Ga 41

The,amounts of H, adserbed were'in the range 0f'3.9 to 7.5 (x10"® mol g
cat ") for ALOs-support catalysts and 4.1 to 6.0 10" mol g cat?) of Si0,-support
catalysts, It revealed that the number of.reduced cobalt metal surface atoms increased
with Ga modification of Al,Os. In addition, the modification of 0.2 %Ga exhibited the
highest number of active sites (9.7x10"® mol g cat ™). On the other hand, the addition
of Ga on the SiO, resulted in decreased number of reduced cobalt metal surface
atoms. Since only Co metal has significant activity for CO hydrogenation, these
results are consistent with H, chemisorption results. The corresponding trend of the
CO hydrogenation rates and the H, chemisorption results was seen for all catalyst

samples.
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5.2 Reduction behavior of Ga-modified Al,O3 and SiO;-supported Co catalyst.

TPR was performed in order to determine the reduction behaviors. The TPR
profiles of Co supported on Al,O; and SiO, supports with and without Ga

modification are shown in Figure 5.11.

Co/Si10,-1%Ga

Co/S10,-0.2%Ga

Co/Si0,

Co/ALLO5-1%Ga

H2 consumption (a.u)

< Co/ALO:-0.2%Ga

Co/ A1203

AUEININITNEINT
AT T T Tl T T2 o

Temperature (°C)

Figure 5.11 TPR profile of Ga-modified and unmodified Al,O3; and SiO, supported

cobalt catalysts.



69

The reduction temperature started at ca 200 °C and ended at ca. 800 °C. There
were three major peaks for Co/Al,O3 and two major peaks for Co/SiO, located at
313°C, 369°C and 665°C for Co/Al,O3 and 303°C and 360°C for Co/SiO,. The first
peak resulted from reduction of Co304 to CoO, the second peak was attributed to CoO
reduction into metallic cobalt and the reduction peak at high temperature (600-750°C)
of Co/Al,O3 was assigned to the reduction of non-stoichometric cobalt-aluminate,
which is more difficult to reduce than the veduction of Cos304 species (B. Jongsomyjit.,
2001). For Co/Si0;, it can be observed a broad peak at higher temperature. The TPR
profile of the Al,O3 and«SiOs supports with-Ga-medification showed no reduction
peak. While the addition of Gaon'the Al,Os-supported Co catalyst resulted in slightly
shift of the second reduction peak to higher temperature about 25°C, it indicated that
the Ga modified on Al,0; Support in_c:eased during reduction due to stronger
interaction between cobalt and support. It was found that the modification of Ga on
the Al,Os; and SiO, supports apparehtly :!r_esulted in decreased reducibility of Co at
first and second reduction peaks for AleS"ai‘id the second reduction peak for SiO,.
However, the number of reduced-Co metéﬂ:}' surface atoms can be calculated directly
from the H, chemisorption results; which is mojre acceptable since all catalyst samples

are reduced at the standard reduction condition,

5.3 Catalytic activity-for CO-hydrogenation over Ga-modified Al,O3; and SiO,-
supported Co catalyst.

In order to determine the catalytic behawviors of the Coycatalysts with and
without’ Ga’\modification, CO hydrogenation (Hy/CO = 10/1)"under methanation
condition was performed to determine the overall activity and product selectivity of
the samples. Hydrogenation of CO was carried out at 220 °C and 1 atm. A flow rate
of H,/CO/Ar = 20/2/8 cm’/min in a fixed-bed flow reactor was used. The resulted

reaction test is shown in Table 5.6.
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Table 5 .6 Reaction study of Ga-modified and unmodified Al,O3 and SiO, supported

cobalt catalysts.

CO Rate*® Selectivity to  Selectivity
Samples conversion (xlOngHz/g.cat.h) CHy (%) to C>-Cy4 (%)

(%) Initial ® SS ¢
Co/Al,O5 51 147 77 97 3
Co/A1,05-0.2%Ga 90 143 135 98.9 1.1
Co/A1,03-1%Ga 85 137 128 99.1 0.9
Co/SiO, 13 80 19 73.3 26.7
Co/ Si0,-0.2%Ga 6 19 9 70 30
Co/Si0,-1%Ga 3 14 5 66.1 33.9

* CO hydrogenation was cagried out at 220 °C’_ 1 atm, and Ho/CO/Ar = 20/2/8.
® After 5 min of reaction

¢ After 6 h of reaction

It indicated that the CO conversions were ranged between 51 to 90% with
corresponding to the-feaction rates at 77 to 138 (x10°aCH,/g.cat.h) of Co catalysts
with and without Ga-medified Al,O3 supports. For Co catalysts with and without Ga-
modified SiO, supports; sthe conversionsi.were ranged between 3 to 13% with
corresponding to 5 to 19 (xlOZgCHzlg.cat.h). It can'be seen that the Co catalyst on Ga-
modified Al,O3 €xhibited higher the.CO conversion and reaction rate than the those of
Ga-modified S10,.-it should be noted that the activities of Al,Ozwsupport were higher
than thoSe of SiO; support probably due to the higher amount of acid site on Al,Os.
The results were in good agreement with those reported by Khaodee et al., 2007.
They reported that the catalytic performances were dependent on crystallite sizes and
amount of acid-base sites. It was found that the highest catalytic activity of ZrO,
appeared at the highest amount of acid sites during CO hydrogenation. Li et al., 2001
have shown that the activity increased with an increase in the amount of acidic sites

on the catalysts except for 35.1%Al1,03- ZrO, and Al,Oj3 catalysts. This would suggest
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that the acidic sites on the catalyst are significant for the adsorption and activation of

the reactant molecular.

Based on the results, the reaction rates during methanation increased with the
Ga-modified Al,Os. Addition of 0.2 %Ga exhibited the highest reaction rate. These
results were in agreement with the results from the H,-chemisorpion as mentioned
before. On contrary, the addition of Ga on SiO, was found to decrease the reaction
rate. This was basically due to decreased the number of reduced cobalt metal surface
atoms with Ga modification as seenuby the H, chemisorption. Considering the
selectivity of product, it'was found the selectivity to methane of Co/Al,O3; was higher
than that of Co/ SiO,+On the other wonlds, the Co/S10; exhibited higher amounts of
long chain hydrocarbons (Cs-Cy) than th_osp of Co/Al,Os. With the addition of Ga, it
showed that the selectiyity t© methéne aﬂdl C,-C4 decreased with the Ga-modified on
AlLOs. For SiO,, the selectiyity to meth;gné': was decreased and selectivity to Cp-Cy4

was increased with Ga modification: However, it was found that the Ga modification

on Al,O3 and SiO; supports decrease the catalyst deactivation.
had “ee s A4




CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, section 6.1 provides the conclusions obtained from the
experimental results of Ga-modified Al,O3, TiO, and SiO, supports on characteristics
and catalytic properties of supported cobalt catalyst during CO hydrogenation.

Additionally, recommendations for further study are given in section 6.2.
6.1 Conclusions

In comparisongbasedson.the results with regards to characteristics of SiO; and
Al,Os-supported cobalg€atalyst it showeiz.d .It.hat the amounts of Co obtained from EDX
on the surface of Al,OzSuppout were hig;hér than those of SiO, support. This was in
agreement with the results from XPS_ It \ias”due to the pore size of Al,O3 support was
smaller than that SiO, support. Ga modiﬁé’aﬁon of the Al,O3 and SiO, support had a
significant impact on the increased numbéniof Co active sites for Al,O3 support, but
decreased that for SiO, support as seen by i;l;l-e"-in chemisorption. However, with the
addition of Ga, there was no-significant -"chénge in morphologies and elemental
distributions of samples as seen from SEM/EDX. Based.on methanation, the activity
and selectivity to CH4of AlbOs support was higher than that of SiO, support. The
activity was increased significantly upon Ga modification of Al,Os, whereas 0.2%wt
of Ga exhibited, the highest activity. . The results.were corresponding with the Hj-
chemisorpion,’ where the atnounts-of H, adsorbed-on 'the'cdtalytic phase increased
with Ga addition. On contrary, the €O conversions and reaction rates decreased with
Ga addition’ on Si0,. This was basically due to Ga-modified SiQj; support resulted in
decreased Co reducibility and the number of Co sites active as seen by the Hj
chemisorption and TPR results. However, Ga modification on Al,O3 and SiO,
supports decrease the catalyst deactivation. In addition, the chain growth probability

(C,—Cy) of catalyst from SiO, was higher than that from Al,Os3.
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6.2 Recommendations

1. The effect of Ga modification of TiO, without poison should be futher
studied.

2. The effect of acid site for carbon monoxide hydrogenation catalysts should

be further investigated.
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APPENDIX A

EFFECT OF GA-MODIFIED TiO, SUPPORT ON CHARACTERISTICS AND
CATALYTIC PROPERTIES OF SUPPORTED COBALT CATALYST

XRD patterns for the calcined Co catalysts (with and without Ga modification)

on TiO, supports are shown in Figure 1.

+ Co;0,
+ . + Ti0, anatase
* 4
o s
*
E CoTi0--1%Ga
-
H
: y,.
ﬁ Co/Ti0 - D2% Ga

Co/T10 -

20 40 ] 60 80
Degree (2-theta)
Figure A.1 XRD patterns of Ga-modified and unmodified TiO, supported cobalt

catalysts.

It showed that ‘all catalysts-exhibitéd mainly two XRD patterns including (i)
the patterns for TiO, support in anatase phase (267, 37°, 48°, 55%,756°, 62°, 69°, 71°
and 75%and(ii) the'patterns for €0s04 formed after calcination (31°,36°, 59 and 65°).
The Co304 crystallite size calculated for all catalysts from the Scherrer equation are
shown in Table A.1.The crystallite sizes of Co3O4 were ranged from 17.1-10.6 nm. It
was found that, the crystallite size of Co30; slightly decreased when %Ga loading

increased on TiO,.
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Table A.1 The average crystallite sizes of Ga-modified TiO, supported cobalt

catalysts.

sample Co304 crystallite size
(nm)*
Co/TiO, 17.1
Co/Ti0,-0.2%Ga 16.7
Co/Ti0,-1%Ga 10.6

* from Schrrer’s equation

Table A.2 summarizes the physical properties of 20 wt% cobalt on Ga-
modified supported cobalt.€atalyst, From the result, it was found that the modification
of Ga on the TiO, supportsdidnot affect Significantly the surface areas, pore size and

pore volume of the resultingsamples.

Table A.2 BET surface area, pore sizev_':hhd.pore volume of Ga-modified TiO,

supported cobalt catalysts. = -

sample BET surface area  Pore size Pore volume
(m*/g) (A) (cm¥/g)
Co/TiO, 55 107 0.1859
Co/ Ti0,-0.2%Ga 53 107 0.1894
Co/TiO3-1%Ga 55 101 0.1855

The typical measurement curve for the quantitative analysis of Co/Ti0;-1%Ga
using EDX is shown in Figures A.2. The amounts of elements in the various catalysts
are also listed below. It was found that the amounts of Co and Ga on the surface of
TiO, support was less than the Al,Os support (from Figure 5.2), properly due to the
pore size of TiO, support was larger pore size than Al,O3 support (from Table 5.2).
Besides the content of Co and Ga in the supports, one should consider the distribution

of Co and Ga in the supports. SEM and EDX were also conducted in order to study
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the morphologies and elemental distribution of the samples, respectively. The typical
SEM micrographs along with the EDX mapping for Co/TiO, (for Co, Ti, O and S)
samples are illustrated in Figures A.3. It can be seen that the distribution of Co was

well on the surface of the support.

Energy (ke

Atomic(%)
79.9

6
—
L |

ﬂUU?ﬂﬂ‘ﬂiWﬂﬂﬂ‘i

Figure A.2. A 1cal spectrum of tl}; Co/TiO,- l%Ga from EDX analy51s.
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Figure A.3 SEM " micrograph and' EDX" mapping of the calcined-Co/TiO,-1%Ga

catalysts.
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In order to determine the dispersion and crystallite size of Co oxides species
dispersed on the supports employed, the high resolution TEM was used. The TEM
micrographs Ga-modified and unmodified TiO, supported cobalt catalyst are shown
in Figure A.4. The dark spots represented the cobalt species dispersing on the catalyst
granule. However, considering the morphologies for the cobalt oxide species (Co304)
dispersed on the support, they could not be differentiated between those and the

supports. It was suggested that the Z}ologles of cobalt oxide species were
essentially similar for all TiO, supports

QRN

e T
—

Figure A.4 TEM micrograph of Co supported on Ga-modified and unmodified TiO,
supported cobalt catalysts; a) Co/TiO,, b) Co/ Ti0,-0.2%Ga, c) Co/ TiO,-1%Ga.
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In order to give a better understanding on species present on supports, XPS is
used to determine the surface compositions of the catalysts and the interaction
between Ga, Co and the supports. A typical XPS profile of Co 2p and Ga 2p on Al,O3
are shown in Figure A.5, indicating the BE of Co 2p;,; in the range of 796-796.8 eV,
BE of Co 2ps/; in the range of 780.3-781.4 eV[19]. and the Ga 2p3,; BE value that

appeared at 1112.1-1117.6 eV[20]. The surface concentrations of element on catalysts
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Figure A.S The deconvolution of XPS spectra of Ga-modified and unmodified TiO,
supported cobalt catalysts; a) Co/TiO,, b) Co/Ti0,-0.2%Ga and c¢) Co/TiO,-1%Ga.



Table A.3 XPS data of Ga-modified TiO, supported cobalt catalysts. '«

)
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BE for Co BE for Ti B for Ga™| for S Amount of element at surface(%mass)
Catalysts
2p(eV) 2p(eV) - 2peV) i 2p(eV) | o Ti o) Ga| S
B L 3
Co/TiO, 780.3 796.5| 459.6 465 : i 1 1207 | 31.97 | 55.06 ) 0.9
Co/ Ti0,-0.2%Ga | 781.4 796.8 | 459.5 46 —— 1239 | 3374 [5256 | 02 | 1.1
Co/ TiO,-1%Ga 781.4 796 | 459.3 465. 12.12 | 3401 |51.33 | 149 | 1.05
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The acid properties of the catalysts were measured by NH3-TPD. The NH3-
TPD profiles are shown in Figure A.6 and the TPR profiles of Co supported on TiO,

supports with and without Ga modification are shown in Figure A.7.

TCD signal (a.u.)

800

Figure A.6 NH3-TPDgofiles of Ga-modified TiO, suparted cobalt catalysts.
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Co/Ti02-1% Ga

Co/Ti02-0.2% Ga

H, consumption (a.u.)

Co/TiO,
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Temperatlire (°C)

Figure A.7 TPR profile of Ga=modified an& unmodified TiO, supported cobalt

catalysts.

From the result, it was found that the modification of Ga on the TiO, supports
did not affect significantly the amount of acid site and reduction peak of the resulting

samples.

In order,to~determine-the, catalyticybehaviors~of;, the, Co, catalysts with and
without ‘Ga modification, 'CO hydrogenation ' (H,/CO =" 10/1) "under methanation
condition was performed to determine the overall activity and product selectivity of
the samples. Hydrogenation of CO was carried out at 220 °C and 1 atm. A flow rate
of H,/CO/Ar = 20/2/8 cm’/min in a fixed-bed flow reactor was used. The resulted

reaction test is shown in Table A .4.
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Table A.4 Reaction study of Ga-modified and unmodified TiO, supported cobalt

catalysts.

CO conversion (%)*
1
Catalyst mitial®  30min __ SS°
Co/TiO, .24 2.37 0
Co/Ti0,-0.2%Ga 05 .56 2.88 0
Co/Ti0,-1%Ga 69.86 2.66 0

* CO hydrogenationwas. eairied out at 220 °C, 1 atm, and H,/CO/Ar = 20/2/8.
® After 5 min of reaefion
¢ After 3 h of reaction.

From the resulted, it was four-rd that the activity of Ga-modified and
unmodified TiO, supported cobalt catalysts WETS decreased dramatically at 30 min of
reaction. It probably due {0 it observed sulphur on the surface of catalysts. It indicated
that, poisoning of the catalyst samples w1th su}phur lead to a significant decrease of
the CO conversion. The results were. in good agreement with those reported by
Giorgio et al.,2007. They reported that the effect of sulphur poisoning (in the range 0O-
2000 ppm) on the characteristics and catalytic performances in the Fisher-Tropsch
synthesis (FTS), they was found that that the addition of sulphur determined

progressive decreased ofithe catalyst activity, . measured in term of CO conversion.



APPENDIX B

CALCULATION FOR CATALYST PREPARATION

Calulation of support composition (Ga-modified supports(Al,Os, Si0Q, and TiO,))

Preparation of Ga-modified support (Al,Os3, SiO, and TiO,) support with various

ratios of Ga to support (0.2 and 1%wtGa) by incipient wetness impregnation method

are shown as follows:

Reagent: - Gallsum (I11) nitrate hydrate (Ga(NOs3)3)
Moleculariweight = 255.7 g/mol
Gallinm (Ga), Atomic weight = 69.7 g/mol
. Support—— . ALO;
) si05
$-4TiQ,

S

- For 0.2%wt of Ga is shown as follow: 'f'

Based on 100 g of cafalyst used, the composition of the catalyst will be as

follows:
Gallium = 02¢g
ALO; = 100-0.2 = 99.8 g
For 1 grof support (Al,0s)
Cobalt required = I x 02 = 0.002 g
99.8
Gallium 0.002 g was prepated from/'Gallium (III) nitrate hydrate
Gallium (IIT) nitrate hydrate required = 0.002 x 255.7

= 0.0073 ¢
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- For 1%wt of Ga is shown as follow:

Based on 100 g of catalyst used, the composition of the catalyst will be as

follows:
Gallium = lg
Al O3 = 100 -1 = 9 ¢
For 1 g of support (Al,O3)
Cobalt required = \ %/ = 0.0101 g
Gallium 0.0101 g ed fron@(lll) nitrate hydrate
‘ ? - 0.0101
Gallium (III) ni x 255.7

Since the por Gamo ifi port is 0.4 ml/g. Thus, the

total volume of impregnati ; \ ed is 0.4 ml for alumina by

Preparations of ZO%V\B:O/ Wetx%s impregnation method are

shown as follows:

AUHINENINYINT

Reagent: SCobalt (II) nitrate hexahydrate (CO(NO3)2 6H20)
VAT F@W ANEINY
- Support: - Al,O3 and Ga-modified Al,O3

- Si0, and Ga-modified SiO,
- TiO, and Ga-modified TiO,
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Based on 100 g of catalyst used, the composition of the catalyst will be as

follows:

Cobalt = 20¢g

Al,O3 = 100 - 20 = 80¢g
For 1 g of support (Al,0O3)
Cobalt required = Ix = 025¢g
Cobalt 0.25 g was prepare om ( ) nitrate hexahydrate
Cobalt (II) nitrate = 52;23 x 291.03

\ .234 g

g Thus, the total volume of

impregnation solutio 1,05 by the requirement of

incipient wetness impr ettﬂ c water is added until equal pore

. \\\

et ‘\

f Fabadamis "J 2

volume for dissolve coba

R
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APPENDIX C

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the highest

intensity diffraction peak of XRD patterns of transition alumina.

From Scherrer equation:

KA
b (C.1)

where D = Crystallite size, A
K = Crystallite-shape factor = 0.9
A = X-ray wavelength, 1.5448 A for CuK
0 = Observed peak angle, de';cﬂj’ree
B = X-ray diffraction broadening, radian

The X-ray diffraction broadeningpl is the pure width of a powder diffraction
free from all broadening due to the experimental equipneeAtumina is used as a
standard sample,to observe the instrumental, breadening since its crystallite size is
larger than 2000"A. ‘FheX-ray diffraction ‘broadenifiyy'¢an be obtained by using

Warren’s formula.

From Warren’s formula:

p=1B: -BZ (C.2)

where B, = The measured peak width in radians at half peak height.
Bs= The corresponding width of the standard material.
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Example: Calculation of the crystallite size 0fAl 03

The half-height width of peak = 1.87° (from the figure C.1)
= (1.87xt)/180
= 0.0326 adian

20 = 66.98
0 = 33.49

4 rr'l

4
The crgtallite size = 0.9 x 1.5418
:0:032c0s 33.49

AUL INNINENT
AN TUNNIINGA Y



95

20 =649

Intensity (a.u.)

, F e ' L
Figure C.1 The measured peak gfAlo0s to calculate the crystallite size.
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Figure C.2 The plot ind ’\\\ adening due to the equipment. The

data were obtained by

Bs(radian)
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APPENDIX D

CALCULATION OF THE ACIDITY

Calculation of total acid sites

For example, Co/Al,O3, total acid sites is calculated from the following step.

1. Conversion of total peak

Conversion fact(

ml/area unit. Therefore, t

Total ! : ~ X total peak area

2. Calculation for adsorbed volu : —:-
J" '.:"’ "'..-"‘

Ads 7;{:77 of 15% NI :‘ 0.15 x total area peak
m 7 0.15x 152891 ml
2.2934 ml

o ntsto uﬂ?]'!’] eI

fo lowmg equation

ARIINTN WAANENAY..

Total acid sites =

3 Pa-ml

8.314x10"
K - umol

] x 298 K x (weight of catalyst, g)

For Co/Al,O3 sample, 0.1003 g of this one was measured, therefore
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2.2933 ml x101.325 Pa
Pa-ml
K - umol

Total acid sites =

[8.314x10'3 ) x 298K x0.1003 g

935 umol H'/g
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APPENDIX E

CALCULATION FOR TOTAL H, CHEMISORPTION

Calcution of the total H, chemisorption and metal dispersion of the catalyst, a

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

Let the weight of catalyst use g

Integral area of Hj peak af unit
Integral area of 45 pl of s unit
Amounts of H, adsorbe unit
Volume of H, adsorbe , | 45x%[(B—A)/B] ul
Volume of 1 mole of H #220) pl

Mole of H, adsorbed on 1x[45/28.038] mole
Total H, chemisorption 8.038] x[1/W]mole/g of catalyst

]

X
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APPENDIX F

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

The VZ10 co with'a g phy equipped with a flame

ionization detector, Shi el 14B. e concentration of products

ﬂ‘NB’JWElWﬁWﬂ']ﬂ‘i
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Table F.1 Conditions use in Shimadzu modal GC-8A and GC-14B.

Parameters Condition
Shimadzu GC-8A Shimadzu GC-14B
Width 5 5
Slope 50 50
Drift 0 0
Min. area 10
T.DBL 0
Stop time 60
Atten
Speed 2
Method 41
Format 1
SPL.WT 100

ISWT

AULINENINYINT
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Mole of methane
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950000

Mole of ethylene
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8.00E-0
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0.00E+00 -
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Figure F.2 The calibration curve of ethylene.



103

Mole of ethane

1.00E-07
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5.00E-08
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Figure F.3 The calibration curve of ethane.

Mole of propane
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Figure F.4 The calibration curve of propane.
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Figure F.5 The calibration cutve of propylene.
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Figure F.6 The calibration curve of butane.
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Figure F.7 The calibrati f b '
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APPENDIX G

CALCULATION OF CO CONVERSION, REACTION RATE AND
SELECTIVITY

The catalyst performance for the CO hydrogenation was evaluated in term of
activity for CO conversion, reaction rate and selectivity.
CO conversion is defined as moles of €O converted with respect to CO in
feed:
100 x[mole of COin feed — mole of COin product]

CO conversion (%) = wolcof- COin feed (1)

Reaction rate was caletilated from CO conversion that is as follows:

Let the weight of catalystaised _ = A\ g
Flow rate of CO =l 2 cc/min
Reaction time : = : 60 min
Weight of CH, = 14 .
Volume of 1 mole of gas at 1 atm = 22400 cc

% eonversionof COx60x14x2

i
W % 22400 i

Reaction rate (g CH,/g of catalyst.h) =

Selectivitysof product is defined-as mole of;preduct(B) formed-with respect to mole

of CO converted:

Selectivity of B (%) = 100x[moleof B formed / mole of total products] (ii1)

Where B is product, mole of B can be measured employing the calibration

curve of products such as methane, ethane, ethylene, propane, propylene and butane

mole of CHy = (area of CH,4 peak from integrator plot on GC-14B) x 8 x 10" (iv)
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