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CHAPTER |

—
f"’
1.1 Rationale _

f carbon dioxide emission

into the atmo 4 ‘ ani largént, phoblem: hydrogenation of CO,

has been recentl gFfcafsi blegaite 1[0 e chemical fixation and

recycling technologig * Msi ] tf .;;__ has emphasized that the
supports such as; iy ’ : ) T, ‘ -I'l'\,“ cantiyilpfluence activity/selectivity
properties of the acti : a6c 5 . ol 199 Storsaeter, 2005). Titanium
(IV) oxide (TiO, of |tani as regeitec e pble 2 "'1' tion in heterogeneous catalysis

f o -ira-nﬂ

due to its high chemicél stability;*igh. phat nont@xicity, low cost, and is used in

many applications such as jio) 'U --;.: ion, chemical synthesis and energy

a"/i.—'..-l"y"'

production sto BO7) ever, the properties
of titania |ts% Gy-holbe-compleiely-salistietoral-pupose-baseti-gn CO, hydrogenation
activity, since c- e e— ative low surface area
and pore size ... to an unsatisfied CO, conversion (Bandol 1997, Suo, 1997). Since

Antonelli and Ymg‘l9% reported a modified ﬁlgel synthesis of hexagonally packed

anﬂ W ANENINeE s

Many forts have been made in o er to generate the active mesoporous supported

R ﬁﬁﬁ?ﬁiﬁ%’]?ﬂﬂ’]ﬂﬂ



With the aim of prowdmg further insights of the reactivity of carbon dioxide

on a Co-based catalyst, the effe rgUsg itania support, which was synthesized by
acid catalyzed-TiC and Ru p/fmesoporous titania catalyst for CO,
hydrogenation was i ' sample ;_Jm characterized using thermal

Qrawmetrlc/dlfferw my&s QG/DT X -
(XRD), scanning eléctron _

transmission ' ‘ ~.- CtWils. detector (TCD), x-ray

rption (BET), x-ray diffraction

“digpersive x-ray spectroscopy (EDX),

photoelectron sp ) ' .-‘»:-j . -o. I8, stemperature-programmed
reduction (TPR) an ' _' oll<; 183 Yl i- 8sion spectrometer (ICP/OES)
plasma gas-chr hyf (GC). T SILUEY ORE O, "ilirogenation was carried

out in order to meas 1iVityia g )d tivild )ethanation condition.

The objective Ol investigate the effect of mesoporous

titania support, which was synthes ed-TiC and Ru-promotion on the Co-

i-"”’i.—

based mes@u r

rd'lﬂg‘CO2 conversion and

N ﬁﬁﬁ%@ﬂﬁﬁ g4 ae

- Preparation of supported Co-catalyst on the unpromoted and promoted

mesoporous titania (20%wt) by incipient wetness impregnation method.



- Characterization of the catalyst samples using XRD, BET, TPR, CO-pulse

PIT@D and XPS.
/g; :!i catalyst in the CO, hydrogenation

chemisorptions, SEM/
- Investigation of th

th H,/CO ) methanation condition.

*

-
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—

e e e o

.-,_.':liai ﬁt.ﬂ

e St
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1.4 Research Methodology

A

Mesoporous titani S¥Dbpoy ed-mesoporous titania support

- TG/DTA - XRD

J ! I ’. AN ) - BET -TCD i
f .‘__"_,7 k 5 -TEM :
1

-

T f'IB‘ ‘. ‘.-‘.
JIEEaAAN
N . : | - BET

.i

7 ,f;-ﬁp - SEM/EDX - TEM
-TPR - XPS

i ﬂ” ."'.-r "?1:1} e - CO chemisorptions
f" .,r
P/OES

GC analysis

Q‘W’] mﬁmuwmma d



rapid hydroge

thermodynamically e been used to drive this

reaction. Under the ap oL atey cg 'u -Tn i ok numbers and rates can be
. 5 l].l' L -fi l‘; 1
achieved. For examle, Wity examhed.complexes o I"-, e '@€neral type [R,P-(X)-PR,]IRh-
] J o 1
(hfacac) (X = bridging gi@up; hfacac= 1,3+ 0 y
# ] ’

1995). All of the compounds 3 o-active cat
Pk :

[)-acetonylacetonate) (Fornika,
¥for formic acid production from H, and

CO,, but the most effe lohexyl and exhibits a turnover

frequency @ h at 25 °C and 4 : ity to formic acid is
nearly TOO‘A .

heterogeneous jﬁalysts yd ro! )€

pilot-scale plantS” based on this technology have been demo@ated (Ushikoshi, 1998).

.. Recently, efficient

ation to methanol, and

However, the thergo mlcs for methanol tion from H, an CO are not as
w a ple, OO °C the

fav euaﬂ produict

equﬂqm yield of methanol from CO is sllghtly less than 40% while the yield from CO is
greater than 80% (Arakawa, 1998). T‘e reduction of CO, 48, be rendered more f ble

raen FUNNVINGIGY



Scheme 2.1 Prop#Sed gif Rh@bium-Catanyz o JefletioMimechanism to formic acid
y ¥ % i 5N
(Fornika "
J
; i L ;
Other cOpperidased=Catalysts 0 been used for methanol synthesis.
Fisher and Bell (Fisher, . S IO, catalysts by in-situ infrared

spectrosco@d S s path e route to methanol.

Ethanol has a a, 1996). This fuel is

il |

attractive becausgj it atizmethanol and it is not as
; i

toxic. However,m‘ie selectivity for ethanol production is geperally low (<40%). The

hydrogenation of C‘ methane and h|gher carbons is also known. For C, and

m: HANUNINEINT o

synth s of formic acid derivatives b?ZO hydrogenation, together with other substr tes,

WIANTIEN URIINYINY

methods because of its high efficiency (TON = 4. 2x10°, where TON = moles of product per



catalyst precursor is (Me,P),RuCl,, and the

mole of catalyst) and high selectivity; the
operating temperature is 100 °C. \\‘ /

. ;TP"
/ N o f .
Scheme 2.2 Proposed hgferogefiectis-catal )@enation mechanism to methanol
P 1l e
(Fisher, 1997) VEEEE=—

o
, hydrogenation on
ihly methane but with

selectivity of 9 ,, Il@spectively. These authors

Sﬁ p

11
also proposed reaction mechanisms for C, CO and CO, hymjgenation shown in Table
2.1. Trovarelli et a‘ ) suggested that th”drogenatlon of CO, to hydrocarbons

HANUNINEING

which EO was first converted to COfy the reverse Water as shift (RWGS) reactl

QW’FﬁQTTWNW]'mFJ']ﬂ ]



Table 2.1 The reaction mechanisms pm‘p sed for C, CO and CO, hydrogenation.

(Lahtinen, 1994) \\

C Hydrogenation tlon

H+2" <> 2H"

CO*+H* <> COH* +*
CriH* <> CH COH*+H* > H,CO*" +*
CH*+H* <> CH,* + HCO*+Co <> CH,*+ CoO
CH+H* <> C y

CH,"+H* <> CH,+27

.'il

T|ta Y 'p ----------------------------------------------------------- 0 mS’
L S

1. AnataSe;, e?ré gres. This type generally

—i
shows/a higher photoactivity tha

2. Brookite, ‘1 E is usually found only |n rals and has a structure belonging to

ﬂﬂﬂ‘mﬂmiuﬂ’mim

rutile type is used in mdust | products such as palnts cosmetics foodstuffs and

R ﬁﬁﬁﬁwﬂ‘lﬂﬂﬂmﬂ 4

other types of titaniur rioxide.




Both of anatase and rutile type have a structure belonging to tetragonal

crystal system but they are not iSem / re 2.1). The two tetragonal crystal types

tase occurs usually in near-regular

octahedral, and rutile {grms Slender , re frequently twinned. Rutile is

the thermally stablé(j’gna St res of titanium.
The three opi itaniy . ide have been prepared artificially

but only rutile, rm of transparent large
single crystal. Th ' natase ‘-:*'u_u by the evolution of
ca. 12.6 kJ/mol (3. blt -1 \ - o is greatly affected by
temperature an f ther C % er catalyze of inhibit the

reaction. The lowes MRICh. €rsiof Qfanatage to rutile takes place at a

measurable rate,' / §C, buplis i85 ansition -o'. ature. The change is not
.' \

ARTAIN TN INedY
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Table 2.2 Crystallographic properties of anatase, brookite, and rutile.

Rutile
Crystal structure gonal -_-._meio Tetragonal

Optical ______ﬂ_? : iaxiag @e Uniaxial,

Properties

negative
Density, 4.23
Harness, Mohs 7 - 71/2
Unitcell - Ftiof AN W\ By i D,h"3TiO,
Dimension
a 0.4584
b
c 2.953
Brookite has; ‘:f”f:'}y-t cé pg amorphous titanium (IV) oxide,

prepared fr@l ias ium hydroxide in an

=
forms of titanium (1V)

mgﬂhed by X-ray diffraction

oxide are anat

0"
spectrometry.

Sln(‘ natase and rutile ar gonal they are both anisotropic, and

AUHIRBNINEINT -

cry ost™appli istihcti between
crysta ographlc directions is lost beﬁuse of the rando |entat|on of large nu

qRTANNIU AMIAINLIAY

are taken into account, may be made of both natural and synthetic rutile, natural anatase



"

crystals, and natural brookite crystals. Measurements of the refractive index of titanium

dioxide must be made by usin : i Bt i suitably orientated with respect to the
crystallographic axis as a rystals of suitable size of all three

modifications occur ' ed. er, rutile is the only form that

5 °C) and very resistant to
chemical attack. s . 2d st \ ) e a slight loss of oxygen

corresponding to a - _ ! ..f‘ o Si -1 e dlict is dark blue but reverts to
n i ¢’ : Il'. L 1

i’f.f".
2.3 Cobalt (Young, 1960, OtHfhér=":

= _J‘-]n‘:
B ﬂ'i;l:fiy 'y

tomic number 27, is
similar to silverm\ ‘appearance. alt compound l ve expended from use

colorants in glasseiin round coat fits for pottw drying agents in paints and lacquers,

facmummmmmm:; o

used adlology Cobalt is also as a talyst for hydrocarbon refining from crude 0|I for the

Qﬁﬁaﬁﬁ‘imuﬁ’nﬂmﬂﬂ
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2.3.2 Physical Properties

The electro “"l/ﬁ&ﬂ%z At room temperature the

crystalline structure form i‘ -pae hexagonal (cph) and lattice
——— i —
parameters are a —’(_J,;t'zﬂ.:l c= 3 406 approximately 417 °C, a face-

centered cubic (fcc) all ; }) e yagattice parameter a = 0.3554 nm,
-_.-- .‘"‘i._‘-
Wlna!loYEt cobalt during exposure

to air or oxygen frafuid is“doubls! 1Nlh, th&edhige of 300 to 900 °C, the

scale consists of a WOR, the outside and cobalt (II)

oxide, CoO, laygfnextdo 'a --r'- \ . Bekformed at temperatures

below 300 °C. aboy® 90§ °Qf Co,0, : C o-"‘-.,II d%otRlayers, although of different
# Il ;-1."_ a 3
appearance, are“comp .o ﬂ' ;;""."" ""1‘ c - 600 °C and above 750 °C

appear to be stable ¥ c ing o .,y:-'-1 hereas t 58 Rduced at 600-750 °C cracks
a-,_’)é:'i

and flake off the surface,
Cobalt forms and complexes of industrial importance.

Cobalt, atomic weight 58,932 "f’
thirteen kno@
occurring is&

MOssbauer sp

eries of Group 9 (VIIIB). There are

stable and naturally

urce of Y-source for
a

ejﬁnsoop : ‘gtates for the major of its
0

compounds and tomplexes. A multitude of complexes of the coBalt (Il) ion exists, but few

ionfashwellfasifo alt(l) | s um ro

stable simple salt agﬂr Octahedral stereocfustrﬁ is the most common for cobalt (I1)

au d and omplexes,
most“whlc are octahedral or tetrahedra[ in nature; cobalt orms more tetrahedral

complex than other transition-metal |‘s Because of the S|l stability d|fference

(IRENTAU SR INGIRY

brownish red; most of the tetrahedral Co (Il) species are blue.
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Table 2.3 Physical properties of cobalt (Othmer, 1991)

Property Value

27
58.93
417
251
1493
395
3100

latent heat of vaorig itiop atbp HV \ 6276

el

0.442
0.560

thermal ductl

thermal utron absorption, Bohr atom

ﬂi%fﬁ ‘8 w%’mj N9
QRIAN TN INAE
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saturation ingductionz47tl]

permeabi _ :

99.98°
7 253
At 300° AR < 141 145
At600°C ety ' 43
. ARy l}r
. -""'{:"Jif' o
t 900 : 17
strengtaf 99.99 %cobalt, MPa "= aled sintered
tensi/B=, Nusss 679
= I
tensile yyj 138 ‘[Tlh 193 302

com pressivi! 841 808
=

“conduotivity = 27.6 % of International Annealed Copper Standard.

aIATalIMmIngnat

Zone refined.

"Vickers, °To convert MPa to psi, multiply by 145.
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2.3.3 Cobalt Oxides

Cobalt has ' i It (II) oxide, CoQ, is an olive green,
cubic crystalline mater; formed when the carbonate or
the other oxides ar ) : [ o re, preferably in a neutral or

— ' "
slightly reducing phe )01 mardiffi stance to prepare, since
: ; Weashigher oxide. Above about
850 °C, cobalt (ll) is' tl ! \ ot ifscommerce is usually dark
gray and contains 774 Cobalt (i) ¢ Je igysolut le in water, ammonia solution,

and organic solv, igsolVes immsie inéral‘ecids s used in glass decorating

and coloring and is ‘ ) he Pre ife hemical.

Coalt (W oxi Coyl Bounds are heated at a low

temperature in the prgeng oeﬁ Ces Altherllics told that cobalt (I11) oxide

g
L

for he -lower & .II".‘ be made as a black power by
i"r-r-'r o, i . .
oxidizing neutral coba t solutiens=with “suk like Sodium hypochlorite. Co,O, or

exists only in the hydr

C0,0,.H,0O is completely a::*___

absorb oxy@
l i)

ny ajat temperatures above
111
651~ C and not exceeding 800 °C. E
24ﬂnauﬂq I IEJ ilﬁ I Iﬂqi Ii

geratures above 265 °C. Co,0, will
[ 0xfde Co,0,.
unds, such as the

carbonate or

approximately

amasmﬁfmwm NHTaY

high selectivity for linear hydrocarbons, and low activity for the water gas shift reaot|on It is
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known that reduced cobalt metal, rather than its oxides or carbides, is the most active

‘ estlgatlons have been done to determine
salumma silica, titania, magnesia,
of variou ___i@alt precursors used was also

investigated. It w@sed orgar%suih as Co (Ill) acetyl acetate
resulting in an increﬁg_of— npal of cobalt nitrate (Kraum, 1999).

phase for CO, hydrogenation in
the nature of cobalt specie

carbon, and zeolites.

ﬂ?JEJ’JVIEJVIﬁWEHﬂ?
RIAINTUURITINIA Y



APTER Il

employed for this ' ) ASe Stivty B low reverse water-gas shift
reaction (RWGS). M varal, ractols flive 8p ol taaffect the performance of Co-

catalysts for CQ ’ nffsuck i th . B0tk addition of a supported

o
~ A

3.1 CO, hydrogenation wih Hetefa Jeneous

- .
il ol iy
I

Ina prewous 1:/ 1"::'5-” (el iO,-, ZrO,- and Al,O,-supported iron
catalysts as ‘Sd C estigated. It was found that
TiO,- and ZiP, S UPPOHEA-IFON-OXIGEs-ShOW-good-activily-and-G. Selectivity. In addition,

Bando et al. over frequency among

|
; A
Cu/AlLO,, Cu/Si Moreover, the CO and CO, hydrogenationﬁ\ Co/SiO, under Fisher-

Tropsch synthesis fr&ns was also studied g 2002). It was found that CO, and

AULINY NINYINT

act|V| but the selectivity were ve? different, FTS product distributions were observed

ARIAGNT TUARIING Y
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Hydrogenation of CO, (Sakurai, 1996, Sakural 1995) and CO (Sakurai, 1995, Vannice,

1983, Mori, 1987) over TiO,-su catalysts have been intensively studied.
Cobalt-bas | r the synthesis of high molecular

weight paraffins (Dry , 1997, they own high activity, high

selectivity to IineV risuer llgoow agvme 7 -gas shift reaction, and lower
a———

price compared {0 those 0 [ e iy, active phase of the reaction is

metallic cobalt; . ) (olple]\Ax d on the dispersion and

reducibility of cob, ies. i f-eff IeRticolk e talystwith high concentration of

dispersion on titani IOougautilesanata sel tlas found that the number of
Utile Phase in titania up to 19%
gposed a volcano conceptual

j ! ,ﬁ g
model on dependence @F dispelsion itk il the number of reduced cobalt

=
Thg strong metal suppo

Co metal is used t‘d rmined the cobalt d|s n and reduction behavior of Co/TiO,

EI uHINENINGINT

Co-su ort compound as a subomde at an interface that is high resistant to reduct|on

WIS ININIINEIaY

is proportional to the number of cobalt surface sites (Soled, 2003). In addition, the active

I
interaction (SMSI) bet@v the titania support and
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cobalt metallic phases, a working FT oatalyst could contain several other cobalt species:
cobalt carbide, cobalt oxides, c@
probably not directly involvedsig™ &l

to a deactivation procgsseEReized cobalt s

iked compounds, etc. These species are
rbide formation seems to be related

00, etc.) do not catalyze FT

synthesis either. Oxi 0 It metallic speg he reaction leads to catalyst
deactivation and reduces rates. egtime, cobalt oxidized species could

probably affect ta# dide and’s gcliOMSsuch as water-gas shift,

(CSTR) (Jacobs, 2008). THE agbtdse:utie phasSe ""I camaffect to the catalytic activity
of Co/TiO, cataly®l t itk actRiity and selectivity of CO

hydrogenation reacti eianatase ratios in the titania

L\

support (Jongsomijit, fri O, alyst could affect by addition of

CO during H, reduction Both Co reducibility and dispersion
(Jongsomijit, 2002). The Cga 3 7 tion (Co-SCF) was found to lower
activity of @ uﬂn '

_ -
resulting in i

800°C during Tﬂdﬁfe '@!
Type of*stipported also affect to the phase compositiomand interaction of cabalt

with support. The ‘th type of supported d@ialit catalyst (CoO,/SiO,, CoO/TiO, and

uﬁ stul |t w ﬂ mt}a ?balt oxide
as much stronger In the Kinds of TiO,, whil onclusive

ewdenoe of any interaction was four‘for SiO, (Wang, 2 . The support mteracw on

QIR UNIINYIAY

interactions with the support. Co/TiO, also use as catalyst for dry reforming of methane for

standard reduction

ble at temperature <

Co

With
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generating synthesis gas and is related to the generation of fuel for fuel cells (Nagaoka,

Q&Wég

‘S

2002).

3.3 Mesoporous t@d—‘

Mesopor ( ) e ion, se of its high specific

surface area and hi i ig extenti 4 it catalysis fields, catalytic
support and solar cglfs. - \ - yeported a modified sol-gel
synthesis of he : ol mese ; , --j Kyl phosphate surfactants
and titanium isopr ic i a 7 onale es have been performed

broadly on synt e8| ) biswn tlw oy severaly o Up to date, most of the

k
! L}

synthesis process 20 W, 2003 l"n.,"‘." ang, 2006, Li, 2007), block
polymer (Liu, 2008) or _' ioni E. "‘ 0, u\*.‘ as the structure-directing agent
(template) which Coul be -"f;:' ations or solvent extraction process.
However, the MesopPOrous, ran WO ¢ psed by thermal treatment at high
temperaturgT 1 b 7 ion. A simple and

environment

demonstrated DyChiu S " atalyst and the calcined
111
TiO, produced,| hout a structure-directing template has a AE\ surface of 106 m’g .

Raveendran et al. ‘) have demonstrated a Iate free method to prepare spherical

emﬂﬁﬁnﬁﬁiﬂﬁﬁﬂmx:

, exhibits high surface area.ﬁ388 m’ g "), while the formation of the mes o us

q masnIumAngng

associations into thermodynamically stable spherical assemblies, retaining their meso-scale
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order. Huang et al. (2005) prepared the hi

byltylgtitanate as precursor, inorganic acid i.e.

‘ |/ ence of any template. Shieh et al.

(2007) presented a n tween TiC T HNO, producing anatase TiO,

with a narrow diame?szﬂggﬁ ‘ . n was performed in one step
a—— ' "

condition (70 °C  a. Im IQuit_any surfactants or polymers as

templates. Avoi

h surface area mesoporous TiO, by a sol-gel

process at ambient temperatur

HCI, HNO,, H,SO, and H

ynthesis of mesoporous

TiO, is highly imp of view.

\C ) | B 1 |
. H’;t;i” a n\e ated  the carbon  dioxide
- ;
hydrogenation over Fe-C&f cata ....l..a-"f.t pd ‘-\\ prmoted Fe catalysts have been
J g : 3
tested. Under the selected regetien=Conditiof , 1.01"MPa, H,/CO = 3, GHSV = 156.5

Lh'g cat), both materials

levels and y"éBw

(0L) obtaine

iron catalyst doé n a " ,
11
shortens the tiwwequired to reach stationary-state operation iR ag

30 h). Yaccato et ‘ 5) were investigated trvmpetmon of CO and CO, methanation

mx HANHNTN Elf?lm:tz;:i:

be th ost active and selective ca?yst for the reverse WGS reaction (highest C

qmmmmmm NIAY

chloride precursor PtCl, are more active and WGS selective. Pt and Na-doped Pt as well as

ance, reaching similar conversion
in growth probability

r@oration into the base

the promoter addition

reat extent (from 70 to
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Ni methanize, but with their trajectories emanating from the reverse WGS equilibrium point

in the lower left quadrant, in it ted’ methanation with the faster WGS
reaction dominating, at 3 . Pt ammine nitrite, hydroxide and

tetramethylammoniu platinate st active among the Pt

precursorsscreenw! metgnatl r : ever, Rh and Ru are the most
active methanizers.”High. ; z ity by high water formation

water to scale linearly

ive metals is given by the

Cu; Au; Co; AgF Pl 1 aCh, Rex KB/ P10 'ShaBL< RElVi < Rh < KNaRu < Ru

o bn of hydrocarbon selectivity

. \
in CO, hydrogenation Dy#ik Al,O Sc@talyst. It found that Ru promoter

enhance CO, conversion from Ote C,, selectivity. It was reported that

Ru promotion in Al,O,-sup

hyd rocarbo@
L\

ed the catalytic activity and higher

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂ?
QW’]Mﬂ'ﬁﬂJﬂJ‘m?ﬂmﬂﬂ



T|C black powder form (Aldrich, nominally less than 4 um in particle size)

AU INENINGIAT:

then as washed with ethanol and de-ionized water for several times and was dried at 70

PRI TUIAINE TS

q that temperature for 30 min. Then, the as-prepared samples were cool down to room

temperature in N, flow (75 ml/min). Next, the acid concentration was increased to 9 M (70
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°C) and reaction temperature was raised

yto 80 °C and 100 °C (5 M HNO,) which both

case were operated only at 24, ' I hyto vestigate the TiO, phase transformation
rate with strong acid conce %ndition.

422 Cof:m}d—:a -4 =

ess impregnation with
ount of cobalt (20 wt%
loading) will be diss > P wat nd t 7. into the support. The

cobalt solution is 0 to the o t . st is dried in the oven at

°C/min.

A promoted-ii ..u,-w DDORE W Wifheregnation prepared by the incipient
p bkl f.-—"‘l‘ f*;ﬂ'*rv? g prep y p
wetness im natie ( O(N@3),] (0.5 wt% loading)

was dissolv 1A -de-ionized-walter-which-iis-volume-eaualed-io-pore volume Of Catalyst and

then impregna ei,' S q' ped slowly to the titania
\ |
support. The m!g:’ied-titania would be dried at 383 K for 12 hiﬁj calcained in air flow at
773K for 4 h.
‘o o/

Ausdngningns
RIS N Y

where A is HNO, concentration in M
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B is reaction temperature in °C

refer to degussa P25,

| eyphase , respectively.

. 3 "-, Skomeled degussa P25 support
/ 1"1. I A X ]
h infforeg .'""'“'

\ ;::_

T‘-—- 2’:1-

O R T
o

4.3 Catalyst Characterlzatlo ﬂ.u ‘1-} 7 11-.'

- i
w was performed+o'd € bulk phasa@catalysts by SIEMENS D

5000 X-ray dlffract?eter using CuKg radlatlon with Ni filter in the 20 range of 20-80

FTTJ“EVJTTE]W?WE]'Tﬂ?

3 2 Carbon analyzer

N AN INURINYIAE

analyzer with perkin elmer, PE2400 series Il. The sample was decomposed to gas phase by
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high thermal treated and carbon content was detected by thermal conductivity detector

(TCD). ’/
433N, Phys d
a, pore volume and pore
diameter were J : B0s@ “isc erm at liquid nitrogen
temperature (-196 [ i pefiti ; "ihe surface area and pore
distribution were calg cgorfl (o I JUer n jeiteglier (BET) and Barret-Joyner-

4.3.4 CO;

The acti\; ites  Kie 512 erce "'-., es dispersion of cobalt catalyst
-
were determined by -pu' 2 ique using Micromeritics ChemiSorb

2750 (pulse chemisorption’_,_r yst V.3.00 software. It was carried out

using 10 mg™ofya ( I/ minFWith heated from room
temperature 10,350-"C-ai-rate-10-"C/min-ana-held-at-ihis-lempe @il T 3 h after the cooled
down to roo

08 Vag=ineasured using thermal
\ |
ﬂor. Pulsing was continued until no further crl On monoxide adsorption

conductivity de

was observed.

ﬂ%ﬂ?ﬂﬂ%@ﬂ g1n73

TPR was used to dete‘mne the reduction “wors of the samples

RIRINTUANINGTS
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2. Prior to operation, the Catalysts were heated up to 200 °C in flowing nitrogen

and held at this tem
3. After the catal o room temperature, the carrier gas
to 800 °C at 10 °C/min.

move water produced during

Wsing®an AMICUS spectrometer

f‘o al :I".l ly

the source was operated at

voltage of 15 kV and ¢ t of 124 A The' e in th@analysis chamber was less than
5 'f.ﬁ.%ﬁ _
10~ Pa. The AMICUS system -compute 5ing the AMICUS “VISION 2”software.

\
00 kV.

2010, operating

ﬂﬂEITYIEWf‘iW g1n73

Thermal gravimetric a IyS|s (TGA) and differential thermal analysis (DTA)

qma s I Ny

°C at a heating rate of 10 °C/min in oxygen.
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4.4 Reaction study in CO, hydrogenatlon

hydrogen feed s

(TIG). The gas mixture
contained 8.80£2) 2. was 30 CC/min with the
H,/CO, ratio of 10/ and high purity argon (8

CC/min) man € if .. ustr 9 dy TI@wwere Used for reduction and

jon sySt@m is shown in Figure 4.1. The

system consists of a re@ e controller, an electrical furnace and

a gas controlling system.

‘L\

= -
ﬂreactorwas ade“from*a“stamiess steel tube@.D. 3/8”). Two sampling

points were prowde above and below the Catalyst bed. Catalyst was placed between two

ﬁﬂﬂ’)ﬂﬂﬂiﬂﬂ’]ﬂi

4.4.2.2 Automation Te erature Controller

q transformer and a solid-state relay temperature Control er mode no. 425D connecte

to a thermocouple. Reactor temperature was measured at the bottom of the catalyst bed in
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the reactor. The temperature control set pojnt is adjustable within the range of 0-800 °C at

the maximum voltage output of\
M |

could be operat .

drogenation. The reactor

oltage of 220 volt.

eactaft fofthel systeMiwash cah '€ ippediith a pressure regulator and
an on-off valve ang#the g sjfll rate g
f i

A Y .
cre. sted B} USIfig ering valves.

N O e h\/
4.4- &~ . : ':1 ",j;. i
- F
o js":.
F R T o
el

The composition oTk 0 _the product stream was analyzed by a
Shimadzu GC14B (VZ4@) OMAGEP ith.a flame_ionization detector. A
Shimadzu GCEA eQlipbed with a thermal

. f gebroduct streams. The

% Table ﬂ.
AUEANENINGINg

. Using 0.1 g of catalyst packed in the middle of the stainless steel

conductivity seiecte

e
operating condutl s for eact

microrector, Wthh(located in the eleciff@al furnace.

RIANNIURRIIT HIN Y

to minimize deactivation due to carbon deposition during reaction.
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3. The catalyst sample was reduced in situ in flowing H, at 350 °C for 3 h

Sed for separation of carbon monoxide
2 ector (FID) were used for
: e (CH,), ethane (C,H,),

5 te was reached within 6 h.

ﬂ?JEJ’JVIEJVIﬁWEHﬂ?
RIAINTUURITINIA Y
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Table 4.1 Operating condition for gas chromatograph

Gas Chromagrap SHIMADZU GC-14B

Detector FID
Column VZ10
- Column méErL%L- - -

- Length -

- Outer dia -

- Inner diamete -

- Mesh ra 60/80
- Maximum te ‘ at v 00 ' 80°C

Carrier gas H, (99.999%)
Carrier gas flow
Column gas

Column gas flow

- final 70
ina (t 7 7\

Injector tempﬂn I' 100

Detector tem ture (°C) 100 . 150

Current (mA) ‘n _ 80 @S B " )

AN TUAM TN



) -
2 3 4 5
Ar [—> Vent
o >
I 14
8.8% CO, in H,
9
o
i i B
_— f
H2 '."‘
y / A
o / 4 13
.\"'r '
/
v a
o
- 12
Q 'S

1. Pressure Regulator ‘ 1 [ 4. Metering Valve
5. Back Pressure 6. 3ﬁ Valv M 8. Sampling point
9. Furnace 10 | rmocouple 11. Variable Voltage Tra rmer 12. Temperature Controller
13. Heating Line 14. Bub@ Meter

e UEINENINEINT
AN TUAMINYAE
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titania form acid cg 5.4 | 1 QI ic activity between Co-
catalyst on prepare ; d' wi [ iU prOmGicd, with commercial grade

TiO, ( 2 dfogena Ot 7 50 leaging™Was used and carried out

ySts 'Were characterized by several

techniques i.e. T . 7 P O-pulse chemisorptions,

5.1 The study of mesor. itania’synthe i alyzed-TiC
i g

with 5 M HNO, at 70

°C were com'ﬁg ly c chﬁﬁ

technique. The TGA/DTA curves of TiC precursor are shown in Figure 5.1 indicating that the

terized with TGA/DTA

UBINENINEANS

5.1.

TiC weight increasg oximately about 30%%oretical value), which was in a good
ag'FEﬁ
seroqy

QRIANINURYINYAE

Scheme 5.1 The oxidizing reaction of TiC presurcor
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130

°c - 16000

125 - 14000
- 12000 __
120 1 =
S - 10000 E
0 i)
3 1151 - 8000 &
= 2
= - 6000
Q110 A -
= o0 8
4000 2

105 - 2000

....................... i 0
1001 —F—F F oo UMWY &85
—+ -2000
0 1000
X . A | 1 . i ‘ .
Figure®>.1 T6/DTAG ,._s;:.  of thell S@ (Without reaction)
i e o sl
I et o :

The exothermic_OXidiaHion place from 400 °C and completely
oxidized at 850 °C. It iswliVided into-three fe 92C  520-600 °C and 600-850 °C.
These threeyfegi yhly sShen et al. (2006) and
Shimada anLg. atioh i.havior of TiC in dry

= | —
oxygen, wet oxi@Jn and water+vag pared carbon dﬁd anatse TiO, obtained
from TiC. Shlmada (1996, 2004) also proposed the oxidation mechanism of TiC that

d o @xyeary ‘ , Ti;Og or

Se eyolv m | xidation at

stag and 3 were related to the transformatlon of anatase and rutile phase respeotlvely

heme 5.2 as follow:

Qﬁﬁeﬁ@ﬁ%ﬁf mﬁﬁ“”i'mma ]
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300-450 °C
_>

TiC TiO, — TIO,

Rutile

5.2 and 5.3, thedl yasfalready, oxidiz et A/DTA show the weight
lost around 15-20% oo _ ' val~ oh . r and the decomposition
of acid speci ts were constant after
around 400 °C d ; ous-TiO, to anatase TiO,

and from the anatase Sohe ; A5508C % pectively (Rajesh, 2008).

M_70C_8h

i
ﬂf_)z_w_mo_zm
i

~~~~~ > 5M_70C_72h

AU IANeng AEAT

1000 1200

qmmn%mwﬁmmaa

Figure 5.2 TGA curves of the oxidized-TiC for various reaction times.

Wieght Loss (%)
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— TiOp_5M_70C_dh

500 1 1 e NSSAN I F O TiO,_5M_70C_8h

Heat Flow Rate (mW)

1000 1200
> o L) \
Figure 3#3 DTA fyaf‘ jzed-TiG¥or 4 h and 8 h

e
E R T o J
i -

aMiked phase TiO, was
simultaneously @rgduced F that the TiC precursor
was completely o><| ized to mixed phase TiO, (45% anatase) after 8 h. After that, anatase
re itc sige based on
S UVIVEL gt el

cont and crystallite size were shown in Table 5.1. Shieh et al. (2007) proposed that the

format|on of TiO, through the react| of TiC with a ue&‘ntrlc acid (b M) at M
ique Mﬁeraid [ %wof TI) us idizingla Te.
HCI, H,S0, . Na,S a,CrO, aqueous solutions) and H,0,

(30%). The formation of the TiO, mesoporous structure is likely caused by mesopore-
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etching of TiC particles and transformation of TiC pore walls into TiO, by HNO,. Instead, TiC

is probably transformed by
condenses to form the am

in Scheme 5.3.

3

intensity (a.u.)

ile TiO, ® TiC

TiO2_5M_70C_72Hh

TiO2_5M_70C_48h

O2_5M_70C_24h

TiC

Oxidation

NYNINYMNT--

Hyrolyzes pept|zat|on

and c ndensahon

4NN Y

e 5.3 The TiO, formation diagram from TiC oxidation follows by peptization process
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Table 5.1 Characteristics of Degassa P25, TiC and TiO, obtained from TiC at different

conditions \"/
S I - | ize  Pore volume Carbon
ample oANE -
? (cm’lg) Content (%)
Degussa P-25 = : 0.146 1.07
TiC P 0.006 16.42
TiO,_5M_70C_4h 0.120 9.14
TiO,_5M_70C_8h 0.239 3.80
TiO,_5M_70C_24h 0.194 3.42
TiO,_5M_70C_48h 0.129 3.12
TiO,_5M_70C_72h ¥y J | \ 0.151 2.94
w % il L
y o ONLE LT Rl 3
® calculated by Debyg cllh'ﬁ re }l";:';, / I
Iy 1l F 8 L 1
/ Maver:

- r
el
F N e o e
i

5.1.3 BET surface ::;W

& POIE.SIZE, - Dore Vol e and BET surface ares * precursor, Degussa
TiO, (P25) a

d . At 8 h, the obtained
-14 |
mixed phase Ti(ﬂ ‘ howed the highest pore volume and BET sqﬂce area at 0.239 cm g’

and 306 m’ g re?ectlvely while the pure rutl iO,, which was obtained after 48 h,

AU gINGNINGINT

alter from type-Ill isotherm (no porous or macroporous material) of TiO,-P25 to

RIBINT] [ nynaY

nonporous type-ll isotherm at 48 and 72 h with 100% of rutile phase. The pore size
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distribution of all prepared samples is shown in Figure 5.6 and it was found that all samples

J

have pore size around 3-4 nm wi

Quantity adsorbed (cm*/g STP)

wr
o

Figure 5.5 N, adsorption -f.f':i: 150

AU INENINGINg
RIAINTUNRIINYIAY
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4 -
—%— TiOp_5M_70C_dh
_y— TiOy 5M_70C_8h
.y —&— TiOy 5M_70C_24h
5 TiOp_5M_70C_48h

TiOp_5M_70C_72h

Pore volume (cm®/g)

100

f . Y -.J’.
i A
i, 25
J !-l r,";_ﬁ‘ i %
Figure 5.6 Pore s gf riblitiopSyafoXi i n MBINO, at 70 °C for various
, rAaves ‘
reaction tifnes .

E—
- A
Tjs agl r

E R T o J
i -

;-f '1 .“ J'EB‘I y

] b matically decreased
e | |
perhaps due tOM extreme oxi with aqueq@. nitric solution (gas from

the oxidation reacti?can be detected in the initial stage). Slow oxidation of the carbon after

= /s

AUEINENINGINT
RIAINTUNRIINYIAY
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16

%Carbon content

Figure 5.7 %Carb@h coglfent of Q "f* ' H'f. O t 70 °C at various reaction
| i': fi:: r 'i. ‘

. i
studied by SE nd TEM techniques. Figure 5.8 shows the

precursor (a) and rgm TiO, at 8 h ( FIQUUB ) image displays a particle size of

i !sﬂ ] ;—nyi ﬂ 7!! cei Wﬁgesl [ 1/ 5 n from the
large igur mary particles w nanocrystallite” size, were

agglomerated to form secondary parﬁes with quite spheﬂ shape with ca. 28 u

RSN TNANAY

tiny crystals as well as clusters composed of a number of very fine crystals were seen after

all prepared TiO, was

M micrographs of TiC
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the 8 h (5.9-a), which consisted of anatas
phase with quite rod-like shape ; b), the rod-like shape of prepared TiO,
was observed, and then a i stalline of prepared rutile TiO, was

evident (5.9-c), corre

~4 nm with quite spherical shape) and the rutile

ion emperature was increased,
phase transfo i I age se 0 ENMgs dCCelerated. This can be
observed from E_a' . . , V:oa- 5 i‘uv 'n u ith 9 M HNO, and 80 °C
for 24 h. While both, 2lli ‘E', 0 ; 8kc approximately similar with
increased reacti & S. Wil ;"_ .vl"-.l'w ighfiieaction temperature, the

4

I, |
in decreased pore volur BESUrface Fro "i._l

Ipsefdu iy oxidation process, resulting

e summarized data in Table 5.2,
ith ;M HNO, at 70 °C for 24 h were

reduced from 248 m” g tQ 3g’1 to 0.086 cm3g’1, respectively.

.-“y? :
Considering —ﬁlg : ratt @st it re volume at 100 °C
with 5 M Orfor24_h._The BET surface_area.decreased Wit increasing reaction

temperature.

ﬂUEJ’JVIEJVITNEI’Wﬂi
QW’]Mﬂ?ﬂJNW]’mFJ’]ﬂEJ
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SIAQURGNY v {20 0 5 070 B B

{m lﬂh\

¥ R N T Ty
om0k 36 0V B2 5B L 5 U G
L ‘ \
1 K 'I I!, . ‘ s

Figure 5.8 SEM images of TiC precursor (a) and the TiO,_5M_70C_8h (b)
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Lil 20 1:”‘* ! V'E"E:ﬁq".‘* i
.__w;s?.:_ - n-; M q{tu :

ﬂMﬂ&MﬂﬂHmﬂj

and TiO,_5M_ 70C‘2h

ammnsmumwmaﬂ
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Table 5.2 Phase composition, crystalline size (d, ), total pore volume, BET surface area and

Wity

of oxidized TiC when i

'entrat|on and reaction temperature

Pore size Pore volume

Sample > s
e — (nm) (em/g)
Ti02_9M_7OC_2/ N 4.25 0.086
TiO, 9M_70C_48fs 3k WK 5.31 0.129

TiO, 5M_80C_24h . 20 W 3.82 0.138

QWAANFI

TiO,_9M_100 _ I‘ d W 4.02 0.122

° calculated by Dg#ye-Sg er *r guation

I(NE
d:f r"

)
"

¥
I

I f'.ﬂ

517 O 7a 0 ‘;1#

i

After the -".t’{ ‘f"F'; erated, it still holds in acid condition
waiting for TiC to be complgt ;;',t}'ﬁ-'g;: ign.process could be adopted to explain
the effect of-kgactig

(5 M=HNO,), and reaction

temperature’= Reptization is_a process to_redisperse.a coagulated. edlloid by electrostatic

force. When"efit | Particles dissolve and
e |

recrystallize intci” atase or rutile " phase as a tunction of pe tion temperature (Jung,

2004). It mvolves‘three possible processes that could occur simultaneously: (i)

me&m NENINYINT

stabl s the suspension through ele trostatic repulsion and (jii) particle reagglomeration

WY

precipitates with nitric acid; however, the 100% rutile phase was not obtained. Bischoff and
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Anderson (Bischoff, 1995) found that a |d p ptization of TiO, particles favored the formation

of rutile, in comparison with the red at higher temperatures. It is generally

accepted that the adsorpti of hydrous TiO, particles creates a

net positive charge;
peptization. HOWV F“‘S X i BrCannot explain why the rutile
phase forms after peptizati a’lc ) e Moie , Yang et al. (2000, 2005)

prepared rutil

stabilized sol during acid

NO, peptization. They

found that when goxolation could possibly

i g
" 'r}',: o

fr-;. B:'
el W
']

I'J
\ 1
Scheme Redrawn of the deoxolation process of peptiﬂﬂ!; titanium dioxize

n Yang et al. 2000

ﬂLlEJ’JVIEJVIiWBWﬂi

Its electrophilic proton‘-l ) will attack the o en atom between two

q RIRININNRIINGINY

form HO-Ti= . The reduction in number of oxolation bonds among titanium atoms lowered



47

the agglomerate degree and finally e tized the amorphous precipitate. The particles
7 ' both of the anatase and the rutile phase.

octahedral as a typical feature of
ctahedral 3

[ ofﬂ?e rutile ‘

obtained by drying the sol exhibi
This indicates that edge-sh

anatase is dominant « nd that a few corner-shared

bondings of [T|06wmf
increasing reaction time i

and Gao (20 igate __"’;'-._-_-o Zatien process on phase

also been formed as well with

giresponding to the work of Zhang

o

fale gng titanium atoms were

broken and produce fol e o N it M atom, which facilitated the

movement of th ' at@h, v hick . to itSWa@ljacent neighbors before

peptization. Conde ion ! ‘ -", W@ tes could 8 place among several titanium

species, ing®™o s cf al, reg 'f""‘p"" S | Okmation of corner-shared
¥ !" f'! E" e . B

octahedral chains ch actdiistic of the e phase. 2N ati@ of fact, XRD patterns of the

peptized samples with 8 ifel : _at 708 C) indicated that the as-formed
powder is the anatase and# et al. (1981) found that raising the

temperature of an acidified: nic '”' " ps could lead to a forced hydrolysis

The first st 'BLt 77
the formati%

il 1
demonstrated theshig e ﬂ
i gl

i” | to dissolve is the amorphous titania. The aci

titania, but the slowfryﬂzanon at low tempera ields the more stable rutile form.

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂi
QW’]Mﬂ?ﬂJﬂJW]’JVIFJ’]ﬂEJ

allization could result in

[\
ahd Anderson (1995)
solubility of titania. The

most likely mat creases the solubility of
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5.2 Comparison of catalytic activity between Co-catalyst on prepared-TiO,, with and without

ruthenium promoted, with CN’W , (Degussa-P25).

The rea S carrie drogenat|on to determine the

overall activity of th fes. ng the
i-:-—'-"‘— " "
h in a fixed-bed cacioe react

H,/CO,/Ar = 20/2/

educed in H, at 350 °C for 3

ied out with flow rate of

determined using XRD
igure 5.10. They strong
5 W& 70.0° indicating the TiO, in

L
/788
3
A ()

° 541 1\:. 55.8° were matched with the

the anatase phase wet s at 2088, ,.sr .s-r-’
rutile phase. The strong Deaf§ar 31 87, 374 andiB5.3° corresponded with Co,0,
The XRD peaks of CoTiO3 along= :.'::.‘ e Co/TiO, catalyst at 23°, 32°, 35°, 49°,
52°, 62° and.64° weemotoBS ide i henium-_promoted support, the
ruthenium icgr -i y patterns were not obse ' £ mount of ruthenium
ooncentratioL 0’5 e Muibited in Figure 5.11, it

= |
was found that, ‘mjruthenium- upport promoted-catalyst, suppo@rystallite structures were

still remained aftert reaction.

AU mﬁwgt:tﬁ .

Sohe equatlon The crystallite S|zes of Co,0, on both of with Ru-promoted support and

without Ru—;romoted supports for —oatalists deoreasﬂlth deoreasm suppMo

RIS IHINE R

promoted samples should be smaller than those of the un- promoted oatalysts because Ru

would enhance cobalt dispersion. In this study, the Co,O, crystalline sizes might be
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CoRu/R

CoRu/Mixed

CoRu/P25

Intensity (a.u.)

Co/R

Co/Mixed

Co/P25

80

Table 5.3 T@ allite size « . 'tﬁa\ ious supports. (With
Rt |

IF——
il
Crystallite size (nm)ﬂ.

UL INBEREINS

Co/R ‘

ARIAINTAUUNINGINY

Catalysts

CoRu/R 10.8




5.2.2 BET surface area

BET surfac

areas and pore volum

51

d hysteresis loop which

cobalt oxide clusterss ure |!12 |Iluwamlon -desorption isotherms of
e
cobalt on differe ort xed, catalystesti

referred to mes

Table 5.4 BET surface area ;p e al ssizes of the Co-catalysts.

Mixed M
Rutile (R 0hS

ﬁuaqyawf

CoRu/P25

qmmnwuﬁ”

oRU/R ™

e thermal treatment after

\Werage pore size(nm)

ﬁg =1

ﬂ
ng

8.7
3.8
53

A8
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140

Quantity adsorbed (cm3/g STP)

1.2

Figure 5.12 N, adso 0 of sp & ' Ok sts on various supports with

Ru—promote and wi

e i 5.14. The reduction

-—i |L__
temperature aroipﬂd 200-30 of residﬂ.cobalt nitrate remaining

after calcination ( elbauer 1996). For Co/P25 catalysts, Co,0, was reduced to CoO

A yeSnEnsweInT

er interaction between cobalt particles and the titania supports. Moreover, the

uction temperature_around 500 { correspond to théEMduction of species HOW in
q ﬁ'}ﬂﬁﬂ FUURVINY

catalysts, the reduction temperatures were lower than those unpromoted catalysts. It was

found that ruthenium could decrease the reduction temperature of cobalt oxide (Jongsomijit,
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2006). Nevertheless, the addition of ruthenium did not affect to the formation of cobalt

titanate because the reduction t d e observed around 520 °C. Some of the
Co strong interaction W|th % be reduced at lower temperature,
besides; the Ru pr revent t / f the Co titanate. The low

temperature peak in stre ) on these promoted catalysts

was S|gn|f|cantly weakene

Co/P25
Co/Mixed
o/R
pRU/P25
CoRu/Mixed
CoRu/R

Pore volume (cm®/g
o

—_
1

(7

-

Jj I

| !

Figure 5.13 Poresize distributions of the Co—oatalysts on various@yports with Ru-promoted
and Wlt‘lﬁpromoted

ﬂﬂﬂ’)ﬂ&lﬂﬁﬂﬂﬁﬂﬁ
QW’]Mﬂ'ﬁﬂJﬂJ‘W’]’JﬂEﬂﬂU
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CoRu/R

3: CoRu/Mixed
S

© CoRu/P25
c
2
w

o Co/R
O
|_

Co/Mixed

Co/P25

700 800

O atalysts.

the unpromoted and

Ru-promoted oted effect, it reduced

1
reduction temp |

above TPR results.‘vﬁ)und that all of the Coulysts exhibit similar dispersion of both
Ti u:ﬂ @mﬂ)ﬂﬂ ﬁo“ &ﬂsﬁﬁghter than
tha u on€. THeretore, the"Ru*promot 0- lyst 'should p ‘ent higher

number of active sites. Ruthenium at‘ﬁ could not be dete&j with this technique

RINMNTUININGINY

:JB:
ure of cobalt oxide on the catalysts, whic 1 s corresponded to the
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Ti

Co

CoRu/R

omoted Co-catalysts.

Figure 5.16 _,ﬂ'j' ‘%

Qd

1
];JQJ/\ micrographs of Ru-promoted and unpromo\&l& Co-catalysts are shown
in Figures 5.17 an‘SﬂreSpectlvely For cchatalystS the dark spots represented

ﬁmf ANHNINEIN ﬁ;ﬁffi'f

It was und that the dispersion of cw)alt oxide species Was good. The Crystallme

QRIRINITUURIINYIAY

q appeared larger cobalt oxide granules.
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Figure 5.17 TEM images of unpromoted Co-catalysts.
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Figure 5.18 TEM images of Ru-promoted Co-catalysts.
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5.2.6 CO-pulse chemisorptions

The charac “JJ

are illustrated in Table ntent of

For the un-promote ts, ti”Co/l\tﬂeme highest number of active
—

sites whereas C nd

d phases support could
(2005), they found : i ( \ il 199 Jpand anatase (81%) could

isorptions for the catalyst samples

within the range of 19-21%wt.

ding to Jongsomijit et al.

Wiumber-of active sites and the
amount of CO u ) se_Of RUsBronlgteMCatalysts were higher than
those in un-promoteg S  'spil 8ifack Witk Rélgromotion. In addition, it was

found that the adg ithenium restltet dispelsioM@f cobalt on the support.

ef the TiC precursor, obtained

as found that, with

support andiall,Co-catalysts,-before- fo]s

unpromoted ‘eaf "o8pbn level at 0.9%wt. In

o
the past, the prciy&ned catalysts*weretcalcined*ats00 ~C. It reqﬁd in decreasing carbon

content compared tg, unpromoted catalysts. All of the promoted catalysts showed similar

ﬁﬂﬂﬁ*ﬁfﬁ]ﬂ%’ﬁmﬁ‘i
qmmnmummmaa
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Table 5.5 Co content, active site, total CO-chemisorptions, %Co dispersion and active metal

Sample Active metal
% Co
surface area
Dispersion .

(m“/g.metal)
Co/P25 0.69 4.6
Co/Mixed 1.01 6.8
Co/R 0.63 4.3
CoRu/P25 0.83 5.6
CoRu/Mixed 1.46 9.8
CoRuR 2.0 J, ; 0.66 45

"~ dg ¥ & “Efg“

18
16 . CTBEOrE"B@2-Hydrogenation
~ " .
= 14 J £ pydrogenation
5 - k) T
c
o
° 10
S
S 8
S 6
Q
o~
$ :
0 ) Rl o e ° o 0 Rl o
. P R e P e O R e
s 3 = 3 =
¥ 3§ 3 pmu
O 5] o

o= s

q Figure l15 EL carbon content o; all precursors and the Co-catalyst, beEore an! aiier Le :

reaction.
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5.2.8 Raman spectroscopy

",
Raman spe \ e Co-catalysts are shown in Figure
5.20. The Raman band ' ibited ﬁQ 455, 382, 336 and 266 cm’

which are similar to Jongsomijit et al. (2004) The

strong Raman b iO, in its anatase phase

(Brik, 2002) and utile phase (Gole, 2008).
The Raman spectr ; S ed" an Daflls at 630, 507, and 389 cm’’

K
my

assigned to Co,0,

as seen in tho T, i e Bk '_ B85 el 476
(Jongsomiit, 200 Q0 3 V& o%henateuvas invisible in Raman
spectroscopy. The ig¥isile * - ate”  Wes | gkly caused by (i) its highly

the highly strong Raman

X 00304

s

A oRu/Mixed

CoRu/R

£

f :
h e
Co/Mixed

o |
: intensity (aﬁ‘r‘

ARANITRAATINE T

Figure 5.20 Raman spectroscopy results of the Co-catalysts.
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5.2.9 XPS

XPS analysi :v/? the surface species on the cobalt
catalysts and also to elative an ﬁt on the surface. The samples
were analyzed in t =T,

e
regions. For cob n oxi

total values for t

ards to the binding energy

4 IN catalysts reflect the
: 03). The peaks of Ru 3d
would be detected - ; o &g Sy oiresponding to Co 2p and
Ti 2p were hardly aff o o Famoifiy &7 Ru thodigation with the values at ~780
’ - ] 7 ) y could not be observed.
The binding energy. o dto N -, 2 ation of Co 2p,, Ru and Ti
2s are also give J 6. ] . i@ G atiohs of Co/Ti of Ru-modified
supported catalysts: o"'., 0 S bported catalysts, indicating
that the addition of rut aSt i"“‘.:r persionipf cobalt on supports (Pansaga,
2008). The binding energies ‘1-5;7:".-‘ or all St were consistent with that of Co,O,. It
revealed that interaction bety r"’“, :

was consor@/

deconvolutet

Mixed, and Rarh’jo
ﬂﬂﬂ?ﬂ&lﬂiﬂﬂ’]ﬂi

QW’]&\‘Iﬂ‘iﬂJﬂJW]’JVIFJ']ﬂEJ

pport was similar. This observation
r all catalysts. The

Jalt catalysts on P25,
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xlD1
1 CoRu/P25

CoRu/Mixed

T
775

CoRUu/R
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Figure 5.22 The deconvolution of Co2p,, of XPS spectra Ru-promoted Co-catalysts.



65

Table 5.6 The binding energy, the ratio of percentages of atomic concentration, and FWHM

of various elements.

Sampley : ~em
0(1).205,7/8 E (V)

CofTi
COP25 % : 0.52
Co/Mixed 0.45
ColR 0.43
CoRu/P25 0.45
CoRu/Mixed 4 0.37
corur P 4 Y 0.34
*Co,0, 4 A
°Co,TiO,
°Co,TiO,

@HO CO, hydrogenatio 1y 1.i|

A ETVItah 1138 1ok (13102 e

rogenatlon at steady-state are glven in Table 5.10. The conversion of Co/Mlxed was

Qﬁfo}ﬁ@lﬁ? RN

Jongsomijit et al., (2005), they revealed that the fraction of anatase and rutile phase at 19%

and 81%, respectively showed the highest activity of CO hydrogenation. However, these
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catalytic activities were lower than that Co/P25 because higher amount of carbon content
resulted in formation of coke an ale 4 After addition of ruthenium, the catalytic
activities were higher than . For CoRu/Mixed and CoRu/R, the
conversion dramatica 3

promotion with rw E@ , a ‘ . The Ru would help dispersed
and I baltae ,

cobalt on the surface ar

activity of CoR e some properties were
similar. The low a - pon gontent® -'n. S 0Me sohgitions also resulted in the
\ k y

decrease of formatiog#of Gijvation of the catalysts. The

rate vs. time on sfif€am @F the ) atalysts \ o- 21. The catalytic activity
of Ru-promoted cat‘ sts, ,.'rf ® rate, Brobe Wbecause ruthenium may help
provide stability ofCoba pg' on the I;. ore! ithOdt promotion.

Since Q_;. lydrogenatianissd structu el Seflsitive reaction, therefore the
- \
catalytic activity depe ’ only <GR=th« m educed Co metal surface atoms. The
r"--""r"w-
calculated TOFs at steady stateof-the-sampl soncluded in Table 5.10. They are in the

range of 1x10% s typ|cal of € --a lition (Kogelbauer, 1996, Jongsomjit,

2002, Kittir@a 77

catalysts onté

oted and unpromoted

d TOF can be derived

from the intrinsic=F aoﬂ-'.ty of the samples remain
11
L]

ﬂumwamwmm

QW’]&\‘Iﬂ‘iﬂJﬂJW]’JVIFJ']ﬂEJ
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Table 5.7 The conversion, reaction rate, TOF and product selectivity during CO,

hydrogenation at initia sjatgfconditions.

g Product selectivity”
TOF
Sample o (%)
(X10" s )

CH,

Co/P25 6.4 100
Co/A+R 100
Co/R 00
CoRu/P25 100
CoRu/A+R , 100
CoRu/R 69 4 T AN 3.9 100

® CO hydrogenatién wgs' Ar =%20/2/8, GSHV= 11400 h™".

’ After 5 min of reacti on

° After 5 h of reaction.

AUEINEN NGNS
IR IUNNINGA Y



acid catalyzed-TiC

ared via template-free, one
step method usingg J ‘ . ueous nitric acid with the
desired reaction time, @€id on“an ol ture to identify those reaction
7 e t.l".ﬁ_ ed MO, with 306 m’g’ can be

obtained using 5 M HN@. at_ / ,-?-*:u -.p 00 for 30 min). Summary is given

= _J‘-]n‘:
B ﬂ'i;l:fiy 'y

‘|
parameters on pro r’up of TiO ._"["
as follows:
g 45%and 55% of anatase

5 iftaReelisly produced during
= |L_
C lncreasedi@rount of the rutile phase

H|t e reaction. When

co muously increased, and then it was completely transformed to pure

f uE3NENI NI na--

both of the reactlon temperature and HNO, concentration increased.

CL mﬁ%ﬁaiﬁ?ﬁﬁw A8 Y
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3. Carbon residue remains in the prepared-TiO, approximately 3.8%. TiC

contains carb 6. It was severely oxidized with aqueous

nitric solu / the slow oxidation takes place, the
dually dec ;;)-1{2

: 'acidgondit';_ — il%n process was adopted to

MEnoXOMElien bonds among titanium
d "Miere "@Hwgroups around a single
ahgements towards the more

) 6 lainsSCharacteristic of the rutile

=
j ol ' |
6.1.2. @0 _ ison o .;1{e_]'wi-§ ivit "l‘-. cef®o-catalyst on prepared-TiO,,
hifand "J’é bromot d, with commercial grade TiO,

'.-I-J’
.

ea and pore volume

(mixed and™e A Tritile form acid cataletTieY laadind o hin Y&~ alue of active Site’

%dispersion “ahd
hydrogenation vy obtained

due to;

AU H3NYNINYINT...

support around 3. 8% and 2.9% after treating with the acid, respectively. It

ol a\iﬂsﬁmﬁm@mﬁé’ g)

oxidized in this step. High carbon content can lead to blockage of metal

: Is'_ value (%5) of CO,
(compare w onversion from ded&a—P% support, 21%). It
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site, encapsulation of metal crystallites and blockage of pores in the

V.,

catalyst suppo

er reg#iCinifity’a

sion than commercial one

u-p

(witheUt R#f-p orfu.w ):Rutheniu meta nhance dispersion of cobalt

gfetal gnd, Dility® , C “R g@ndition of Ru-promoted
&, \

L 4 | o | i « . - ,. L
sypifesigfcatelysts, 5003 ionSytemperature was used; therefore

4:’:

gmouplfof g8 rbon sesidue ediaMaticaMdecreased.

¥ L \’f‘ N
f =)
- ]

¥

should_be investigated and
hemical properties.

A g perature condition.
= jamm
3. CFH oped Ti should‘gﬁ.performed in photo-

cata t process
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APPENDIX A

CALC_E!

Preparation of 20@\ as fQ

For 1 g of ALLO, \
fk
Cobalt required 5‘4 -’ i E { =

Cobalt 0.25 g was prepared fi/ Col f%‘}_; 0. ond molecular weight of Co is 58.93

Q 0

k QDN required
Co(NO3)2 d,

ek |
)
= (291.03/58. 93)“5 =1.23¢g

AU EJZJYI zm ﬁnﬂaﬁlﬁl ] ?

Rufhen ium =

0.25g

Titania = 100— (20+0.5) = 79.5¢
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For 1 g of titania

Cobalt required /?’ .‘
Ruthenium requires

Ruthenium 0.0063 g

Ru(NO)(NO,), rV . Q fraction of Ru in nitric sol”

0.251¢g

0.0063 g

jon in dilute nitric acid 1.5 wt%

x cobalt required

Co(NO,),-6H,0 requifed #f £

_n". /'. -l ii: \ / ‘ O

#

AUEINEN NGNS
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CA

If-height width of the

From S _ | .- : oy A (B.1)

U

observe the mstrun‘n roadening since its cr”lllte size is larger than 2000 A. The X-

wwwww BIn3

rom Warren’s formula:

R ﬂﬁﬂiMﬂﬁﬂ?ﬂﬂﬂﬂﬂ

\:ﬂh of a powder diffraction
|
free of all broa ng due to the experimental equipment. Standard Ol-alumina is used to
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Where B,, = The measuriipeak width in radians at half peak height.

B, = The 05\\ y/) of a standard material.

Example: Calculatlon S|ze of C _

= 0.0042 radian

=365.9 A

ﬂﬂﬂ’)ﬂ&lﬂﬁﬂﬂﬁﬂﬁ
QW’]Mﬂ'ﬁﬂJﬂJ‘W’]’JﬂEﬂﬂU
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Intensity (a.u.)

44
Figure B.1] e mfasured,pee ' /] l"; ulate the crystallite size.
", yé ’ \ |
el
7.00E-03 —
6.50E-03
~~
=t
S
=
]
N
£ 4.50E-Q3
4.00E-03
— b [+ 1 i
. ( ’d’ [ - [ 7- '
20 30 40 50 60 70 80

‘ Degree (20)

QW’IMMQMN‘I&’H NEIaY

were obtained by using Ol-alumina as standard.
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CALCULATION FQE - TION AND DISPERSION

Calculati : : Temisorption._and metal dispersion of the

catalyst, a stoichiomet sured. ®sEhemisorption is as follows:

Let the weight of g
Integral area of CO unit
Integral area of unit
Amounts of CO ads unit
Concentration of o. .r A f‘i f.: %wt
Volume of CO adso oficatalysi ‘,'Tf"?‘  30%[(B® A)/B] ul
Volume of 1 mole of c; 30° H" | ul
Mole of CO adsorbed on catafys e B~ A)/B]x[30/24.86] pmole
Molecule of CO addorbed.or '

@ 0*] umole
Total CO Ch@ ) pmole/g cat

(Metal active si

| .tﬁ 'il
i
Molecular weight=6f cobalt =58.993

UHANENTNYINT

Metal dispersion (%) = 100><[moIeCul§ of Co from CO ad tlon/molecules of Co I

RIANIN UNIINYIR
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Where

Example: %Di

Calculation Volume#€hen

Where:

j
|
To replace valu H n equation (1) and (2); ‘ l

‘& Ix 0.00021 M00153 0.00510

AU IV EINEING

= 0.5544 cm /g ‘

QW’]@Qﬂ?ﬂJW’WWmﬂ d

%Co dispersion is 0.68%
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or calculation of composition
of reactant and4eM@tiuCts N "o ant is CO, and the main
product is methapg® ' & ' % s of heavier molecular
weight that are C,-C,, efhanhe’ethylene _i @hpropyene and butane.

' B\t O88ohy Shimadzu model 8A
was used to analyzegfe cghoghtrAt 0 Using R apalQ column.

atégraphy equipped with a

L

flame ionization de o | ZUsMoge }:‘ to analyzewifle concentration of products

including of methane, etligine, eily &-prof opyler an butane. Conditions uses in

r I"r-'r
-

both GC are illustrated in TabieDste

Mole of reage -2 '?5 H ed by gas chromatography in x-axis

are exh@t@

propane, pr

, ethane, ethylene,

ﬂUEJ’JVIEJVITNEI’Wﬂi
QW’]Mﬂ?ﬂJNW]’mFJ’]ﬂEJ
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Table D.1 Conditions use in Shimadzu modal GC-8A and GC-14B.
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Figure D.2 The calibration curve of ethylene
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9.0E-08 -

8.0E-08 - \\ //
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5.0E-08 - |
4.0E-08 __——/ ,
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N mnmum'mmazj

Figure D.8 The chromatograms of catalyst sample from flame ionization detector, gas

chromatography Shimadzu model 14B (VZ10 column)
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APPENDIX E

"
) RATE AND SELECTIVITY

The catan Y anceg)r th

- enation was evaluated in terms

monoxide conversion

CALCULATION OF C

of activity for CO, convers;
—

and reaction rate 4@ da I_ rsiof is'd s of CO, converted with

aleof CO, in product] n

3 )

!1
I“.

Reaction rate was ; cu that is\as follows:

—————
e i
Fl i- o T o

Let the weight of catalyst usg ‘1,_ 1?.' : g
I.“iyls )
Flow rate of Cj cc/min
Reaction tinL- v min
Weight of CHY ; g
! |
Volume of 1 mol | gas at 1 atm 22 cc

‘o . 7

Selectivity of product is defined as n‘e of product (B for d with respect to mol

FRTANN 3 UNINLIAE

Selectivity of B (%) = 100 x [mole of B formed/mole of total products] (iii)
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Where B is prod

curve of products such as % ; ﬁane, propylene and butane

mole of CH, = @romigegrat%) x8x10"  (iv)

be measured employing the calibration

F R T o
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