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CHAPTER I

INTRODUCFION

o

The Fischer-Tropsch(FT) synthesis was successfully carried out for future
alternative resource Instead 0f.coal or crude oil. There are many active metals that can
be used for hydrogenation. of carbon_ monoxide (CO) to hydrocarbon such as
ruthenium (Ru), ien (Fg), cabalt (Co), palladium (Pd), and etc. For example, cobalt
and iron are the metals which used in tﬁe ?“hdustry for hydrocarbon synthesis. Even
though the cobalt catalysis are mare e3<'pen_sive, but they are more resistant to
deactivation than iren metals [1]. Suppori‘edfcobalt catalysts have been extensively
investigated with many inorganic supports fb_r_ye;ars, such as SiO; [2], AlLO;3 [3], TiO;
[4]. Supported cobalt catalysts, which are tHe m-ost popular FT catalysts, have been
used as catalyst for FT Synthesis for many years as results of their high catalytic
activity and selectivity, low water-gas shift Q\NGS) activity, and comparatively low
price [5, 6]. CO and H, (syngas) have been econverted to paraffinic or long chain
hydrocarbon through hydrogenation reaction. In fact, the Interaction between cobalt
oxide species'ant supports has an important role on dispersion'of cobalt oxide species
[7]. Addition of small amount of noble metals resulted in better performance of
supported cobalt-catalysts [7-9]. Noble metal with being ®easily reducible used as
promoters, such as Pt, Pd, Re, and Ru have heen investigated for the supported cobalt
catalysts | in; order 'to shift the reduction™temperatures of cobaltyoxide species
interacting with ‘the support to "lower temperatures [8-9]. The presence of Ru in
supported cobalt catalysts also enhanced the turnoversrate and Co site density during
reaction, which was described by Iglesia etal. [10].

As Known, the" catalytic performance is usually enhanced by addition a
promoter such as noble metal. Promotion with oxides has been one of the methods to
improve the activity and hydrocarbon selectivity of FT catalysts. Among the oxide

promoters, ZrO,, La,03, MnO, and CeO, have been most often employed. Addition of



oxide promoters could modify the catalyst texture and porosity, increase cobalt
dispersion, reducibility, and fraction of different cobalt metal crystalline phases,
enhance mechanical and attrition resistance of cobalt FT catalysts, and improve the
chemical stability of the support [1]. They also found that promotion with zirconia
results in higher activity in FT reaction rates [1, 8]. Besides the catalytic phase and
promoter, a support could play-an important rele.en the catalytic performance.

TiO, is a great material becalSe it canusein many applications such as
photocatalysis, support, pigment; UV absorber, O, sensor and coating films. In this
study, titania wassused as‘a support of Co catalyst for CO hydrogenation. Titania-
supported Co catalysts have been report'ed to be more active for CO hydrogenation
than cobalt catalysts supported on other supports i.e. Al;Os, SIO;, etc [11].

On account of a significani-development in nanotechnology in the recent
years, many inorgani€ nanomaterials havér brought much attention to the research in
this field. Theseinorganic: nanomaterials can be potentially used as outstanding
catalytic supports due to théir unlque propertles great thermal and mechanical
stability. -‘*—'

In the present work, the propertles of c’gbalt as a catalytic phase for CO
hydrogenation reaction dlspersed on Ru- modlfled and Zr-modified nano-TiO, were
investigated. The samples were prepared and characterlzed hy several techniques,
such as BET, XRB=SEMIEDX—FEM—IPR~CO-chemisorption, and XPS. The
reaction study 0f CO hydrogenation was carried out in orderto measure activity and

product selectivity under methanation condition.
Thesstudywas scoped as follovus:

1" Preparation of the TiO; supports via sol-gel method (water: alkoxide molar
reticiin'the range of 4=165).

2. Characterization’of the crystallite 'size of {TiQ, supports by using.X-ray
diffraction (XRD), BET surface area.

3. Preparation of modified-TiO, supports with 0.02 wt% Ru or 0.3 wt% Zr

using the incipient wetness impregnation method.



4. Preparation of supported Co catalyst on the modified-TiO, supports (20
wt% Co) using the incipient wetness impregnation method.
5. Characterization of the catalyst samples using BET surface area, X-ray

diffraction (XRD), temperature eduction (TPR), CO chemisorption
scanning electron micros dispersive X-ray spectroscopy
(EDX), transmission CO chemisorption and X-ray

6. Investiga ithe” ca 1\,‘_\; TiO, catalyst in the
hydrogenation of. N_iino 2 (C H'““* : nd a H,/CO ratio of 10

ﬂ‘lJEl’WlEW]'ﬁWEI']ﬂ‘i
ama\aﬂimumqwmaﬂ



CHAPTER Il

LITERATUREREVIEWS

o

This chapter reviews the work about titania supported Co catalyst that is also
of great interest in thesfield+of heterogeneous catalysis while it has been used for
catalytic application. J#Fhe slast ‘section of this review shows a few research

investigations abeut the addition of noble metal on supported cobalt catalyst.

2.1. Titania supported Co Catalysts "H. 5

The strong metal support interaction (SMS1) between the titania support and
Co metal is used to determined-the cobélt{dispersion and reduction behavior of
Co/TiO, catalyst. The synthgsis of highly diéﬁeiéﬁd cobalt on TiO, support requires
the strong interaction between cobalt and suppﬁr}:. However, too strong interaction can
produce the Co=support combound asa suboxi'de-qat f;m interface that is high resistant
to reduction. AClive-siies-in-Cobali-catalysi-were-found-in-many directions such as
unsupported metallic cobalt and cobalt monocrystals were -active, for large cobalt
metal particles thelreaction rate is proportional to the number of cobalt surface sites
[7]. In addition, the active cobalt metallic phases, a working FT catalyst, could
contain~several ether cobalt ;speciesiicobalt-carhide; cobalt oxides;~cobalt support
mixed. compeunds, etc. These Species are. prabably. not directly involved in FT
synthesis.” Cobalt carbide formation seems to be related to a deactivation process.
Qxidized, cobalt species €030y, ICeO,] etcy) doy noty catalyzey FT-synthesisieither.
Oxidation oft cobalt metallic species during the reaction leads to.catalyst.deactivation
and reduces FT reaction rates. At the same time, cobalt oxidized species could
probably affect the rate of several side and secondary reactions, such as water-gas

shift, olefin isomerization, reinsertion, and hydrogenolysis [1].



In many recent years, titania-supported Co catalysts have been widely studied
by many authors, especially for the application of FT in a continuous stirred tank
reactor (CSTR) [12]. The anatase:rutile phase of titania can affect to the catalytic
activity of Co/TiO, catalyst. The formerly study reported that both activity and
selectivity of CO hydrogenation reaction were.altered by changing the rutile:anatase
ratios in the titania support (B. jongsomjit et"al*2005). The activity of a Co/y-Al,03
catalyst could affect by addition of CO auring H, reduction results in increasing both
Co reducibility and dispersion (B. Jongsomjit and J.G. Goodwin, 2002).

Co supposireompoeund.formation (Ce-SCF) was found to lower activity of the
Co catalyst. In addition, Co-SCF was found during standard reduction resulting in a
lower reducibility of the Go catalyst and it'is non-reducible at temperature < 800°C
during TRP diffegence from CoTiOs {13}~

Type of supported also “affect to ",thef"phase composition and interaction of
cabalt with support. The study of type '(d'f supported cobalt catalyst (CoO,/SiO.,
C00,/TiO, and CoOgAlLOs) has been sturd-i'r'f-:d.f ‘From the result, it showed that the
interaction of cobalt oxide with SUpports was fmuch stronger in the kinds of Al,O5 and
TiO,, while no conclusive evidence of any i’jﬁggr:a]e'jtion was found for SiO; [14]. The
support interactions on the feduetion of cob,aj.t; gxide species were observed in the
order Al,Oz > TiOs> SiO,. Besides, the amouﬁts of cobalt metal loading also affect
the reducibility by decreasing interactions with the support [9]

Co/TiO; -also use as catalyst for dry reforming of -methane for generating

synthesis gas and is related to the generation of fuel for fuel cells [15].

2.2. Nanocrystalline anatase titania

Sol-gel methadyis~widely used to.prepare snanosized TiOs, the precipitated
powders ‘obtained are amorphous in ‘nature and further change-to crystallization by
heat treatment. Nanocrystalline anatase titania can be producted by changing the
chemical of the system. The crystal structure, size, shape, and organisation of TiO,
nanocrystals can be controlled by adjusting the relative concentrations of TTIP

(titanium tetraisopropoxide) and Me;NOH (tetramethylammonium hydroxide), the



reaction temperature, and the pressure. They found that antase-TiO, nanocrystals with
12 nm particle size were produced by using TTIP: Me;NOH = 1.14:0.82 molar ratio.
It have been reported that the TiO, particle size depends on the peptisation
temperature. The higher peptisation temperature results in breaking the agglomerates
during peptisation [16]. Besides, the crystallite size of TiO, obtained from other
method such as solvothermal method could be“controlied by regulating precursor
composition, reaction temperature, solvent property, and aging time. There many
study about the effect of crystallite size of TiO,. The larger TiO; crystallite size, the
increasing surfacesdefect.(Ti°-) which that resulted in higher photocatalytic activity
[17]. The crystal size of TiO; increased from 4 to 85 nm as the calcination
temperature was increased o 700 °C {18]. The amount of surface defect (Ti**) found
to increase with increasing crystallite sizerof TiO,. The photocatalytic activity also

increases too [19].

2.3. Addition of noble metal on Co catalys"féi -
.1__-'

Numerous studies have shown that introduction of a noble metal (Ru, Rh, Pt,
and Pd) has asstrong impact on the structure'ah—d dispersion of cobalt species, FT
reaction rates, .ané-selecitvities-—Fhe-promeoting-meiat-is=iypically introduced via
co-impregnation_or subsequent impregnation. Introduction of noble metals could
result in the following phenomena: much easier reduction of cobalt oxide particles,
formation of bimetallic particles and alloys, a lower fraction of barely reducible
mixedsoxides, flenhancement; in cobalt dispersion, linhibitiormyofccatalyst deactivation,
appearance of additional sites of hydragen activation, and an increasé'in the intrinsic
reactivity of surface sites [1].

Manyauthorsthave obsernved mucheasierreduction of gobalt"oxides to active
metal cobalt phases in the presence’of noble metals. H.F.J. \an’t Blik ‘et al.'[20]
showed that co-impregnation of silica with solutions of cobalt nitrate and ruthenium
chloride resulted in bimetallic particles, which could be reduced at much lower
temperatures than the parent Co/SiO,. K. Takeuchi et al. [21] showed that

modification with ruthenium of cobalt silica-supported catalysts prepared from cobalt



acetate considerably increased the extent of cobalt reduction and its activity in the
synthesis of C,-oxygenates from syngas. The positive effect of ruthenium on cobalt
reducibility was also observed by M. Reinikainen et al. [22]. K. Okabe et al. [2]
showed that addition of iridium considerably ingreased cobalt reducibility.

A significant effect of promotion with.nobie metals on the number of cobalt
metal sites was observed on alumina-supported.eatalysts. In fact, significant shifts of
cobalt oxide reduction temperature to lower values have been observed with Pt and
Ru addition [3, 23]. It was.suggested that Pt was situated on the edge of the cluster
and that reductioneccurred on Pt first, allowing hydrogen to spill over to cobalt oxide
and nucleate cobalt.metal sites [24]. N. Tsubaki et al. [8] found that addition of small
amount of Ru to cobalt catalysts remarkably increased the extent of cobalt reduction,
whereas modification with Pt and Pd-did-net have any effect on cobalt reducibility.Pt
and Pd were found to jpromote mostlj. cobalt dispersion. The cobalt catalysts
promoted with noble metals displayed the following order of FT catalytic activity:
CoRu > CoPd > CoPt >/ Cd. Pd- and Pt-&bn:['éining samples also showed higher
methane selectivity than Co and CoRu sarﬁp"lwes., The effect of promotion with Re on
cobalt reducibility is usually.1ess significant ﬁa-n’.-\'/vith platinum and ruthenium. It is
known that reduction of Co3O. to.metallic cpbél_t proceeds via intermediate formation
of CoO. It wasisuggested that Re affected only' tf\é second redugtion step: CoO to Co
[9, 25]. This Was-atirtbtiea-io-ifie-faci-thai-reduction-0i-Re 0ccurred above the
temperature of Ca30, to CoO reduction.

E. Iglesia et al. [10] have reported that addition of small amounts of Ru to a
Co/TiO; FT catalyst led to an increase in Co site density during reaction without
modifying the [chemical*reactivity: of theexposediCorsurface atomsThe addition of
promoters such as.rhenium, hafnium, cerium, or zir¢onium ta the Co/TiO, catalyst
could prevent the formation of titanate (CoTiOs). Titanate, which is occurs from
cohalt .oxide*(Co40,)react:with=TiO3; hastbeenreportedithat is verysstable andjdoes
not have any KT activity. The presence of Ru caused an increased reduction of surface
Co in a Co/TiO, catalyst. They also found that the CoRu catalyst was more active for
the FT reaction than the Co catalyst. It has also been reported that the addition of Re
or Ru to a Co/TiO, system improved the catalyst activity and selectivity for the FT

reaction. The noble metal promoted the reduction of Co oxide in the Co/TiO; catalyst



[26]. Jongsomjit et al. [27] have reported that Co-support compound formation
(Co-SCF) in Co/TiO; was found during standard reduction resulting in a lower
reducibility of the catalyst. Co-FSP is considered to be non-reducible at temperature
< 800°C during TPR and difference from CoTiOs. It was also reported Co-SCF in
SiO; [28] and in Al,O3 [5-6,29]. The Co-SCEn Al,O5 could occur during standard
reduction and resulted.in a lower degree of reduction. There also another study in
addition of water has significant effect on the CO €onVersion on Pt promoted Co/TiO,
catalyst (10 wt %) In CSTR30}

Promotionawith zigeonia usually results in higher FT reaction rates; an increase
in C°* selectivity has'been@lso reported. It was claimed that zirconium could enhance
the activity and hydroearbon selectivity of Co/SiO; catalysts. Preimpregnated zirconia
could constitute asprotecting layer, preventing a chemical reaction between silica and
cobalt and thus formation of hardly redlj;cib'ié cobalt silicates. It was claimed that
zirconium couldenhance the actIV|ty and hydrocarbon selectivity of Co/SiO,
catalysts. Preimpregnated zirdonia_could constltute a protecting layer, preventing a
chemical reaction between silica and cobalt’ and thus formation of hardly reducible
cobalt silicates [31]. A. Feller et al. [32] show’ed that modification with zirconia
facilitated reduction of cobalt species. An,l_n_crgage_ in zirconia content resulted in
larger and easily reducible éobalt particles. ‘i’h; reaction rate also increased with
higher zirconia-contentsy=which=was=attributed=to=a=targersconcentration of cobalt
metal sites in the catalysts with a higher extent of reduction. C. Jacobs et al. [9] found
that zirconia addition increased the cobalt dispersion and decreased the reducibility of
cobalt species in alumina-supported FT catalysts. Other study about zirconia-modified
titaniasConsisting of difference phase have been studied by T Wongsalee et al. [33], it
showed that'modification on the pure anatase TiO, resulted in decreased activities. In
contrary, the modification on mixed phase TiO, resulted in increased activities

without effects onselectivity.



CHAPTER Il

This chapte
Synthesis (FTS) whi n'as one i of carbon monoxide (CO)

hydrogenation using ¢ chapter consists of the basic details of

been highly relﬁ to the s and rﬁ‘ive economics. This
synthesis is basi ally the reductive polymerization (oligomerization) of carbon
monoxide by hydro!’eﬂ; form organic produefs containing mainly hydrocarbons and

AR WETH S
E Y. Khodakov et al. [lf‘say that all gretip. VIII metals havé noticeable
QI S R A R
qfollowed by iron, nickel, and cobalt are the most active metals for the hydrogenation
of carbon monoxide. Many studies showed that the molecular average weight of

hydrocarbons produced by FT synthesis decreased in the following sequence: Ru > Fe

> Co > Rh > Ni > Ir > Pt > Pd. Thus, only ruthenium, iron, cobalt, and nickel have
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catalytic characteristics which allow considering them for commercial production.
Nickel catalysts under practical conditions produce too much methane. Ruthenium is
too expensive; moreover, its worldwide reserves are insufficient for large-scale
industry. Cobalt and iron are the metals whi¢h were proposed by Fischer and Tropsch
as the first catalysts for syngas conversion. Both gebalt and iron catalysts have been
used in the industry for hydrocarbon synthesis..€obalt catalysts are more expensive,
but they are more resistant to deactivation. Although the activity at low conversion of
two metals is comparable,.the productivity at higher conversion is more significant
with cobalt catalysts. Watet gencrated b}: FT synthesis slows the reaction rate on iron
to a greater extent than om cobalt catalysts. At relatively low temperatures (473-523
K), chain growth probabilitics of about 0.94 have been reported for cobalt-based
catalysts and about 0.95 for iron .catalysts. The water-gas shift reaction is more
significant on iron than jon ‘cobalt catal";(sts‘; Iron catalysts usually produce more
olefins. Both iron.and cebalt catalysts are Very sens1t1ve to sulfur, which could readily
contaminate them. For iron- based catalysts fhe syngas should not contain more than
0.2 ppm of sulfur. For Co catalysts, the amo'[mt of sulfur in the feed should be much
less than 0.1 ppm. Cobalt c’atalysts supporté't’i'-:o?n’:‘oxide supports are generally more
resistant to attrition than i iron coprempntated counterparts they are more suitable for
use in slurry- -type reactors. Iron catalysts proci:lce hydrocarbons and oxygenated
compounds ufidCr-ditterent-pressures;-H>/EO-rattes-and-tempCratures (up to 613 K).
Cobalt catalysts_operate at a very narrow range of temperatufés and pressures; an
increase in temperature leads to a spectacular increase in methane selectivity. Iron
catalysts seem to be-more appropriate for conversion of biomass-derived syngas to

hydroeatboiis thafi cobalt, systems bécause they ¢an opératerat lower Hy/CO ratios.

By manipulation of the reaction conditions, the process may be designed to
produceheavier saturateddiydrocarbons orlower olefins oroxygenated hvdrocarbons

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
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disadvantage of producing appreciable amounts of methane. Ruthenium enhance the
formation of high molecular weight alkanes and catalyzes polymerization to
polymethane. Other group VIII metals are of low activity. Copper does not catalyze
Fisher-Tropsch synthesis.

The catalyst is usually prepared 'by fiisien or precipitation over a silica,
alumina or kieselguhr support. Small amounts.ef prometers such as alkaly metal or
copper salts are included in the catalj;tic mix. Copper is believe to facilitate the
reduction of the catalyst, alkali metal salt, particularly K>0, enhance activity and
olefins selectivityaThe support increased the surface area of the catalyst metal thus
extremely increasing'in dispesion,

Sulfur compounds generally-poisen the catalyst and they must be removed
from the synthesis gas feed stream. Ho.{?/e\;ér, partial sulfur poisoning may have
favorable effects. Thus, it has been found that deliberate slight sulfur poisoning of the
iron/manganese catalyst enharices {selectiviti/ t:) shot chain olefins.

A

Three main types of feactors are ciriéﬂfly in use in the Fischer-Tropsch
processes: Fixed-bed, fluidized-bed and slur;:}_ ‘bed reactors. Fixed-bed reactors are
usually tubulary.each tube ha;/ing 50 mm ID a-nc-iql2-m length /A single reactor may
contain as many-as-2000-such-tubes—timdized-bed-reactors-provide for better heat
transfer and continuous regeneration of the catalyst. The catalyst used in fluidized-
bed reactors must have high physical stability. SASOL (in Sought Africa), uses
fluidized-bed reactors 46 m high, 230 cm in diameter with reaction temperature of
320-360°C (and pressure; I the slutry=bed.reactors the feed'gas'is bibbled through a
suspension of finely divided catalyst |patticles. It has the advaatage of good

temperature control thus providing greater flexibility of reaction conditions.

Eachitype of reactot is better suited for certainfproduct composition. Fixed-bed
reactors, for example, produce high boiling straight-chain hydrocarbons consisting,
typically, of 33% gasoline hydrocarbons (Cs-C;;1), 17% diesel and 40% heavy
paraffins and higher waxes. The gasoline fraction is of low octane value and requires

further treatment (isomerization or blending) before use. Fluidized-bed reactors are
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the best when lighter hydrocarbons are desired. A typical 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 o improve selectivity with respect
to better gasoline grade and/ot.diesel oil chemicals. With the realization of feasible
route of convertingSynthesis gas to industrial intermediates, more stringent conditions
are being imposed on the reaction parame'ters to make the process more selective.

Selectivityiimprovement is seught-with respect to product properties such as
chain length, chain branching, olefin con‘t'pnt}' alcohol content and methane content.
Reaction conditions that partlcularly ehmlnate or minimize carbon deposition are
desirable. In order to achigve and'i 1mprove product selectivity the optimization of the
following reaction parametershas been -investlgated reaction temperature and
pressure, H,/CO ratio, conveision, space Ve“locdy amount and type of promoters,
nature of the catalyst, size of catalyst partl_c'k;_s_f and mode of its deposition, type of

-

support, and type of reactor.

We have_already seen examples of how the choice of the metal catalyst and
support affects the product distribution. The cffect of the choice of the reactor type on

the nature of the reaction products has also been demonstrated.

Selectivity.to oléfins may be enhanced by addition of promotérs such as K,O,
Ti, Mn ot V. Selectivity of greater.than 70% to C,-C,4 olefins at high conyersion rate

has beenvachieved:

The search for selectivity to lower olefins by controlling the chain growth and
inhibiting hydrogenation has been followed in three directions:
(a) The use of highly dispersed catalyst either by improving the method of

deposition or using special dispersing supports.
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(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)

Since the Fi e SC inally in intended for the
production of hydrocarbo the early phases of the
application of the ‘process to'the oxygenated prod d as co-products. With
the search for : 7 0 s - d hydrocarbons, the
possibility of tu e production such as
oxygenates has th a nitrided iron catalyst,
selectivity for al . mayle 8 )% : Rh/Hg/SI0; ¢ st system gave 75%

The Fischer- being the hydrogenative
oligomerization of CO o produce alkanes, alkenes
oxygenated hydrocarb d i-.-' n mechanism must account for the

formation of all products observe mpt at eludicidating the mechanism

of the process*wa ‘inventors of thefriselves, Fischer and

Tropsch. '
¢ )
3.1.1 Th@:rface carbide mecha m

05 i 1138 s L1 vd l

that com be formed from the prgeess. They observed that hydrocarbon formation

ARSI WIIREIAY

followmg steps:
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(i) Initiation:

Note: M- cang’'s .\ ‘ surface atom M. The
hyphen has no implication wi & sp !F— 1" g - ""a e M-X interaction or the
order of the bond. Moreirece 1y1 ha " % ased spectroscopic evidence,
that in order to for an absorbe ind \ TII"'-,* it must be bonded side-on

‘ | 13 |
to the metal, not end-on. e

(B
(if) Propagation
£

(iii) fEermlnatlon

ﬂumw El'ﬂ‘ﬁiﬂ‘l 21173

+ M — RCH,CH; + M

ammnimumwmaa

RCH,CH, — R-CH=CH, + M
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The carbide mechanism has survived the several decades since its
introduction. Several items of evidence arising from recent investigation support this

mechanism e.g.

(b) Dec

over Co, Fe and R

1 the presence of H,

S W ith distribution similar

d whe O‘,'Hz- and 12CH2N2 were
reacted under Fischer-Tr¢ onditions is eonsistent with the distribution predicted
based on the carbided mechanism.and incor with other proposed mechanism.
Howe er, a_d hat it does not explain the

formation ofigXygenated products

g

312 Thﬁ/drox . ] |
ﬂﬁmﬂﬂawaWﬂi

QWW‘EM YN

H\/OH H\/OH

C C
l l H I I
M + M —_—
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(ii) Propergation:

H.  OH H_ OH
A4 A4

i | i¥ |
S ains th on of alkanes, and olefins as well
as ox at ca m % precl the diss cﬂm CO, which is

not conﬂtent with many experimental observations.

ANINBFARAINE A Y

(i) initiation :
The initiation of active species is similar to that of the carbide mechanism

although the mechanism of its formation is different.
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insertion.

¥ )

dF

AUTTMENI NGNS

ARNENSATTTI N4

RCH=CH, + M
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Normally, catalysts used for FTS are group VIII metals. By 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.

The current main goal in FTS is to obtain high molecular weight, straight
chain hydrocarbons.” However, methane and other light hydrocarbons are always
present as less desirable products from the synthesis. According to the Anderson-
Schulz-Flory (ASE) product distribution, typically 10 to 20% of products from the
synthesis are usually lightthydrocarbon ('Cl—C4). These light alkanes have low boiling
points and exist in the ga§ phase at room temperature, which is inconvenient for
transportation. Many atferupts have been'made to minimize these by-products and
increase the yield of long chain liguid i}yd}bcarbons by improving chain growth
probability. It weuld be more efficient fo be able to convert these less desirable
products into more useful fofms{, tather ({;I;anf:re-reforming them into syngas and
recycling them. Depending upon the typ'e"{df catalyst used, promoters, reaction
conditions (pressure, temperature and Hz/i(ézﬁtios), and type of reactors, the
distribution of the molecular weight of the _h;/qtgqaybon products can be noticeably

varied.

3.2 Titanium (1) Oxide [34]

Titanium (IV.) oXide.occurs naturally.in three crystalline forms:

1./ Rutile, ‘whichgtends to more stable at high temperatures. Jhe application
of almost rutile type is used in industrial products such as paints, cosmetics foodstuffs
and.sometimes found_ in igneous. rocks.

2./ Anatase, which tends to be more stable at-lower temperatures. This| type
generally shows a higher photoactivity than other types of titanium dioxide.

3. Brookite, which is usually found only in minerals and has a structure

belonging to orthorhombic crystal system.
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Table 3.1 Crystallographic properties of anatase, brookite, and rutile.

Properties Anatase Brookite Rutile

Crystal structure Orthorhombic Tetragonal

Optical iaxial, positive Uniaxial,
negative
Density, g/cm’ 4.23
Harness, Mohs scale 77,
Unit cell D;h'*3TiO,
Dimension, nm
0.4584
b
c ’ /f T3 SR 2.953
Both of ruti -e‘ NG ..* pe hay ture belonging to tetragonal crystal
system but they are not ison C & _)‘!1 o tetragonal crystal types
. : A

are more common beca to make. atase occurs usually in
L ]

near-regular octahedra “_ i o1 end prismatic crystal, which

are frequently twinned. Rutile ally stable form and is one of the two most

The threg all i X -"v?_;‘ orepared artificially
but only rutile, tﬂhe na stained @he form of transparent
large single crys' The transformation form anatase to rutil¢ is accompanied by the

evolution of ca. 12 I‘lﬂmol (3.01 kcal/mol);'but the rate of transformation is greatly

affect ﬁture an &} % 3 % Elgu’b%aﬂ v%ch may either

catalyzm)f inhibit the reaction. lowest temperature at which conversion

of anatase to rutile takes place a‘ a measurable rafé.is ca. 700°C, but'this is not

QTR D RN Lo

fto rutile is always negative.
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Figure 2.1 Cry als Hctufes'o; apa.tase(gjf

"

—

Brookité has ibeer pduced.r by

prepared from an lk ti ates,.o,f
hydroxide in an autoclave at 200 o

m (D&’.&side.l‘
dﬁﬁ'@—?ﬂ spect_' 1etry

—

commercial forms of tita

be distinguished by X-r.

¥ :|."" e
Since both anatase aﬁ'd rutlha arfe tetrago ﬁ |, they are both anisotropic, and

the direction relative

their phys1caL'p perties, e.g. refractive ind
to the crystal -més In most apphcatlonw ‘the'distinction between
crystallographic f&'ectlon is lost because om orieffftion of large numbers

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

A8 IR T e

are tak&] into account, may be made of both natural and synthetic rutile, natural

Ok R ai At L I IR I ﬁioziiardzz

“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
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direction 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 dioxide s thermal 1855°C) and very resistant
to chemical attack. Whe it is vacuum, there is a slight
loss of oxygen corrc ding t0 a chang o TiOj97. The product is

dark blue but reve €.origing ite co d in air.

1aving atomic number 27, is

Cobalt a o{ d expended from use colorants in

glasses and ground coat fti g agents in paints and lacquers,

e o

T e

animal and huma lectroplating ma h, ten rature alloys, hard
facing alloys, Thig "'""!"":"':""?“_-‘_—"ﬁ":: prosthetics, and used

in radiology. Coba cfining from crude oil for
the synthesis of ting fuel. - .w

FTUﬁ”J“W’IW]‘ﬁWH’]ﬂ‘i

The electronic structlge of cobalt is [Ar] 3d74s*. At room %perature

o TR SRk L VAT AELS

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 3.2.
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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 me l LY I) oxide, C0,03, may be formed at
temperatures below 300 N \bo 4 decomposes and both layers,

although of differen ppearanc only. Scales formed below

600°C and above MCoohng, whereas those
produced at 60% rface.
_ B _‘*-» :

plexes of industrial
importance. Cobalt, af ufidhe is hree members of the first
=T 7 otopes, but only three
isotope; “°Co has a half-

7Co has a 270-d half-

are significant:
life of 5.3 years

life and provides the

lance states for the major of its

compounds and complexes Wﬁmml
but few stalq}g:iimple salt are known.

common for

xes of the cobalt (III) ion exists,

istries are the most

I) forms numerous

simple compoui hedral or tetrahedral in

nature; cobalt (L)' forms more tetrahedral complex than other transition-metal ions.

Because of the sgla&stability differenc&})etween octahedral and tetrahedral

(0P W A A e
Typic It It and lexes a o'br h red; most of
the tetrahedral Co (II) species are blue.

ammnmummmaa



Table 3.2 Physical properties of cobalt [37]

Property Value
atomic number 27
atomic weight 58.93

transformation tempera fure, .
heat of tfanSfOrr?atlo/ .
melting point,

latent heat of fusi
boiling point, , °C

latent heat of v ‘

specific heat, J/(g
15-100°C
molten meta

coefficient of thermale

T
0 f
*

Curie temperature

ﬁﬂﬁﬂﬁ%ﬂﬂﬁﬂﬂﬁﬁi
ammnifuummmaa

coercwe force, A/m

resistivity, at 20 10°°

Young’s modulus, Gpac 211
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Table 3.2 Physical properties of cobalt (cont.)

Property

Hardness', diamond pyr

% | 99.9 99.98°

At20°C e )5 253
At300°C , ' 41 145
At600°C " ' 43
At900° 17
strength of 99.99 sintered
tensile 679
tensile yield 302

compressive

compressive yield

®To convert J to cal, divided
® conductivity = 27.6 % Standard.
“To convert T to gauss, mult '.-f."
4To convert GPa to psi , niu Lp{_; 14 .,‘.i‘!-;'

'Vickers. V ' 7 _ r‘

¢To convert MPm psi, -m

3.3.3 Cobalt Oxides

AL INENINGIN

e e/

¢
Q 1q "] aqﬂ ﬂoiem;ﬂﬂﬂ&] gran%") - r{r;tl ‘Efn-al.
qubalt (1) oxide 1s the final product formed when the carbonate or the other oxides

are calcined to a sufficiently high temperature, preferably in a neutral or slightly

¢ Zone refined..

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



25

about 850°C, cobalt (II) oxide form is the stable oxide. The product of commerce is
usually dark gray and contains 75-78 wt % cobalt. Cobalt (II) oxide is soluble in
water, ammonia solution, and organic solvents, but dissolves in strong mineral acids.
It is used in glass decorating and coloring and is a precursor for the production of

cobalt chemical.

Cobalt (IIT) oxide, Co,0s3, 1§ form when cobalt compounds are heated at a
low temperature in the presenceof an excess of air. Some authorities told that cobalt
(IIT) oxide exists.only in the hydrate form. The lower hydrate may be made as a black
power by oxidizingmeutral cobalt solutions with substances like sodium hypochlorite.
Co0,0; or Co,03. HyOui8 completely convé_rted to Co30, at temperatures above 265°C.
Co0304 will absorbroxygen in a sufficient.quantity to correspond to the higher oxide

C0203.

3

)

Cobalt oxide, COQOA{, 1S form:egl- v;/hen cobalt compounds, such as the
[

cabonate or the hydrated sesquioxide, are heated in air at temperatures above

approximately 265°C and notexcéeding 800°C,

3.4 Co-based Catalysis

Supported cobalt (CO) catalysts are the preferred catalysts for the synthesis of
heavy hydrocarbons. from natural gas based syngas (CO and H,) because of their high
Fischer-Tropsch ((FT)~activity, highiiseleetivity for/lineary hydroearbons and low
activity for the€ water-gas shift reaction. It 1§ known that reduced cobalt metal, rather
than its ‘oxides or carbides, is the most active phase for CO hydrogenation in such
catalystsy Investigations havesbeen done to determineithe nature bf'cobaltispecies 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 [38].
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3.5 Sol-gel method

Basically, the sol-gel process means the synthesis of an inorganic network by
chemical reactions in solution at low temperature. The most obvious feature of this
reaction is the transition from liquid (solution or colloidal solution) into solid
(di-ormultiplasic gel) leading to the expression “sel-gel process”. Nevertheless, this
type of reaction is not necessarily restricted t0_anaqueous system; although reactions
in aqueous solution have been know for a very long time. Any precursor, which is
able to form reactive “inorganic” monomers or oligomers can be used for sol-gel
techniques. It is vety difficult.fo foresight type of precursor to be used for a specific
aim. The reactivity of theprecursor doeg not only depend on its chemical nature but
also on the applied reaction gonditions. Even finely divided silica particles can be
peptisized and used for preparation-of sels. However, it i1s necessary to generate
appropriate surface gharges in order to p:fi_pvéilt coagulation and precipitation. Most
work in the sol-gel has been done by usmg alk0x1des as precursors. Alkoxide provide
a convenient source for 1n0rgamc monomers Wh]Ch in most cases are soluble in
common solvents. Another advantage of thé alk0x1de route is possibility to control
rate by controlling hydrolysis and condensatioh bﬂe chemical means, not by surface or
colloid chemistry. In the case ofa few metals it mlght not be convenient to use
alkoxides due*to their unavallablllty and/or d1fﬁcult1es in /Synthesis, alternative
precursors may. have-to-be-employed-ietal-salts-provide-aviablC alterative, because
of the advantage in their solubity in organic solvents from the initial stage or during
the sol-gel processing. However, carc has to be exercised to choose such precursors
since they can be converted easily to oxide by thermal or oxidative decomposition.
Among thelinorganic jSalts; imetal nitrates 4re probably the"best'candidates as other
salts such assulfate orichloride are more thermally stable and therefore, it may be

difficult to remove the anionic portien effectively from the final ceramic product.

Sol-gel preparation’is widely used in glass and ceramic industries.as well as in
catalyst preparation [35]. There are many routes of sol-gel preparation starting with
different precursors such as inorganic salt or metal alkoxide. Sol, which is suspension
of nanosized or micron-sized solid particles in liquid, can be obtained by hydrolysis

and partial condensation of the precursor. Further condensation of sol particles result
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in three-dimensional network called gel, which is a diphasic material with solids
encapsulating solvent. Alternatively, gel can be produced by destabilizing the solution
of preformed sols. Operation at low temperature is the major advantage of this
method. Furthermore, the obtained products are uniform. Sol-gel processing offers a
number of advantages such as high purity. high degree of homogeneity, well-define
nanostructure, excellent chemical homogeneity.and the possibility of deriving unique

metastable structures at low reaction ten‘fperature [39].

These mgthods are used /for the synthesis of thin films, powders, and
membranes. Two _gypes sare: known: %he non-alkoxide and the alkoxide route.
Depending on the synthetic fapproach used, oxides with different physical and
chemical propertigs may be ©Obtained. Thesol-gel method has many advantages over
other fabrication techniques such as puri%y, homogeneity, felicity, and flexibility in
introducing dopants in large concentrations, st01ch10rnetry control, ease of processing,
control over the composition, and the ab111ty to coat large and complex areas. The
non-alkoxide route uses inorganic salts {such as nitrates, chlorides, acetates,
carbonates, acetylacetonates,’ -€tc.), which requfres an additional removal of the
inorganic anion; while the alkoxide route (the most employed) uses metal alkoxides as
starting material. This method involves the formatlon of a"TiO, sol or gel or
precipitation by hydrelysis-and-condensation-(with-pelymer formation) of titanium
alkoxides. In order, to exhibit better control over the evolution of the microstructure, it
is desirable to separate and temper the steps of hydrolysis and condensation. In order
to achieve this goal, several approaches were adopted. One of them is alkoxide
modificationt by feomplexation with [eoordination Jagents/Such “assCarboxylates, or

b-diketonates‘that.hydrolyze slower than alkéxide ligands.

Additionally «“thespreferred [Codrdination, mode’ of theseligands fcan be
exploited to. control  the evolution of ‘the structure.iIn general, b-diketone ligands
predominately form metal chelates which can capthe surface of the structure.
Carboxylate ligands have a strong tendency to bridge metal centers, being likely to
become trapped in the bulk of materials and on the surface of the particle. Acid—base

catalysis can also be used to enable separation of hydrolysis and condensation steps. It
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has been demonstrated that acid catalysis increases hydrolysis rates and ultimately
crystalline powders are formed from fully hydrolyzed precursors. Base catalysis is
thought to promote condensation with the result that amorphous powders are obtained
containing unhydrolyzed alkoxide ligands. On the other hand, acetic acid may be used
in order to initiate hydrolysis via an esterification reaction, and alcoholic sols
prepared from titanium alkoxide using amino alechols have been shown to stabilize
the sol, reducing or preventing the condensation and the precipitation of titania. These
reactions are followed by.a‘thermal treatment (450-600 °C) to remove the organic
part and to crystallize cither anatase of rutile T105. Recent variants of the sol-gel
method lowered the necessary tempera.ture to less than 100 °C. The calcinations
process will inevitably cause a decline in Surface area (due to sintering and crystal
growth), loss ofysurfage hydroxyl“groups; and even induce phase transformation.
Washing steps have/been also réported t(li,- catise surface modifications. Cleaning of
particles is usually achieved by washing'.‘t-hfe surface with a solvent, followed by
centrifugation. The sglvent can. affect the cﬁé%lli;al composition and crystallization. It
was also reported that particle washing coull(f’_ >‘a_ffec_t the surface charge of the particles
by bonding onto the surface<An alternative Mh'll-r‘lg technique is to dialyze particles
against double-distilled water, . which could:bf:_;a_n_ effective method of removing
soluble impurities without introducing new slz;e(-:ies.

As titaniuin sources, Ti(O-E)s , Ti(i-OP)4, and Ti(O-nBu)4 are most commonly
used. The sol-gel'method has been widely studied particularly for multicomponent
oxides where intimate_mixing is required.to, form a homogeneous phase at the
molecuilar level. Thus,/metal ions such as Caz+, Sr2+, Ba2+, Cu2+, Fe3+, v, Cr3+, Mn2+,
Pt*", Co?t, Ni¥, Pb¥, W', Zn®" 'Ag", Au’", Zr*", La’Tsand Bu™ weréintroduced into
TiO, powders and films by this method and the photocatalytic activity was improved
to! Lvarying. ‘extent’s Most “nanocrystalline-TiOp# (nc=ThO0,) particlés | that are

commercially obtainable are synthesized using sol-gelsmethods:

Very recently, sol-gel and templating synthetic methods were applied to
prepare very large surface area titania phases, which exhibit a mesoporous structure.

Ionic and neutral surfactants have been successfully employed as templates to prepare
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mesoporous TiO,. Block copolymers can also be used as templates to direct formation
of mesoporous TiO,. In addition, many non-surfactant organic compounds have been

used as pore formers such as diolates and glycerine. Sol-gel methods coupled with

hydrothermal routes for mesoporou \ ’ 3 lead to large surface area even after

heating at temperatures up fc his j > explained as follows: generally,
mesopores collapse d ing calcination due fo-efystallization of the wall. When a

hydrothermal trea morphous powders, the

obtained powders can ¢ {vely sustain al s during calcination and

prevent the mesopo

ﬂ‘L!El’J'VIW]‘iWEI”Iﬂ‘i
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CHAPTER IV

work which is divide (0 _three parts iwt preparation, catalyst

) hydrogenation.

The first pa ion4.1° s described ca a | paration such as cobalt on
and' unn | nt crystallite sizes. The
d part (section 4.2) is

explained catalyst characerizati I, . ' niques including of BET surface

area, TPR, XRD,'S r. emisorption and XPS. Finally, the last

part (section 4.3) is ill gqt Vity mashI ent in CO hydrogenation.
J;Jf; g 3

#.-m, -r,.-i o

4.1 Catalyst preparatlon A _,i:"j.! A

e

4.1.1 ‘#r—-— J

Thﬂtails of chemicals used in this experimenme shown in Table 4.1.
Table 4.1 Chemicali-uﬂ in the preparation ﬂffatalysts.

VIV W
Titanium(1\V/) iso oxide ‘ Idrich =

Cobalt ’(w) nitrate hexahydrate 98%+ Aldrich

’Qﬁmﬂ‘ﬂﬂﬁiﬁﬂmﬂ NENAY

erconlum (V) n-propoxide 70wt%

. Aldrich
solution in 1-propanol

Ethanol Merck
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4.1.2 Preparation of the titania supports by sol- gel method [40-41]

Titania precursor will be dissolved in ethanol and then mixed with the
solution of water: alkoxide which has molar ratio in the range of 4 — 165. Then the
precursor solution will be added dropwise .to.the.agueous solution with stirring by
ultrasonic at room temperature. White precipitates'of hydrous oxides will be produced
instantly and the mixture was stirred for at least 2 h. After that, the amorphous
precipitates will "be" separateds from the mother liquor by centrifugation and
redispersed in ethanol five times to minimize particle agglomeration. The resulting
materials will be dried and‘caleined at 45Fb°C inair for 2 h.

4.1.3 Preparatiogh of the modifieqatitania support

; ';. .

A Ruthenium/Zirconium supported ‘cobalt catalyst was prepared by incipient
wetness impregnation method. A desngned amount of ruthenium (111) nitrosyl nitrate /
zirconium (1V) n-propoxide was dissolved: rﬁ‘delonlzed water and then impregnated
into the titania support with' 0.03 wt % Ru or”ﬂ 3 wt% Zr by calculating of the
required amounts of Ru/Zr leading (see Appepd_;_x _A_\): The catalyst was dried at 110°C
for 12 h and calcined in air;ét 500 °C for 4 h 1-"5r Ru modifigation and calcined at
350 °C for 2 h fGr-Zr-modification:

4.1.4 Preparation of the supported cobalt catalysts.

The catalysts'were prepared Dy incipient wetness impregnation with aqueous
solution of cobalt-(11) nitrate hexahydrate. “The' certain’ amount 'of ‘cobalt (20 wt%
loading) will be dissolved de-ionized water and then impregnated into the modified
titanias The/Cobalt solution-is dropped slowly to'the/modifigd-titania Support and then
the catalystiis'dried in the‘oven at'110°C for 12 h. The catalyst'is calcined in-air at
500 °C for 4 h.
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4.1.5 Catalyst Nomenclature

The nomenclature used for the catalyst samples in this study is as follows:

. Co/TiO,_xx nm_Ru

. Co/TiO,_xx nm_Zr

. Co/TiO,_xx nm

Co/TiO,_ xx nm refers to Co/TiO, catalyst using T10, having xx nm of crystallite

size.

Co/TiO,_xx nm_Ru refers to the corresponding ruthenium modified-titania

supported cobalt gatalysishaving different size of titania support.

Co/TiO,_xx nm_Zr refers ta the corresponding zirconium moedified-titania supported

cobalt catalyst havingdifferent size of titania support.

4.2 Catalyst characterization

Various characterization technigues were used in this studied in order to

clarify the catalyst struicture and morphology, and surface compagsition of catalysts.

4.2.1 BET surface area

Surface area measurements were carried out by low temperature nitrogen
adsorption in a Micromeritic' ChemiSarb 2750 'system. Calculations-were performed
on the basis"of the*BET+isotherm:=0.2"grams of 'samplewas ‘loaded into u-shape cell
made from Pyrex and heated in helium to 200°C for.1 h in order to eliminate trace
amount of water "adsorbed-on surface, then'cooled down to room' temperature. The
analysis ‘gas’ consist' of 30%N,"in helium was ‘introduced to~Pyrex ‘cell. "Sample
adsorbed nitrogen at low temperature by dipped cell into liquid nitrogen dewar until
it’s surface was satuated with nitrogen and desorbed nitrogen at room temperature by
moved away the dewar. The nitrogen that was desorbed from sample was measured
by TCD detector.
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4.2.2 X-ray diffraction (XRD)

XRD were performed to deter

ine the bulk crystalline phases of catalyst. It
| ‘ : diffractometer connected with a
computer with Diffract ZT Versi ! .3 progra fully control of the XRD analyzer.
‘ ' 54439 A) radiation with Ni

Technological Reseixch Equipment Center (i}EC) Chulalongkorn University.

UEANEN NN
’Q WAaN mm UBIANBARL.

Mlcrometrltlcs 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 1 h.
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3. After the catalyst sample was cooled down to room temperature, the
carrier gas was 5% H, in Ar (30 CC/min) were ramping from 35 to
800 °C at 10 °C/min.

. A cold trap was place

S8

after the cooled dow ers in a He flow. Gas volumetric

i
chemisorption at 100°C was: perfor

CO was measured using thermal

conductivity detector. Pulsing. _gﬁeuc ,-‘* no further carbon monoxide

o S
I_l

adsorptlon wa s obse

——

4.2.7 X-ray p

XPS was used to examine the binding energy and the surface composition of

R S W s

using thﬂAMICUS “VISION2” so?Nare

ammmmumawmaa
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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 Ho (22 CC/min). The total flow rate was 30
CC/min with the H,/CO _ratie-of 10/1. 7UItra high-purity hydrogen (50 CC/min) and
high purity argon (8 CGimin) manufactured by Thai Industrial Gas Limited (TIG)

were used for reduction.and balanced flow rate.
4.3.2 Apparatus ¥

Flow diagram of €O hydrogenation system Is shown in Figure 4.1. The
system consists of a reactor, an automatic femperature controller, an electrical furnace

and a gas controlling system.

-Ilh

4.3.2.1 Reactar =
i 7.]._'
The reactor ‘was-made from a stainless steel 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 @ magnetic switch connected to a variable
voltage transformer. and a solid-state relay temperature controller model no.
SS2425DZ (eonnected toya thermocouple: «Reactor itemperature-was:measured at the
bottom of the'catalystibed in the reactor:’ The'temperaturé control set point is

adjustable within the range of 0-800°C at the maximum voltage output of 220 volt.

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.
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4.3.2.4 Gas Controlling System
Reactant for the system was each equipped with a pressure regulator and an on-

off valve and the gas flow rates were adjusted by using metering valves.

4.3.2.5 Gas Chromatography.
The composition of hydrecarbons in the produet stieam was analyzed by a Shimadzu
GC14B (VZ10) gas chromatograph equipped with a flame ionization detector. A
Shimadzu GC8A (melecular sieve 5A) gas chromatography equipped with a thermal
conductivity detectorwas used o0 analyze CO and H, In the feed and product streams.

The operating conditions fogeach instrument are shown in the Table 4.2.

Table 4.2 Operating.€ondition for gas chrorﬁétograph

Gas Chromagraph SHIMADXZU{_GC-SA SHIMADZU GC-14B
Detector TCD FID
Column Molecular:sieve 5A VvZ10

- Column material SUS -

- Length 2 n; = _ -

- Outer diameter 4A-mm= ', -

- Inner diameter 3 vt -

- 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/min -
Column gas He (99.999%) Air, H,
Column'gas flow 40 cc/min -
Columnitemperature

- 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;-Cy4
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4.3.3 Procedures

1. Usmg 0.1 g of catalyst pcked in the middle of the stainless steel

2. 2 =22 CC/min and H, = 50
CC/min in a fixed-bed flow reactor."A relatively high H./CO ratio was used to

3. lowing H, at 350 °C for 3

4. and 1 atm total pressure in

at 2 \

5. as “analyze ing ga romatography technique.
[Thermal conductlwty-ete) ! or separation of carbon monoxide
(CO) and methane (CH,) a ;;5,,1 e ppg; ,.é ctor (FID) were used for separation
of light hydr b ' .pr ne (CsHs), etc.] In
all cases, ste , d within 6 i 1;..-l

J

ﬂumwamwmm
Q’Wﬁﬁﬁﬂiﬂmﬁﬂﬂmﬁﬂ
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CHAPTER V

RESULTS AND DISCUSSION

Supported Co_catalysts are preferred for Fischer-Tropsch synthesis. The
catalysts with 20 wi%.Ce'loading were used in this study. This chapter is divided into
three sections: 5.1) the study of ruthenium modified different TiO, crystallite size,
5.2) the study of zirgeniugn modified different TiO, crystallite size. Each section
consists of catalyst s+ characterization *and CO hydrogenation study and
5.3) Comparison beiween'Ruand Zr—modiT!e'd TI0; support in catalytic activity.

For catalyst characterization, the*-, catalysts were characterized by several
techniques such as XRD; BET, SEM, TEI\?ij_ TPR, CO-pulse ehemisorption, and XPS.
For CO hydrogenation, the : reaction Wais- carried out at 220°C and 1 atm,
CO/H,/Ar = 20/2/8. ¥,

s-s 2 14
5.1 The Study of Ruthenium modified different TiO, crystallite size

5.1.1 Characterization of the Catalysts

5.1.1.1 X-ray Diffraction (XRD)

XRD patterns of titania support with different crystallite size are shown in
Figureb.1."They were collected ‘at diffraction angle (20) between 20*and 80°, it was
observed that all supports exhibited XRD peaks at 25°, 37°, 48°, 55°, 56°, 62°, 69°,
71°, and 75° assigning to anatase TiO,. . Figure 5.2:shows the XRD patterhs of Ru
modified T1O; support. After impregnation with ruthenium, the XRD peakiassigned to
RuO was not observed. From the XRD results, no diffraction peaks of RuO or Ru°
were observed for the catalyst samples after calcinations suggesting that ruthenium
was highly dispersed on the titania surface. After impregnation with the cobalt

precursor, the catalysts were died and calcined. The XRD patterns of the Ru modified
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titania supported Co catalysts are shown in Figure 5.3. The XRD peaks of the
calcined catalysts shown the characteristics of the support as shown in Figure 5.1,
and also exhibited the XRD peaks at 31° (weak), 36° (strong), 46° (weak), and 65°

(weak) which were assigned to Cc Figure 5.4 shows the XRD patterns of

supported Co catalysts, w racteristics peaks of the TiO;
and Co30,.
\-\\\ o Anatase TiO,

—_ TiO,_11 nm
=
<
2
2
E TiO, 13 nm

= TiO, 16

I\ # i0,_16 nm

T
10 a0 90

AUt AN Heng

Flgureg"l XRD patterns of dlffer.ent crystallite S|ze of TiO, obtained from various

ammmmumqwmaa
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o Anatase Ti(y
¢ Co:0y

Co/Ti0;_11 nm

Intensity (a.u.)
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Figure 5.4 XRD patter jl.éma"'"'i" iC orted Co catalysts

e arga of a solid is based

= =

The mas

on adsorption am conde itﬁn temperature.  This
method is also called BET (Brunauer Emmett Teller) method.

BET surffe_neas, water: alkoxide ratio, and crystallite size of titania
suppo rﬁﬂn@bﬁlﬂ ﬁ%iw:ﬂlfo]iﬂﬁn the range of
4-165 Ited in 'aIIe crystallite size of 10; an reasing in BET surface area.
After calcination, BET surface are@s of the TiO; samples decreased essentially from

ARIIAFUENTINEIAE
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Table 5.1 Water: alkoxide ratio, average crystallite size, and BET surface areas of

titania supports

Sample BET Avg.

crystallite

size® (nm)

BET surface drea/ofit odified titania supported

cobalt catalysts detegmined b % > "-. are shown in Table 5.2.
ata

BET surface area tt gdif_', sts decreased from 52
for Co/TiO,_11 nm t0 10 and BET surface area of Ru-

modified TiO,-supported Co ca :;;ra also- ased from 47 for Co/TiO,_11 nm_Ru

to 11 m?g for Co/TiO,_16 nAt_Ru, When ¢ d the BET surface area of the pure

titania supports and the _ﬁ sLppor }o_: atalysts, it was found that BET

surface areas ofithe | ntly less than that of the

orlglnal T|02 ;* ports suggesting that col ¢ :"é me of the pores of

!B 2
ﬂummmwmm

ammnim 1N1INYAY
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Table 5.2 BET surface areas and crystallite size of Co3O, of the catalysts

Catalyst sample BET surface area Crystallite size
(m?/g) of Co30,* (nm)
Co/TiO,_11nm_Ru 47 8.7
Co/TiO,_13nm_Ru 36 13.9
Co/TiO,_16 nm_Ru 11 15.8
Co/TiO,_11nm e 11.0
Co/TiO,_13nm 40 14.9

Col/TiO,_16'nm 10, 195

% Determined by XRD

5.1.1.3Scanning ~ electron” microscopy. (SEM) and Energy
dispersive X=ray spectroscopy (EDX)

Scanning electron microscopy (SEM) is a powerful tool for observing directly
surface texture, morphology and particle g'ran‘u'lé" size of catalyst materials. In the
backscattering mode (SEM), the electron beam focused on the sample is scanned by a
set of deflectioncoil. Backscattered electrons or secondary electrons emitted from the
sample are detected.

The typical SEM micrographs of various Ru modified and unmodified titania
supported Co catalysts.are shown.in, Figure.5.5..1t.was.found that.there was generally
no significantschange in elemental distribution for all samples| after ealcination. The
morphology of the titania particles was found to be clearly seen more agglomeration
of the .particles with-,Ru~modifier .especially «in €0/TiOy 16 nm.Ru« The EDX
mapping foryCo/Ti0;_ 16 nm are illustrated in Figure 5.6. It can be seen that the Co

species on the surface were in good distribution.
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Figure 5.6 EDX mapping for Co/TiO,_16 nm catalyst:igranule
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5.1.1.4 Transmission Electron Microscopy (TEM)

TEM is a useful tool for determining crystallite size and size distribution of
supported metals. It allows determination of the micro-texture and microstructure of
electron transparent samples by transmission oi@ fecused parallel electron beam to a
fluorescent screen with a resolution presently-beiter than 0.2 nm.

TEM micrographs for Ru modified and unmodified supported cobalt catalysts
are shown in Figure 5.7, _As seen in this figure, the dark spots represented cobalt
oxide species dispersing en the different supports after caleination of samples. The
TEM micrographs of the eatalyst using Lmaller crystallite size of TiO, exhibited the
better dispersion thansthe larger one. It indicated that the dispersion of cobalt oxide
species could be altered by the size of suppert used as mentioned in Kittiruangrayab et
al.’s work [42]. : i, '

In addition; the Ru modified TIOZ supported cobalt catalysts showed the
similar appearance with those from the unmodlfled Ti0,-supported cobalt catalysts.
In fact, it revealed the similar dispersion of erobalt for all corresponding different size
of TiO,. The crystallite size"of cobalt oxide Was éﬁown In Table 5.2. Although there
is no clear difference between maodified and. UandIerd supported cobalt catalysts,
the crystallite size of cobalt OXIde species determlned from XRD was changed. The
crystallite size of cobali-oxide-on-ihe-modified-FO-cobali-eaidlysts were in the range
of 9-16 nm, whereas those were in the range of 11-20 nm on the Unmodified catalysts.
In addition, with the presence of the highly dispersed form of cobalt oxide species, the
interaction of those with the specified supports has to be essentially considered. Thus,
temperaturesprogrammed reduction orithe calcined samples needs tabe performed in

order to givea better understanding.according to such a.reduction behavior.
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5.1.1.5 Temperature Programmed Reduction (TPR)

The TPR profiles for all samples are shown in Figure 5.8. TPR was performed
to determine the reduction behaviors of the samples. Reduction was observed for all
catalyst samples to occur in a shoulder and ene.major peak. The lower reduction
temperature shoulder peak of unmodified catalysts was at the 300°C (for TiO,_16
nm) and 350°C (for TIO, 11, 13 nm). For Co catalysts on the unmodified-TiO,, the
one broad reduction peak«located at 300 to 480°C. The broad peak was related to a
two-step reductionof CogO. te CoO, and then to Co metal [5, 27, 42]. There was also
one shoulder and one major peak for the‘Co catalysts with Ru modification located at
260 and between 350/and460°C. 1t would appear that the broad peak was shifted to
lower temperature with Ru:/madification. This_ indicates that Ru modification caused
changes in reduction behavior of the.Co catal;}sts. In some particular case, the peak of
the decomposition of the cabalt nitrates, as ra cobalt precursor can be observed at the
temperature between 200,and 300°C, espec_:irrallyr on silica and alumina supports [6].
Prolonged calcination ~or reduction and_': Feg:alcination resulted in completed
decomposition of any cobalt nitrates present iS].JI'H addition, it has been often found
that, due to interactions between Co3;0y anfd_usgpport materials, such as silica or
alumina, the highest temperature peak represented the incomplete reduction of
CoxOy-support™fhe TPR of supported CozO, can also manifest/a separation of the
two reduction steps [3, 6, 31, 42]. A lower temperature shoulder between 200 and
350°C peak was ebserved due to some possible decomposition of residual Co nitrate.
The reduction of CdsQzt0 CoO and Co° occiitréd between 300 and 550°C and can be
assigned to the reduction of metal oxides with the support [3, 6, 31, 42]. The strong
interaction between Co metal and support depends on the size of cobalt and nature of
supports [6]. This was suggested that Ru may possibly help in the reduction of Co
oxide and the stipport to made small crystallite size, which woeuld decrease ‘the Co°
crystallite size determined from XRD measurement. These results were in accordance
with those reported by Hosseini et al. [43]. It was suggested that the use of Ru
modified-TiO,_11 nm and 13 nm supports can result in lower reduction temperature

due to the effect of H, spillover to Coz0,4 [3]. Considering the effect of strength of
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metal-support interaction, the amount of CO chemisorption which was related to the

overall activity during CO hydrogenation, are changed with different interaction.

Co/Ti0;_11 nm_Ru
3 - Co/Ti0;_13 nm_Ru
= -
[ty "'-.‘..‘.
5 . €o/Ti0,_16 nm_Ru
"E_ e y
E -
-
z WY
it \ i €/Ti0; 11nm
bt :

| Co/TiO; 13 nm

Ll CoTiO; 16um
0 800

Figure 5.8 T a’; ) catalysts with different

i

TiO, crystallite
AU INENTNYINS
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5.1.1.6 CO-Pulse Chemisorption
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The characterization results of CO chemisorption for the catalyst sample are
illustrated in Table 5.3. According to Table;5.3, the Ru modified-TiO, catalysts

exhibited the higher amount of CO uptake on catalytic phase within the range of 31.1

to 11.7 pumol CO/ g of catalyst, indicating the.higher overall Co dispersion. It was

found that the reduced cobalt metal site among three different crystallite sizes of TiO,

was the largest forthe cobalidispersed on the smallest TiO; for both Ru modified and

unmodified-support: It seemed that the presence of Ru in the support could result in

higher number of Ce metal atoms (more active site of Co catalysts). In general, the

catalysts with a higher BET surface area exhibits chemisorption and Co dispersion.

Consequently, inorder to eliminate-the effect of BET from the effect of crystallite

size, we reported in term of CO ehemisorption per unit surface area. It was found that

CO chemisorption/BET was increased with tncreasing crystallite size.

Table 5.3 CO chemisorption results of coba'lt"catalysts

Sample ~ CO chemisorption
CO
Active ] )
Active site Total CO chemisorption/
= - - % Co metal
(x10 chemisorption BET surface area

Dispersion® - surface area

site/g.cat)  (umol CO/g.cat) 5 (umol CO
(m</g.metal)

/g.cat/m?)
Co/TiO,_11 nm_Ru 18.7 31.1 4.6 6.9 0.662
Co/TiO,_13 nm_Ru 14.6 243 2.1 5.4 0.675
Co/TiO,_16 nm-Ru 7.0 11.7 1.8 2.6 1.064
CofT10,. 13 nm 13.9 23:1 315 03 0.444
Co/TiO,_13 nm 12.9 21.4 3.3 4.5 0.535
Co/TiO,_16 nm 4.0 6.7 1.0 1.5 0.670

# Co metal dispersion (%) = [1 x (total CO chemisorption/g.cat)/(no.umol Co

tot./g.cat)] x 100%.[5]
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5.1.1.7 X-ray Photoelectron Spectroscopy (XPS)

XPS analysis were carried out to examine the surface species on the cobalt
catalysts and also to determine the relative amount of element on the surface. The
samples were analyzed in the Co 2p, Ti 2p; O4s, Ru 3d with regards to the binding
energy regions. The peaks of Ru 3d would bedetected around 280 eV [22, 44-45], but
there was no observation of the Ru 3d due to very small amount of Ru loading. The
binding energy values corresponding to Co 2p and Ti 2p were hardly affected by the
small amount ofsRU medifigation 'with the values at ~780 eV and ~459.1 eV,
respectively. The pinding energy, the percentages of atomic concentration, and
FWHM of Co 2ps, and Ti2pare also given in Table 5.4. The atomic concentrations
of Co on Ru madified supported ~eatalysts were higher than that on unmodified
supported catalysts. Fhe lower surface congentration of cobalt after loaded Ru were in
accordance with those reported by Infantes-Molina et al. [44] and Reinikainen et al.
[22]. The deconvoluted XPS spectra for thé éo 232 core level region of cobalt
catalysts on TiO,_11, 13, and 16:nm are sho'V\in'in Figure 5.9-Figure 5.11.

Table 5.4 Binding energy and surface compesition of Ru modified and unmodified

Co catalysts

Sample Co(I1) 2p32 Ti2p Atomic Conc%

B.E. (V) FWHM BE.(eV) FWHM  Co Ti

@)

ColTiOa 1 0nmh Rul 77815 26984~ 459.90 | 72087y <5177 6.41
Co/TiOg13nm Ru  780.4 3.040 4591 1575 112  6.50
GO/TiO16:Am RU = 780.9 24470 o 4590, #1.604 = 451 o 1.88
Co/TiO, ‘11'nm 7815 7453" | 4591 " 1688 065 3.45
ColTiO,_13 nm 780.2 3078 4591 1498 125  6.59

Co/TiO,_16 nm 780.0 2.369 458.9 1.129 1.62 0.36

45.93

43.26

38.04

33.37

41.6

28.13
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5.1.2 Reaction study

The reaction study was carried out in CO hydrogenation to determine the
overall activity of the catalyst samples. First, the catalysts were reduced in H, at
350°C for 3 h in a fixed-bed flow reactor. Then; the reaction test was carried out with
flow rate of Hy/CO/Ar.= 20/2/8 cm°*/min. The eonversion, reaction rate, TOF (based
on the number of reduced strface cobalt atois measured from CO chemisorption),
and product selectivity during CO. hydrogenation at steady-state are given in
Table 5.5. The conversion'of ithe Co catalysts on unmodified=TiO, obviously changed
when using differeat Sizes of TiO,. The'rate of these catalysts decreased with larger
size of TiO,, and slightly decreased in C; selectivity. Similarly, the cobalt catalyst on
the Ru modified suppoit exhibited the higher activity and Cy selectivity than that on
the unmodified suppert in‘all erystallite sizes of TiO, with slightly change in product
selectivity. For the Co gatalyst on RU modified-TiO,, it can be observed that the size
of TiO, hardly effected to product‘ selectivitj'?ffél, but there was moderate change in
conversion. The rate vs: time on-stream o'f"hthe modified and unmodified-TiO, Co
catalysts is illustrated In Figure 5.10. The fﬁetf}-f the modified catalysts decreased
with increasing of crystallite  size of TiOz..fflg'VC@n be say that the similar trend
regarding the agtivity and product selectivity -car; be observed‘in both Ru modified
and unmodified-support=Fhe=increased=activity=for=Ru=modified supported cobalt
catalysts can be attributed to the dispersion of Co metal on the catalysts as seen from
CO chemisorptign‘and TPR resuits. When considered the difference in rate between
the modified and unmodified catalysts of support TiO,_11 nm, 13 nm, and16 nm, it
was found that the larger crystallite 'size of+TiOz showed the distinguish difference in
rate of the reaction. The results indicated that Ru modificationfon support TiO, have
an effect on the larger crystallite size of TiO, more than the smaller ones. Since CO
hydrogenationy islia “Structtre£insensitivereaction thereforethe Catalytic factivity
depends ‘only" on"the number of reduced Co metal surface~atoms ‘available for
catalyzing the reaction [42]. The calculated TOFs at steady state of the samples are
sumarized in Table 5.5. They are in the range of 1x107 s™-typical of Co catalyst
under this condition [3, 5, 42]. Considered TOFs calculated based on CO
chemisorption of the catalysts, it was found that TOFs of Co catalysts on the Ru
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modified and unmodified TiO, can be considered essentially similar. Since TOF can
be derived from the intrinsic rate by definition, indicating that the intrinsic activity of
the samples remain constant. However, there were found that Ru leads to higher
specific activities as seen in other studies |3, 10]. The size of TiO; also plays an
important role on the catalytic activity of the'catalysts e.g. the reaction rate decreased
when using the larger particle size of TiO..

There are many variables that can be effect the kinetic of the reaction such as
particle size, support interaetion; and the reduction gas composition [42]. There have
been found that the partigle size of support related to the strength of metal-support
interaction [42]. Thus, we.may conclude that the particle size of TiO; also affected to

the size of Co oxide spécies.

Table 5.5 Activity and product selectivity of Ru modified and unmodified Co catalyst

Sample Conversion- (%)"f = Rate® TOF® Product
(x10%g  (x10%s™)  selectivity® (%)

initial><"“Steady state® -1 €H./g cat.h) C. CnCs
Co/TiO,_11pmLRu 945 90.9 68 5.8 971 29
Co/TiO,_13amiRu 793 88.9 67 10.4 99.0 1.0
Co/TiO, 16 nm Ru 911 77.0 58 13.1 99.0 1.0
Co/TiO,_11 nm 94.8 76.9 58 6.9 9.9 3.1
Co/TiO,_13 nm 58.2 49.2 37 4.6 935 6.5
Co/Ti0,_16nm 66.9 31.7 24 9.6 937 6.3

8 CO hydrogenation was carried out at 220 °C, 1 atm, and H,/CO/Ar = 20/2/8,
GSHV= 11400 h™.

b After5 mifi of réaction.

¢ After 5 h of reaction.

4 The TOF calculation was based on CO chemisorption
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5.2  The Study of Zirconium modified different TiO, crystallite size

5.2.1 Characterization of the catalysts

5211Xra" N (X

The XRD patte Zr modified TiO3 supp e shown in Figure 5.13.
The diffraction pea f_£rC catalyst samples after
calcinations suggesting tha : e titania surface. After

impregnation with lied and calcined. Figure

5.14 shows the alysts. The XRD peaks
of the calcined e cl Of 02 support and also
exhibited the XRD peaks & eak),, 86 (strong), - 6° (weak), and 65° (weak)

A

o Anataze TiChk

Intensity {a.u.)

Degrees (27)

Figure 5.13 XRD patterns of Zr modified titania support
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o Anataze Ti0;
* Coz0y

Intensity (a.u.)

10 0 a0

______________________ l E’J f

After mmication with 0.3 wt% o© , the modi@i TiO, supports were
impregnated with Zgwt% of Co. The BET urface areas of the catalyst samples are

Y8 T W ok Gt s

gradualmdecreased with lncreased.arystalllte size of titania employed.
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Table 5.6 BET surface areas and crystallite size of Co30, of the catalysts

Catalyst sample BET surface area Crystallite size

of C030,4% (nm)
Co/TiOy_11 nm_Zr 7.3
Co/TiO,_13 nm 20.3
Co/TiO,_16 7 24.8
Co/TiO,_ _ / 11.0
Co/TiO,_ 1 14.9
Co/TiO, 161 19.5

% Determined by

V) and Energy dispersive

odified supported
cobalt catal *-";‘.T..m;m:ﬁm:;.i_:ﬁm..' ere was generally no
significant change S 3 calcination, there
were some ch@es in morphologies (i.e ore agglor@ation) for the larger
crystalline TiO, (CO/TIOz 16 nm_Zr). The EDX mapping for Co/TiO,_16 nm_Zr are

iﬁiﬁﬁl‘&iﬁﬂeﬁﬁ‘i Erﬂﬁwmmw e
QW’]&!\"Iﬂiﬁu wnwma ¢l
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Co/TiO,_16 nm_Zr

Figure 5.16 EDX mapping for Co/JiO,_16 nm_Zr catalyst granule
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5.2.1.4 Transmission Electron Microscopy (TEM)

The typical TEM micrographs of Zr modified and unmodified cobalt catalysts

asented cobalt oxide species dispersing

tion/ 7 s. The TEM micrographs of the
catalyst using smaller ta Siz i ' hited the better dispersion than the
larger one. It indica 7 pecies could be altered by
the size of suppo pported cobalt catalysts
showed the simila TiO,-supported cobalt
for all corresponding
ined from XRD was

shown in Table §.6. Qugh oke-is ) di ” etween modified and

changed. The cry tallite' size of gt ide o nodified TiO, cobalt catalysts
: N ange of 11-20 nm on the

et al. [32], they foun Co ¢crystallite size increased with increasing zirconium
content. In addition, with L%;_ « ioh dispersed form of cobalt oxide

ﬂuﬂ’ﬂ'ﬂﬂ?’]'ﬁ?‘lﬂ?ﬂ‘ﬁ
QW’WMT’]?QJNVIT}W&HQH
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5.2.1.5 Temperature Programmed Reduction (TPR)

The TPR profiles for all samples are shown in Figure 5.18. TPR was
performed to determine the reduction behaviors of the samples. Reduction was
observed for all catalyst samples to occur dn.a shoulder and one major peak. The
lower reduction temperature shoulder peak of unmodified catalysts was at the 300°C
(for TiO,_16 nm) and 350°C (for TiO, 11, 13 nm). For Co catalysts on the
unmodified-TiO,, the ong«broad reduction peak located at 300 to 500°C. The broad
peak was relatedto a twe-step reduction of Coz;0, to CoO, and then to Co metal [5,
27, 42]. There wassalso one shoulder and one major peak for the Co catalysts with Zr
modification located.@t 300 and between 400 and 600°C: It would appear that the
broad peak was shifted.to higher temperature V\_/ith Zr modification. This indicates that
Zr modification caused changes in reduction; behavior of the Co catalysts. In some
particular case, the peak of the decomposrirtior), of the cobalt nitrates, as a cobalt
precursor can be observed at the temperatu_ré;. bétween 200 and 300°C, especially on
silica and alumina supperts [6]. Prolonged 6'éIEi1nation or reduction and recalcination
resulted in completed deconiposition of any: c’oba'i’i: nitrates present [6]. In addition, it
has been often found that, due-to.interactions beij/veen Co304 and support materials,
such as silica_or alumina, the highest temperature peak represented the incomplete
reduction of 'CoxOy-support. The TPR of supported CosOZ can also manifest a
separation of the“two reduction steps [3, 6, 31, 42]. A lower temperature shoulder
between 200 and+350°C peak was observed due to some possible decomposition of
residual Co nitrate.Thesreduction of CozO4ito’ CoO and Co® occurred between 400
and 600°C and can be assigned to the reduction of metal oxideswith the support [3, 6,
31, 42]4A separation of the two reduction steps has often been found for supported
cobalt catalysts due to interactions between cobalt“and support materials/[5]. The
strong interaction between Co metal and support depends on'the size of,cobalt and
nature of supports [6]. Based on the TPR profiles, it indicated that Zr inhibited the
reduction of Co oxide species, which accordance with those reported by Wongsalee et
al. [33] and Jongsomjit et al. [29]. According to Jongsomjit et al. [29] they found that

Zr modification decreased the impact of water vapor during reduction (results in
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lower reducibility for an unpromoted Co catalysts), possibly by partially blocking Co
‘aluminate’ form. In this case, it might be possibly that Zr help to produce the
CoxOv-support. It was suggested tha the use of Zr modified-TiO,_11 nm and 13 nm
ctiol erature of Co oxides due to the strong

resence of nano-ZrO, in the

mixed supports could resu tin inc ouC rature of Co oxides due to

the strong metal suppo ractic a1l Wct of strength of metal-
support interaction, the tof C | \ - W as related to the overall
activity during COshyd are cha \ h different.interaction.
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Figure ?18 TPR profiles of Zr medified and unmoﬂied Co catalysts wmdifferent
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5.2.1.6 CO-Pulse Chemisorption

The characterization results of CO chemisorption for the catalyst sample are

illustrated in Table 5.7. Acco 5.7, the Zr modified-TiO, catalysts
exhibited the higher amou ¢ *CO uptake a phase within the range of 29.0
to 9.5 pmol CO/ g o indicating thé_higher overall Co dispersion. It was
found that the reduced alt met “for the cobalt dispersed on
the smallest TiOz both lodified anc rt. It seemed that the
presence of Zr in pport.could’ - number of Co metal atom (more
active site of Co | | general;- \ y vith L higher BET surface area
exhibits chemisorption”and Co ion. ~ ently, in order to eliminate the
effect of BET fi e effect " ‘ 7e, rted in term of CO
chemisorption per uit st o & ] 7. \\-. chemisorption/BET was
increased with in i , e ult was accordance with
Kongsuebchart et al. J - end of CO chemisorption/BET was similar
to Kongsuebchart et al. | 'o I?. r Wa fferent. The larger crystallite
sizes exhibited the lower Co 'c' "h d amount of CO chemisorption per

unit surface area more than the smaller ones.
e T g

, i
Y |

g
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Table 5.7 CO chemisorption results of the cobalt catalysts
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Sample CO chemisorption
CcO
Active site Total CO 7 Active metal ~ chemisorption/
oCO
(x10™ chemisorption . surfacearea ~ BET surface
_ Dispersion® )
site/g.cat) (umol CO/g.cat) (m¢/g.metal)  area (umol CO
/g.cat/m?)
Co/TiOy_11 nm_Zr 17.4 29.0 4.3 6.5 0.725
Co/TiO,_13 nm_Zr 14.1 o 15 6.1 0.731
Co/TiO,_16 nm_Zr 5.7 2F 1.4 2.1 0.792
Co/TiO,_11 nm 13.9 5.1 35 5.3 0.444
Co/TiO,_13 nm 12.9 21.4 3.5 4.5 0.535
Co/TiOz_16 nm 4.0 6.7 1.0 1.4 0.670

% Co metal dispersion (%) ="{f x (total €O chemisorption/g.cat)/(no.umol Co
tot./g.cat)] x 100%.[5]

5.2.1.7 X-ray Photoelectron Spectroscopy (XPS)

XPS analysis were carried out to examine the surface species on the cobalt
catalysts and also to determine the relative amount of elenient on the surface. The
samples were analyzed-in the Co 2p, Ti 2p; O1s, Zr 3d with regards to the binding
energy.-regions. The peaks of ' Zr 3d would be detected around 179.2 eV [48], but there
was no ehservation of the Zr 3d due to very small amount of Zr loading. The binding
energy values corresponding to Co 2p and Ti 2p were hardly affected by.the small
amount of Zrymodification with the values at ~780 eV and ~459-eV, respectively. The
binding energy, the percentages of atomic concentration, and FWHM of Co 2ps, and
Ti 2p are also given in Table 5.8. The deconvoluted XPS spectra for the Co 2ps, core
level region of cobalt catalysts on TiO; crystallite size 11, 13, and 16 nm are shown in
Figure 5.19-Figure 5.21.
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Table 5.8 Binding energy and surface composition of Zr modified and unmodified Co

catalysts

Sample

Atomic Conc%

Co Ti 0]
Co/TiO,_11 nm_ 198 261 4755
Co/TiO, 13 nm 2 053 342 3929
Co/TiO,_16 nm_ 4.29 085 35.10
Co/TiO,_11 nm 0.65 345  33.37
Co/TiO,_13 nm 1.25 6.59 41.60
Co/TiO,_16 nm 1.62 0.36  28.13

AU INENTNYINS
ARIAINITUNNINGA Y
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5.2.2 Reaction study

The conversion, reaction rate, TOF (based on the number of reduced surface
cobalt atoms measured from CO chemisorption), and product selectivity during CO
hydrogenation at steady-state are given in' lable 5.9. The conversion of the Co
catalysts on unmodified-TiO> ebviously changed-when using of different size of TiO,.
The rate vs. time on'stream of the niodified and unmodified-TiO, Co catalysts is
illustrated in Figure 5.18, . Fhe.raie of these catalysis decreased with larger size of
TiO,, and slightly.decreased in Cy selectivity. Similarly, the cobalt catalyst on the Zr
modified support exhibited the /higher activity and C, selectivity than that on the
unmodified support in-all €rystallite ‘sizés of TiO, with slightly change in product
selectivity. For the Co gatalyst on Zr-modified-TiO,, it can be observed that the size
of TiO, hardly effected toproduct selectivity of Cy, but there was moderate change in
conversion at steady state. The ‘rate of the maodified catalysts decreased with
increasing of crystallite size of TiOs except for 1f‘li02 size 13 and 16 nm, but there was
in the similar value. It ¢an be say that thé-’é;imilar trend regarding the activity and
product selectivity can be observed in both thﬂdified and unmodified support. The
increased activity for Zr modified supported :xff_)_ba_ly catalysts can be attributed to the
dispersion of Co metal on the catalysts as seen'frgm CO chemisorption results. When
considered the difference-in-rate-beiween-the-meoditied-and-unmodified catalysts of
support TiO,_T1nm, 13 nm, and 16 nm, it found that the farger crystallite size of
TiO, show the most difference in rate of the reaction. The results indicated that Zr
modification on support TiO, have an effect on the larger crystallite size of TiO, more
than thesmallersfonessSince”"CO: hydrogenation s ajstructureinsensitive reaction,
therefare! the“catalytic @activity depends fonly on the .number of reduced Co metal
surface atoms available for catalyzing the reaction [42]. The specific activities (TOFs)
ofithé samples arelsumarized in“Table.[They arein‘the rangeof [Lx10%s%-typical of
Co catalyst'under‘this condition |8, 5, 42]. Cansidered TOFs calculated 'based.on CO
chemisorption of the catalysts, there found that TOFs of Co catalysts on Zr modified
TiO, were found to be similar among sample catalysts [except for the Co/TiO, 16
nm_Zr]. The size of TiO, also plays an important role on the catalytic activity of the

catalysts e.g. the reaction rate decreased when using the larger particle size of TiO,.
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However, the high TOF of Co/TiO,_16 nm_Zr sample was probably due to the less
active site of the catalyst.
There are many variables that can be effect the kinetic of the reaction such as

particle size, support interaction, anc ion gas composition [42]. There have
been found that the partic . ' o0 the strength of metal-support
Ve may. con ' ize of TiO, also affected to

Table 5.9 Activi ?’ Z w ‘and unmodified Co catalyst
=
Sample L AR TOF® Product
| .o - (x10%s™)  selectivity® (%)
‘ C:  CzCs
Co/TiO,_11 nm_Zr 6.9 98.4 1.6
Co/TiO,_13 nm_Zr /' 7.1 971 2.9
ColTiO,_16 nm_Zr 19.1 99.1 0.9
Co/TiO,_11 nm 6.9 96.9 3.1
Co/TiO,_13 nm 4.6 935 6.5
Co/TiO,_16.m’ 96 937 63
® CO hydrogenatio d H,/CO/Ar = 20/2/8,
GSHV= 11400

> After 5 min of reaction. m
¢ After 5 h of reaction.
¢ The TOF calculatign was based on CO cherﬂﬁorption
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5.3 Comparison be}yveen Ru and Zr- modlfled TiO, support in catalytic activity

AUSANDNS WD e

due to BL effect of H; splllover Co0304. It has been proposed that noble metal

awzrammma ey

temperature The Zr-modified supported catalysts resulted in higher reduction

temperature. These results may be explained by the formation between Co oxides and
the support. Even though the reduction temperatures were shifted higher, but the
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amounts of H, consumed were higher than the unmodified ones. These results
suggested that Zr may help the inactive cobalt oxides being more reducible.

For better comparison, the activity and product selectivity of Ru-modified, Zr-
modified and unmodified cobalt catalysts are shown in Table 5.10. The rates at steady
state of the Zr-modified supported catalysts were-higher than those from the other
catalysts. It is considered that Zr modification.en TiO, supported cobalt catalyst are
more active than Ru modification on Supported cobalt catalyst under methanation

condition.

Table 5.10 Catalytie activity: and preduct selectivity of modified and unmodified-
TiO, cobalt catalysts

Sample Conversiond Rate® TOF® Product

. (x10°g  (x10°sT)  selectivity® (%)

initial® * Steady staté°' CHa/g cat.h) C. C.C,
ColTiO,_11nm Ru . 945 909, 68 58 971 29
Co/TiO, 13nm_Ru 793 88.9=—=" 67 10.4 9.0 1.0
ColTiO, 16 nm_Ru 941 7705 fd=~ 58 13.1 99.0 1.0
ColTiO, 11nm Zr  97.3 100.0 75 6.9 984 16
ColTiO, 13nM Zr  95.7 82.6 62 7.1 971 2.9
ColTiO, 16 nmiZr  96.0 90.4 68 19.1 99.1 0.9
Co/TiO,_11 rim 94.8 76.9 58 6.9 %69 3.1
Co/TiO, 13 nm 58.2 49.2 37 4.6 935 65
ColTi0, 16 nm 66.9 317 24 9.6 937 6.3

% CO hydrogenation was carried out at 220 °C, 1 atm, and H,/CO/Ar = 20/2/8,
GSHV=11400 h™.

b After 5.min-of reaction.

¢ After 5 h of'reaction.

4 The TOF calculation was based on CO'chemisorption
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w)lMENDATIONS
3

CONCLUSI

erties of cobalt on Ru, Zr
e concluded as follows:

lificant impact on the
properties of Co/Ti _ , especially” : stallite size of TiO,. It has

\

2. For both modi r‘r"-r d'tﬁ ts, the catalyst with the smaller
er catalytic activity than the larger

q., tI affected on the smaller

crystallite size.

crystallite size of TiO, (11 nm exh

crystallite size (16

3. Ru tf, *..wg‘f yved dispersion and
gives distributi

i istri 'omes des o ﬁ cause the interaction
between cobalt e species and the support.

28 340 h 10 g1 1P L A4 Bl

support%e selectivity of the cata a/sts was lower for all different crystalllte size of
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6.2 Recommendations

Additional water:alkoxide molr ratio which related to crystallite sizes of

TiO; synthesized by s ‘ , d should be prepared in order to confirm
the effect of TiOs | te ¢

In order to -ﬁ..,n:- te t

-.;‘;

J/ properties of Co/TiO, catalysts.

e effect @ modification on TiO, support,

e

the modifier should be loade |nt €S| amount for better comparison.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Preparation of TiO
20%Co/TiO, with Ru ¢

se precipitation) method and

Reagent: -
- 6H,0) 98+%
n dilute nitric acid, 1.5%
tion in 1-propanol
EE bk LY
Calculation for the pre pa ‘!!;1 via sol-gel (base precipitation) method
The preparation by using water:alk ; | X
= 10¢g
‘ 10/284.22 mole
The amount of Water-usec —_— —— 110/284.22x18(X)

The volume of ate = 10/284.22x18(X)
olution with ethanolm 50 ml

The volume of ethaaol used in the second solution with titanium ethoxide = 50 ml

coolibtd fJJKLEJ NINLANS..
ARTAN ATAINATINGIN Y

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:
Cobalt = 20 g
TiO, = 100-20 = 80¢g

The volume of € u! nol used in the



89

For 5 g of TiO,

Cobalt required = 5x(20/80) = 125¢

Cobalt 1.25 g was prepa “‘-.:" ‘ ( O -6H20 and molecular weight
of Co is 58.93

Co(NO,), - 6H O iequirec

Cobalt
Ruthenium

Titania 00— (20+0.2

For 5 g of titania

Cobalt | n% 0
Ruthefivi requireg — 0i23g
Ruthenium 0.01 gV 0 it fion in dilute nitric acid

1.5 wt% ,'*I “‘I

-t Anendn e
AR T el

(291.03/58.93) x 1.25 = 6.17 g
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Calculation for the preparation of the 0.2% Zr-modified TiO, support

Based on 100 g of catalysts used, the composition of the catalyst will be as follow:
Cobalt 20 g
Zirconium )

Titania

Zr(OC3Hy)4 requii

J = G .22 0.0125= 0.045g
Zr(OC3H7)4 0.045 g was prep '-I;_q 1_11 , 70 wit% solution in 1-proponol

As a consequence, Zr(OCsH7)a 70 wt% solu sonol required

:':"_—:"'-:'—_‘:":"::::,———-'-._'—i; _ 7)4 I’eqUIred

h" " it solution

lll &
Q. x cobalt required

C°<Nﬂ6‘liﬁl@ nei &

= (291.09/58 93) x1.25=6.17 ¢

ARIANN I UNIINYA
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APPENDIX B

CALCULATION FOR TOTAL CO CHEMISSORPTION

Calcution of the tota ) erMspersmn of the catalyst, a
stoichiometry of : w eIMISC as follows:

Let the weight of ca g
Integral area of unit
Integral area of 86 unit
Amounts of C unit
Concentration of dut A Y%wt
Volume of H, adsorb alys 7 I\ — A)/B] ul
Volume of 1 mole of C . ‘ ul

Mole of CO adsorbed
Molecule of CO addorbed 0 - atal

/B]x[86/24.86] pmole

5]>¢[6.02 x10%] pmole
Total CO chemisorp B- u,{i /W] pmole/g cat

(Metal active site) -m
Molecular weig

) #39 ﬂ eI

1x N ><100

ammnm;:rmwmaa

N x58.93x100x100
C x10°

of cobalt = 58.93

0.59x N

C
Note: N = [(B—A)/B]x[86/24.86]x[1/W] pumole/g cat




APPENDIX C

CALIBRATION CURVES

This appendix showed the calibre / s for calculation of composition of

reactant and products in CO hyc rogenatior : ion. The reactant is CO and the main

product is methane. The other pi , rbons of heavier molecular
—

weight that are Co-C, such.as-etha pane, propylene and butane.

The thermal copnductivity detector nromatography Shimadzu model 8A
was used to analyze the entration of \\\\ cular sieve 5A column.

The VZ10.ec Iargfused m } 1y equipped with a flame
ionization detector, SF ' ‘niodel- 14B, to ana ncentratlon of products

including of methane, €thane, lethylene, propa e, ‘- d butane. Conditions
Mole of

. ing figures.
Table C.1 Conditions use |n imadzu m e'e‘—j : 8A and GC-14B.

s chromatography in x-axis

ethane, ethane, ethylene,

,.—f ! iJnadzEOGc-MB
o v
ﬂfﬂiﬂ? 'Vlﬂﬂ”ﬁ'ﬂﬂ']ﬂ‘io

’Q W’lﬁﬂﬂiﬁu mn'n wma d

ISWT 1 1
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Figure C.2 The calibration curve of ethylene
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Figure C.4 The calibration curve of propene
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mole of N-C4H10
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Figure C.6 The calibration curve of butene
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APPENDIX D

CALCULATION OF CO CONVERSION, REACTION
TIVITY

onoxide conversion and
of CO converted with

Let the weight of cataly Jsed = g
""' ol | i -
Flow rate of CO o +=-‘T*-- 1"‘ a 2 cc/min
Reaction time 60 min
Weight of CHz g
Volume of 1 méleofgasattatm—————=—r 22400 cc
Y N

% conversion of CCMOO] x60x14x 2
W x 22400

SQ.ecﬂu%i’%MLﬂim&H s o o

of COc verted

ARARIN FRHHHITRAE Lo

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

Reaction rate (gmglg of catalyst) = (i)

mole of CH, = (areaof CH, peak fromintegrator plotonGC —14B)x8x10% (iv)
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APPENDIX E

CALCULATIO R OF FREQUENCY

Metal active site

) I_‘- 0 ]| [g cat.] |[min]
|y[active site]| [s]

AUEINENINYINS
ARIANTAULNIINGIAY



APPENDIX F

LIST OF PUBLICATIONS

1. Kitima Pinkaew, “Bun T 3 monoxide hydrogenation over

Co/TiOz-Ru.catalysts®, '@8‘“ Thailand Chemical

Engineering.andApplicd Chemi onfe “Paitaya, Thailand, Oct. 20-21,

2. Kitima Pinkaew > ( thenium  modification

\\"“x

n ethanation”,

3. Kitima Pin |um modification

ethanation”,

ﬂ‘lJEl’WlEW]'ﬁWEI']ﬂ‘i
ama\aﬂimumqwmaﬂ



100

h 1985 in Bangkok, Thailand. She

ngkok in 2003, and received

Miss. Kitima Pinkaew !
finished high school from
bachelor’s degree in Che
University in 2007.
department of Chemi

ulty of Science, Chulalongkorn
he.contintied h s degree in Chemical Engineering at the
niversity in 2008,

,F’J'

ﬂ‘UEl’J‘V]EW]‘iWEI’]ﬂ’i
’Qﬁ'lﬁﬂﬂ‘if”llﬁ']?ﬂﬂ'lﬁ&l



	Cover (Thai) 
	Cover (English) 
	Accepted 
	Abstract (Thai)
	Abstract (English) 
	Acknowledgements 
	Contents
	CHAPTER I INTRODUCTION
	CHAPTER II LITERATURE REVIEWS
	2.1 Titania supported Co Catalysts
	2.2 Nanocrystalline anatase titania
	2.3 Addition of noble metal on Co catalysts

	CHAPTER III THEORY
	3.1 Fischer-Tropsch synthesis (FTS)
	3.2 Titanium (IV) Oxide
	3.3 Cobalt
	3.4 Co-based Catalysts
	3.5 Sol-gel method

	CHAPTER IV EXPERIMENTAL
	4.1 Catalyst Preparation
	4.2 Catalyst characterization
	4.3 Reaction study in CO hydrogenation

	CHAPTER V RESULTS AND DISCUSSIONS
	5.1 The Study of Ruthenium modified different TiO2 crystallite size
	5.2 The Study of Zirconium modified differentTiO2 crystallite size
	5.3 Comparison between Ru and Zr-modified TiO2 support in catalytic activity

	CHAPTER VI CONCLUSIONS AND RECOMMENDATIONS
	6.1 Conclusions
	6.2 Recommendations

	References 
	Appendix 
	Vita



