WME?&GHEM-EW
L b 7 2507

| enidihnsmnd | |
phaaninbnninnde

NTIANA

NNTIAN 2548



) w A o o e = o\ X \ g 1 v

ADTUHIVY LAT WA U3 AL I713P3 ﬂ_ﬁ‘i'hgmﬁﬁiiﬂﬂ,
1 .. ! “"i q --.‘ L 2 d

 aewaidyla off gueTIADIAN Y AnMAAmH IueRas

ﬁu‘ijﬁ'lﬂ'[;- AT , \ o

nilspglibnmsiuANAAY
I R o
VO VY U IDHBURD A LU

2 & o
1919 mmqﬂﬁm‘u 4

-~

V= 0

i) il

FONUUINYUINNT )
NRINTAUNNNINENRY



msfaemeiizemddiralaunsnnuiiseAnsasine

AOUUINBUINMT
QW’]ﬂﬁﬂWW’mEﬂ@ﬂ

haanTamTINeEdy
NIV
NNTIAN 2548



Iy
1y
WU 7. 4 /N 2
b . 3-7
Janazadlazms 8
- splemanlSaufisusznieusmnud ' it flddnfumsliugs o
] nuazdoaveinanwite ldduin " 10
sumulasmfiasinlusei 3 12
4 sulszanms | 13
LONENTANND 14
fyUlwamIE LRI 16

SONUUIMBUINNT )
RINTAUUMNINE Y

LAY
munzidow 012447
Fu, ey, 1 03 e - 4%




Wy 9. 4 niN

LUUTIBNRATINMIIWNY mm1%’uﬁ'lﬁ'%’ummﬁ‘umgu

gnamaaimmmwdnanmnsudeingadmnssn nga Basic and Strategic Industry

Tassmsitnides (menlng)  nednareddamditioslasassnnufisonRngesinn
i (M¥1Bangy) Direct Synthesis of Diesel Fuel from Fischer-Tropsch Reaction

'Lﬁi’m‘mqaugumﬁé'uﬂ?:é'ﬁ‘;huﬂf:mm2 7 %

C nenuanuiatinvan it

N Lok . | .. 4
i ﬂU“’iﬂﬂmrﬁd'} B WIBUNIWUIEITUY B
ey ' ﬂa-muﬁqa Tnsén (Insas)
WIHUTIIA WFUINT 2186869 (2186877)
2 “'Hz'ﬂ% ﬁuﬂ'::wm 2186859 (2186877)
ANTD ,ZI“VW
St (’m  (WIEUTIR WRNAAT)
\::\ . £ NIALNAN

#|
&
L

|

Jnguszadveslasams

] A s - A e = o
slammatFsuifisurniusunBddsnisreliulasomsiuaddsnlddnfiumslusr

eI TUHNIBUINTT
v fiverae




[hs
&

TR i ATV

unK
TINSIATS (Cig-Coo) L{lun'ﬁmﬁm'ﬁﬁ'lﬁ'mnn'ﬁné"mf"nﬁuaulmiuqmnqﬁs:wi'm 160-
300°C waadmminldEmusni WlfiduFaminennissoudaira wananiseansaudans
&'amﬂ:ﬁl.%amﬁof?tLfﬁaé’ammmﬁﬂs’ﬂ@uwﬂﬁﬁ?mﬁmmﬁmﬂ (Fischer-Tropsch Synthesis
wia FTS) il infweslnaduveslalanauuszafuauuovanladwiaufadanmey

d W el . =3 - L 3 = A
. (Syngas) 'n'lm'mﬂgmm Steam reforming 2aUAFTITUTNG wiam s Indvestiuin Fausas
i ] - e oW o aaa - = & R e v
Wugudl 1 Wawdsdiadldnnufiten Frs ssliamuuiantse Biidiufindefouadon

o - [ = a o W e Y e
Luaamn‘lﬂnmiﬂmﬁau iy Faed Fewulwdaiwasdiaaitldanindudy

Natural Gas

~25%

Coal

4 i D 2ty !N ki
31N 1 uFmINIIFL ATV TR R ALY (CsyCg) 37N WTS ¢ catalytic cracking
. ?

we
N ——

A O e .30 57
PN ENT infigauopsainidieaan

st lsfiauanmsidnluefanudis

= =
= =
& b1

Ui FTS ddansulwdlbor 25% 4einiannirinivae Haanoist

efflugtiues wax (Cp) %ﬂﬁﬂmﬂﬁﬁ%mﬁﬁﬁﬁﬁlﬂ;_-ﬁﬁ; (

- ety & ¥ow i LI W —_— gl

mwanm«rfﬂ:umga‘um'ﬁumum@mutmzmﬁﬁﬁtﬂa- ‘el mManendadusidulalasafuen
= e - s e W "

WNBTAA (C,-Cho) WGA3EN Fischer-Tropsch synthesis hiludadrian munsn/funulss

w4 = ' :"L,_}‘ £ B .

1o 1iiesan m':mul’@g:aqm}u‘h}s:fﬂmwmg}% Ahydrocarbon “chiain._ growth), gnaaugulas

. 'ﬁé'nmmwwauwaﬁw@ﬂ%ﬂbﬁtééllm'gybﬁ@nga%ﬁa%@@@rﬁﬁﬁ Anlriii;séon-Schulz-Flory

(ASF) kinetics mu%amaaé’ﬁ’uwn '[@1aﬁ'ﬁﬂna‘lnmnﬁmﬂﬁﬁmqﬂ_ Fischer-Tropschy synthesis
1J‘::nauGT';uﬁﬁﬁﬁﬁ%’ﬁéﬁiﬁgnﬁhﬁwﬁ@ﬁ@a‘ﬁﬂéﬁ_y_ dianoan il @ﬁiﬁf}q‘m?ﬁ‘ﬁf

uu@i’or&adﬁﬁ“‘%pﬂj Tdigsocféé% aﬂsorpiioﬁ;f 1 slirface s ecies Cfckf L'!'.aL:?“"H') %ﬁf!:klﬁﬁlﬂu
talasafuaudalulaoniswadiselsiartu Taufl Hydrogenated surface carbon species (CH*) 42

L A ) a _© 1 . F ) a 8
wihndusaluweiwiunsdulaveslelasaiuendald (CH* + CH* > CH,*) aann
AeE g ) = o aa " - =

. WAenMeiT IWanU i3 Fischer-Tropsch synthesis Jutisznausiplalasaiuanniinaaiuan

z & s [ - - L = " e
(carbon number) WRIMNNAIB(C;-Cy) YWH  AamEIMANAIFATEIVBINEANMNNFINIID
e L L e A - el -
feareildnnUfise Frs TaommuRouudassnmazildlumsin§iten fa S 100%,
o» =t -4‘ - oo [ '
CC, lotailu 56%, uifalafin 48%, rainiedion 25% way wax 80% [1] atnelsiianwlaiinng




b

Sy e

Lo B am A - = ) =3 B E 3 = ] =
funiiduianfswwindadusiniaiuninnlisen Frs Taviinmewg sssansnem
o - o
Ieweaiulaaii
sy aan Ao
1. M3l indenndale laviiluesdiszney [2-24]

lugaoll 1980-2000 vAdbfipasiufiten FTs Idjaniulumedumafiaunanda
\oinanuudnu  (gasoline) Immtnerdlelavinlfifudmlsznavludidnljit;  eddy
ymnldnsmuanuidelumafiundaimnilugne C-Cy laudAdodananidiauad
lalasesuaniidrwalaiiu c, whvmfmansadwdr vy iisoludlelardle edhilsfiona
@iamk‘z‘ﬁmw‘t’uwu*hfmuLﬂunmaeﬁuﬁwm-‘ﬁﬂaﬁﬁmumaziwmn@iammmmnﬁu’[m
aasmnlalalosansuau Vanhove ldusasinlslas p S1URINTONUAD (condense) mulug
wm'nmamnwaw'[a‘iamqnuua,mmﬂgn'im H
Tﬂummmmqmﬂunmuum'[a‘lanum;r_x_}_mdﬂuﬂg
namfamaiadunian mm"tahmm%{ﬂfmfy auldam

RIng tﬂu'la‘[mmmaunmsmmanm

assdlelavivintiu

n"ls'l‘mﬂfaaﬂgn'muuu ;wa'.ﬂuﬂgwﬁmmunﬁhﬁa Tnoxdasdoet wax #i
Iy fisem Frs Iuduusnazghsy o i ﬂiﬂ_ﬂ_ﬁ}mﬂﬁﬁﬂ (cataiytlc cracking reactor) AN%
Telaviviia HzsM-5 udaisal d@uﬁﬂv}éﬂﬁm Amoiifsloaudell aalsiony
smawﬂmmﬁminwﬂmuﬂnﬂmwuazzmn

:_(Jn.\ . -'/A ‘ \

3
-TrogE&} syn%_ 'lwqmun’rmmﬂmmuumum

UMW TETINTG Lummnﬁmiﬂmu TN A AN Inad fdelaign
wanldszlominarsuisuulan -ﬁg}mn‘ﬁmm e fRzenfimansafiunaniauas

o i 4 - 4
sTuuaInan kilduntiouiiiesan

lulagin  uwaliwes  Fische

awwdadiea ldnndn 25% jk;xﬂuﬂ?'[wﬁuamamnlmﬁqmmﬂﬁ .m‘ﬁmf@nmaam*:ﬂsvnaum
Tolarida gwgulzwnaiin {ﬁ_@%ﬂﬂu microporous

gnanaidnndt 2 wa

Tuwas smm‘l.wmmaﬂman as nhuun’l.ﬂtﬁaﬂ;]ﬁ“mﬁiﬂa"mﬁaﬂﬁmemu aldumanil

molecular sieves 'ﬂumnugw;u 1@NAY 78 mesoporous ‘lﬂgnwﬂﬂ":";ﬁw{ﬂu nfuinIdtves

= ) o . e ot ¥ P =
ulufineass Ussinaanizawim [28-80) SeldSunngumsriiaidn M41S lavll MCM41 &
ai‘]wuﬂummauuﬂiﬁ&mmﬁu'lﬁmunﬁuﬁn qméuynbéaﬂ MCM-4Hﬂﬂ;uanum~ fa @

| VI
WNT’[H?W\! (Iﬂﬂlﬂaﬂﬂ‘i.kl’]m 1000 ﬂ’)ﬂdl”ﬂ?ﬂﬂﬂ'ﬁﬁj mwmﬂwmmammna ‘u;nm&mmu

ﬁuﬁnmamm&a vﬂﬁimpﬂ 2-10, mlumm.wuagnum}a.gsmﬁpwmmﬂm um'mmumuaa

amzaiol (hérmal) m&mmﬂ anT Uzyd’ebﬂ)ermaﬁ ﬁtﬁ umuﬂ‘ﬁn‘ﬁmgﬁsg« un 2

UFRIMTWNTIRRATIER  MCM41  and3dpiifndasiumssemeussinmgminenizas
o & a1 L [ = b o = = o Ay .
MCM-41 sansaduadi ldatenderns udludndunittawddpd jodlunmsin MCM-41 an

e e ana " o ol N E e man A
;_;.,-;ﬂnqnﬂ"l-zsnummﬂgnﬁm Fischer-Tropsch 89 liflwnuwinay nalidasajisennd MCm-41

indudsznaudamanduwldfesudimadvlassmelslolasanSuaufivueves
'la'[msmmauﬁlmun‘nnamnmmn‘lmmm'ﬂw{a‘laﬂ ﬁ'ﬂﬂﬂuaﬂnmmwaﬂlwﬁ'zwawﬁmwm
farafanniu




s

Hexagonal Array with
Hexagonal Liquid Crystal

Silicate Layer

Rod-shaped Micelle

. ALY
3, nuwdspfiigaYasnudas ey
Il 2002 Panpranot uazagl 'ﬁaaLﬂ%zﬁqmﬂgnmﬂﬂuaam‘uum
3 dad- 2 . | Ty aw - aan '
saeiuuLY MCM-41 Tanfigunifiuand W (prom -. wihlsanmafeufitugani
o £ o b

TIWILAINEIWLIINITNTZANE

- &
ﬂwaa'[aw'[ﬂuaaei‘lmaﬂmuauum'ifmnfMCM-zn i%lrﬂau‘{ﬂuaaﬂmmmﬂumma
m‘tﬂum Tlﬂ?ﬂum?kfdﬂg&?i'ﬁﬂﬂ'l?&l MUY UL '@Iﬂ"ﬁﬂﬂ'ﬂ”ﬂﬂﬂ é}??:“ G!?L'F'ﬂﬂﬂﬂf BN

Fusnfimuunafuil mamxamﬂﬂmazu 853N

Tavesdiuudasassuuuy Mbh& 41nRmanyzn 19219 AUBRAFILSE

—f

ZANBMNE gl

-

&__

; 4mmaﬂmnm'ﬁ'am1.|Nam*nwmmmimﬂaﬂf“ammwwaamk AR luwd ARTe Ay

o Ins WV A -

1o Um‘lﬂauumﬂ'mﬁu {chemical Qrcgpérty) ﬁwmm'ﬁuﬁ{&emme) ha: Jenadunsaves

J

#uAa (surface acldlty) SIORT O T T mmvuNawamsn-s-mummaa’{am ﬂmauw'lum*r:

sz fiFenmitelewsuasioseesis metal- uppart; lntammmn) Rusi unz Barthoigmaﬁ [33]
: ﬂamm'm'nmm’lwacﬁﬂhﬂﬁ“%ﬂﬁ 1@5% Co’ tﬁuﬁﬁﬂﬁumﬂnﬂm comago < ColC'< 'Ga/SiO,

< Co/AlL,O, < CoTiO, usnNiilunudsnues Vanhove [34] wuhdmndulavasaals

lalasmivauiinnuduiuiivswievesgniuvesdasesiu lunwiduaes glesia [35-37) unu
femsdeniiaves Cige Ausndnemuilasnanusssrutanumenmuszafiuesdasasiuf
uandneiulasvhlifenmsaadurasmalisdud (intermediates) uuAuApaaLI §ATefuan
FHNR azha'hﬁmuﬁ"nmi'uﬁﬁmmmmgw;uagf'lmi’:ani'w (wide pore size distribution) 87%
viw azafiwn Fm nvuils wazesTaie dnvinlWiAenindeflalasmiuaufivarnnans ms



iludu

o e A= 1 4 . . -
. wadnflalasmiveundimolgongeiagluzyues: wax(
#4 ; "

: wﬂmnﬂmmmuu fiwdafiazld W ax (flusulng '-

A Jd = 1 ' =1 - =3 [
'lﬁmmnmmmlaagm‘uuﬂu (narrow pore size distribution)linadasnisiieniiavasnianmy
angludiisedmoesinnl

Uslumifianainezlasy

muRuRsKInenTanisdafldlasassendiiien FTs iumsaadununssdaiiesan
& & e o v L a o aaa oA
dumssatuaauludfisenmsusnaspuss wax Welildizanwidimedaulinlgifodaiiiosan

= ad d : o ﬂ' L = = & ’ = V= L - 1l
; .;ﬂ_gnim FTS annmawvid LUBLNRIN L'Hﬁﬂlﬂﬁ]:ﬂﬂ'ﬂulﬁﬂqﬂﬁgﬁiu uindefiuaaay Lo n'lun

TR | - w & a W e & ¥ ouom - W . . ¥ oa
S EIANANNLR pUwniauNLLTaINR 9@ 155 ﬂ‘lﬂﬁnﬂﬂ'ﬁ NAUINUALIIUITLAIN ﬁ'nﬂ"'l&l'ﬁﬂﬂﬂlﬂ LNanI3

wannsuuvasdnisfiseuuulng  (Robust ca{tal fsaunsndnanadulavasanle
lalassfuau (Limitation of Hydrocarbon Chain errlh} Juwamadanannak lilzgnd
HldungAsnau g maamﬁwnmmnmﬂﬁﬁ‘w‘lmﬂﬁ:u 1'lﬂmmemmms (Desired

Product) Trnu‘lﬂmﬂﬂgnsmmamm‘lﬂbﬁw&mmﬁn‘lﬂ#ﬂems ﬂmaasbed Product) @28819184

Ufifstnasnanleiun ﬂgn‘smaan'ﬁ;a(mm @4 (Partial Oxada_t_ioﬁ“’ﬁf"MeMane) wasinn (Ra
o A - e [ | - = w3 4 N e e Ty
el iifissanveaniagedinsalaslayi feddisedaiaslthiuaiveulasantled

ol

ptual ework) agalAsn33dY

b éatally fﬂﬁ@tﬂ;ﬂﬁgm‘u’muﬂ?sﬂﬁmwazi'wm
_'nqamyﬂﬂ;ﬁga]n (Activity) 59 wazlidasdaunes
) &3 wax n‘lm*nnm‘lﬂmmmau
mmnaeeiadall  advelsianuan
m:mumsnaw'luﬂwuua-mmqmmawwamﬁ:ﬂﬁwﬂﬁ‘ﬁﬁﬁﬂummmﬂﬂﬁ’iﬂﬂﬁnrmum‘s
FuansiuuuiTesinsUifissathadiss ST daath v‘/ax‘ﬁuanﬂmnn uamm’lmﬂumh
swludmeangn  ninanaikeein e g:h
mmwzm'lmmmaunﬂ‘rf.aqtﬂﬂ.&tﬁyﬁmmaﬂmﬂa

N ANNAFIMMITDNTALURIAG
Tanzlauaaduuaasasiy (Suppo
lumail§itedrnnziiuufngesl

ﬂmu'lﬂuamnmmmmduLanmanm Wi r‘j—_ﬁ.ﬁﬂ’ﬁﬁw

{
nnmsfimssaensfuusinreiinnlesifugunnnmalfisninfwenefismid

i (CH,) Bulunananfiinmndslelasiondifinvanianentad (o, Hydrogenation) sk
mmﬂu.muhwmmmwﬂ&msﬂanau'lutﬂ’iﬂ'lma}iﬁwﬂﬂwn'mmiﬁumuﬁnmmﬂgnmﬂwa
waslnadufiindu Namnm-nﬂ’lawavnuﬂaawmyﬂs:msmuamﬁs:nauwmmnseﬂgﬁ%‘mﬂl’n
msnvwmmﬁauﬂaﬂﬁﬁ%m uamnw.mmﬂﬂﬁ'mq AL AnfpnLRd MR bW
AmafiiasanfUaugILd 10~ 20 Braad 1 Taamdidid asmnmsdanluresfisenn
amaﬂﬂwummuagﬁﬁlﬁ‘lﬂmnT-n‘la[mmfuamumwm’:mmm hadlsBmgaufasenly

Ve - % a o ;& 4 o a_ da i s - .
CIRERNIINALTOLWRIALTALN T ‘Iﬂﬁ'ﬂ“ INALWINNUAANISENN nMIVINANIIG 'i.lt AUsIF Ut‘ﬁ

lalasmueu (Limitation of Hydrocarbon Chain Growth)
- A A‘ | o e - )
Tﬂ':_,_am'nﬂunﬁ'u.auaul.ﬂum':mummewﬁanaqm‘f (Strategy) wmssnneamsidulavasmals
el " £ a - - | a - " i
lalasarfuanliid v sainisdigainuudiansmansoritldlasnnlfouasdUsznauvasaais
aaa da & o e v | - 11- - . '[
Uiinndssntsznevfiivanzay  lasawiemsldarsesiufimusauanailimsidanindula
A R § ar o ar - P
gpsmelniulyldihean =J'1nmsﬁ'luﬂaquu‘lﬁ“ﬂmwmmﬂzﬁm?mm @9 9 AllgnTuswaunang



o .
(Mesoporous Materials) ms_‘.immwaqﬂ;uagumw 1.5 —10 wiluuas émmnmwn'?wnm;wqu
T ~ o a ; - Lo L
ﬁmmmﬂumuﬂsﬁ"lﬁ'tyhmmunmwmwaq'[maqa (Molecular Sieve) fidasnsdeaiiiums
T e ) o o a o gde
Siernasaluanaignaduuszmsaaniniuniaimeindeimdely  uenanesfiusznavves
susnlfifeud annazvasliten wu gamgll anudu wezm Allanudaydendandim
nﬁ .u' ed a = aw & -~ s me = | o
gHRaTeiaduEndas athalsfionunidelsliunaiamndaial jizeivanzsudmiu
_ djfissnasndruilunan

i

AOUUIMNEUINT )
RN TOININENRE

FEALE




Teandsaifisfunanuenaimiueimsive
‘i (1) Jaguszssdvadlasins

L
I . y T ¢ ) e By peee ) ar P - T )
i ~ iunsfinmissRupulumstan @il fidsussnssuaumsimiumsniaihiudies
; n‘"a"&mu:ﬁuﬁﬂwnﬂﬁﬁ?mﬂm.-m{-'[mﬂ'la‘ﬁﬁ'::ﬁﬂimwgan'h 25%

‘ ANUUIMBUINNT B
. ANAININBINEIRE




= - a [ & -
TIEHAZIgUALINEINUHAITUAINNNTIVUWIYBINTITIDY
1] - J s - A Lo - g4
(2) a?ﬂﬂ'!ﬂ\'.l L'LE gy Lﬁ HUTERIHNUHUITUWIREN Lma‘l’ﬂﬂﬂ TMTNLNTUIR Uﬂ‘iﬂéq l“uﬂ'\‘i"l.ﬂ 1823}

2.1) lusay 6 18au

AunTsauduaawms lasang | losang | lasang | lesuna | lasune | lasang | lasuns | lasune
AN 1 2 3 4 5 6 7 8
Anmauatnanssiia

HY

wisugunsafuazainad N

FILATIZR MCM-41

FIATIZW Co/MCM-41

§ATIZH ColSIiO,,

ColALO,

fUATIZN ColTiO,

unenadofiaue lilulnsems
~

mdTnam e 5
4

-

[/

SOUUANYUSNNT
AN TUNININENAL




(2.2) lusau 1 9

= z
fanTTaANAIUMS lasune | lasue | lasang | lasung | lasuns | lasung | lasung | lasang
ANRITH 1 2 3 4 5 6 7 8

ATIVFOUANBUTVDINNT

#3731 FTS Reaction System

757910 Activity/selectivity RO AL
N L
s
sTUHaLas I o—t
Walsz@nSnnaasdais :{ AN
UjnTen AN N

s [ s " a0 *
TIUATIZWAT LT\'HJ gmm Co =N 3
with

promoters

ATIVRALAN WU VDIA T

#3797@ Activity/selectivity

= - 13
Anwmazasmaduging
wasalu CorTio,

ATIVHOUANBUSUYBIN T

#3730 Activity/selectivity

sRnsLazIaYITIONY %"'

U
| RSN T IV A

10



J T
MuandsaizfusEanuaNNTIINI ladnanns luuds
(3) TMuazdavanamuidelddniumsluds

(3.1) a9 6 W@anusnuaeln 1 narwddunladiiunmsluusga Jasi

1
2.
3.

4.

3.2) lugae 1 Tusn weenddudlé

f‘fuﬂ'i"lmiaaga’.umﬁé’mﬁmoﬁuiuw"waﬁuua:ﬁ":L‘%aﬂﬁﬁ"w'mnmmm"wﬂmm
m‘%ﬂnqﬂnmfua:é'c%ammﬂLﬁa'l'i'wﬁuuﬁ”naai'ﬁua:ﬁ"m'aﬂﬁf‘ﬁm

193UUFITRITY MCM-41

Fuamziaivjitelaveaduudasesiu Idun CoMcM41, Co/Sio,, waz ColTio,
Ta83F incipient impregnation method [13]

ATIANAUAN W4 (Characte
&319 FTS Reaction
Ui feTuales
@57939 Activity/select LG
fRuunanalusss

lectivity 289613139

FTUNBURZIAYINTIBI UG

§ONUUANBUINT )
RN TAIUANENAL

"



MEAANFLANLINUHRNRANNIIMRIVDINTIFY
L - P
@) smawlassmafisshluned 3 (@ana 47- Suaw' 48)

3
i

§
3
1
4
E
1
3

~ ENUWANEUIMT
ANIRINIUNRMINERE




sudssanmi g lduaiuasnaisalasens

BN Fwauduilesy | Swnuduildll | suwdufinge
(vm) (u ) - (un)
WeA1319TI0 T
| e Tindde 2 an 162,640 152,640 -
(Bam3uidan 6,360 LNNARDW)
yanamldsan
PRI RIRTIBRLEE IR NE ’f 6,721.50 978.50
N = 1
| lalswdidensyszing = 110,000 | 4 2,379 7,621
AainTzRee 200,000 IQ?G?. 85,297
| nuredeauuny ']/// ‘& \\\\ 95,260
WIAATIE) '
hdariiandfnsol 33,629.50
-siﬁ'ﬁqéw%‘nﬂ-::naum‘%aaﬂﬁns ol (131,256.09)
| -dmed 65,245.30
sufa (35,107.80)
--fiﬁﬁq‘é'mﬂ‘ﬁ a4 (26,902.25)
| aanean 94,765.16

AOUUINLUINNS )
ARINTUNIINENRE

13




Bt
7

T

o o K w N

10.

.
12.
13.
14.

15.
16.
17;

18.
19,
20.

21.
22,
23.
24,
25,

18n&§1391989 (References)

Anderson, J.R., Structure of Metallic Catalysts, Academic Press, New York,
(1975).

Bessell, S., U.S. Patent, 5,16,377 (1992).
Bessell, S., Appl. Catal., 96, 253 (1993).

Bessell, S., Stud. Surf. Sci. Catal. 81, 41’( 94)

Besell, S., Appl. Catal., 126, 235 (1995) /
.,ﬁﬁgp, J., J. Catal., 56, 274

Caesar, P.D., Brennan, J.A. m W00 4
g,
Calleja, G., Lucas, A.D., and GrEken Agpl 1, 68 (1991).

W.
(1979). S ‘-’
Chang, C.D., Lang, W.H., apd 258 (1979).
Dry, M.E., Ander, J.R4"8 and Technology,

Springer-Verlag, New Yaor
Gormley, R.J., Rao, UV.8
Catal., 113, 195 (1988).

, and Chi, R.D.H., J.
Hagg, W.O., and Huang,
Koh, D.J., Chung, J.8., Kim, ¥ J3nd-Eng.
Iglesia, E., J. Catal., 153,188 (1995);7 ' m;
Stencel, J.M., Rao, v}l S., Diehl, J.R., Rhea, K.H., Dhe
R.J., J. Catal., 84, 109(1983).
Verma, R.L., and Jothim gésarf,”K:Gan; J. CF ng., 4;1:]141 (1988).
Chen, Y.W., Wang, H.T., and ngdwin. J.G., Jr., J. Catal., 83, 415 (1983).

e e T TV TS T
- Nﬁm\mﬁmmﬁm e

Oukaci, ., and Goodwin, J.G., Jr.,, Preprints of Fuel Chemistry Division
(ACS),Anaheim, CA, Sep. 7-12 (1986).

Oukaci, R., Sayari, A., and Geodwin, J.G., Jr., J. Catal,, 102, 126 (1986).
Oukagi, R. Sayari, A., and Goodwin, J.G., Jr., J. Catal., 106, 318 (1987).
Oukaci, R., Wu, J.C.S., and Goodwin, J.G., Jr., J. Catal., 107, 471 (1987).
Oukaci, R., Wu, J.C.S., and Goodwin, J.G., Jr., J. Catal., 110, 47 (1988).
Ohtsuka, K., Chem. Mater., 9, 2038 (1997).

14



6

26.
27.
28,

29,

30.

31.
32.
33.

35,
- 36.
37.

Hagg, W.O., and Huang, T.J., U.S. Patent, 4,279,830 (1981).

Kuo, J.C.W., Final Report, DOE Contract DE-AC22-83PC60019 (1985).

Beck, J.C., Chu, C., Johnson, Z.D.,Kresge, C.T., Leonowicz, 'M.E., Roth, W.J,,
and Vartuli, J.C,, World Patent W091/11380 (1991).

Beck, J.S., Vartuli, J.C., Roth, W.J.,Leonowicz, M.E., Kresge, C.T., Schmitt,
K.D., Chu, C.T.W., Olson, D.H., Sheppard, E.W., McCullen, S.B., Higgins, J.B.,
and Schlenker, J.L., J. Am. Chem. Soc., 114 10834 (1992).

Kresge, C.T.,Leonowicz, M.E., Roth,l . A li, J.C., and Beck, J.S., Nature,
359, 710 (1992). O\ 1r/

Panpranot J., Goodwin, J. G., JF; »J:.'?.-s day 77, 269 (2002).

1 — )

SOUUINYUSNNT )
AN IAINYIVENAE

15



= o = = s o as V -
luszazinan 1 tdruunmeanfiuwedds luindasanaioiiuluniuunuiiondd
ol 1 5 ] n' kY o =l 4 Liar
wazluunagdauiiaudauiuinndaunioe ety Iaaawiznisiiunaaunlésu
—-y o Ad " ” ]
NSRRI TEALNUN TS9N impact factor 4 1.581 (Catalysis Letters) luseyy
4 y - v o o
Institute of Science Information (ISI) Tia 2 Fas AnelAnARNMNTUTANNAUAWENTA
@ = = =5
aasAu UszdnlinsAnm 2547 Aie uNAAATAAT ANRATHELALT uasUNA14aTT uin

o ’.", -gv = = oar ﬂ] B ar T = = A i
iy muﬂqmnmmmwmqﬁou'nmmﬂgf& T o (in reviews) Ineigmeanny

= =l ] ar g b ] =4 5 = -=: Y
amsLssmAanduoy 2 Ay ataalsnag tadnfluiieeqnFusiuees
{AseN1sIE YNt N1sANTILAY

= el @ -
fanazineAnn lwdedntai panuadinas

amuu’m 8 UINIT
QW']@\&?‘I?ELLSJW]’MEHNEJ

16



2. Joongjai Panpranot, Sujal@ Kaewgun

UNANNITET LA FUNSARNN IUNTANTIZAUUIUATIR 70U 2 UNA2IY Ba

1. Joongjai Panprnot, Sujaree Kaewkun, Piyasan Praserthdam, and James G.
Goodwin, Jr., “Effect of cobalt precursors on the dispersion of cobailt on MCM-41".

Catalysis Letters, 91 (2003), pp. 95-102. Impact factor =1.581 (IS| database)

2. Bunjerd Jongsomijit, Chitlada Sakdamnuson, James G. Goodwin, Jr., and Piyasan

] ) properties during CO
hydrogenation of Co/TiO, cata!ystg};_ mitt rials Chemistry and Physics
- o o) LA e

3
f raser@am. “Metal-support
interaction in mesoporous sif@sup%ted cobalt fgcher-Tropsch catalysis”,

submitted to Reacﬁﬂ(ﬂ&ﬁj%@ﬂﬂﬂj@m ﬁ?oo:}
QW’]NQH?NNW\’W]EHNEJ

17



T

§MUUINEUINT
NRINTANINE AL

18



- hexagonal pore structures that can be tailor
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Effect of cobalt precursors on the dispersion of cobalt on MCM-41

Joongjai Panpranot™*, Sujaree Kaewkun®, Piyasan Praserthdam?®, and James G. Goodwin, n®

*Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
Chulalongkorn University, Bangkok, 10330 Thailand
®Department of Chemical Engineering, Clemson University, South Carolina, 29634 USA

Co/MCM-41 catalysts were prepared using the incipient
cobalt compounds such as cobalt nitrate, cobalt chlori

cobalt oxide particles that could not be detected
small enough to fit into the pores of MCM-41. H

very large cobalt particles/clusters andfor residual @1~ -blogki
measurable The use of cobalt nitrate resuItcd in & number

Received 26 June 2003; acceptad Qe,:/Zh; 2003

restricted pore structure; however, using organic precum%mobalt

Wn cobalt
ey were found to

have low activities for CO hydrogenation—probably duet6 the£os

e with agueous solutions of different
onite. MCM-4! is known to have a

te aﬁmemnate resulted in very small
loading as' 8wt%. These cobalt particles were
nhmwrhéh&ﬁmmmvc]y small amounts and to
cobalt silicates. The use of cobalt chloride resuited in

de,mnseguauly very'small active surface area was

c!csldkperwd tltmughout MCM-41 and some larger
d to bt the best p{ccdmrlor preparing high-activity

AL
KEY WORDS: cobalt catalyst preparation; cobalt 1 -41—@7’:1 d}rog\n.'mun.

LY

b (20 4 )
1. Introduction I a viou&tﬁdy [LS] we reported the high
) ) - Fischer—Tro tivity of Ru-promoted MCM-41-
Co-based catalysts are widely used in CO “ supporte al s. However, using incipient
* genation or Fischer—Tropsch synthesis (FTS), egpecia etness impfeg at:o ﬁh cobalt nitrate as the pre-
when high molecular weight paraffins are preferred/[1- :Tm;'so . cohﬂt being nonuniformly distributed

3. To increase their activity, cobalt is usually deposited S0k tHe ° Support

on a high surface area support to obtain a high metal ~—Bosides  the conventional 1mpregnatmn techmque,

dispersion. The commonly used supports include silica

[4-6], alumina [7-9], and titania [10,
! attention has been focused on the

; Reoently,
af utdered

L direot sy nthesis im which the metal ion source is
mtroducad as a reactant mt«{ihe synthesis gel and ion
g 19,20]. These methods,

mesoporous materials such as MCM
supports. MCM-41 possesses excellent s n'__
ties such as high BET surface area and wi

p_roper-
l-ordered
made in the

~ pore-diameter range of 1.5-10nm [12,13]. Their thermal
~and hydrothermal stability have also been improved-by

_conventional and comm
~ Song and Reddy [16] repoxteﬂ

‘changing the synthesis chemicals

dj{oz Teactiofy con:
ditions [14,15]. Many studies have &
improvements when these mesoporaus materials were
used as supports for catalysl preparation compared to
22:(:& W?ﬁ

thaCo-Mb Supporied
aluminosilicate MCM-41 prepared by impregnation
showed higher hydrogenation and hydrocracking activ-

- ities than conventional Co-Mo supported on -Al;05.

Schuth ez al. [17] reported that Fe;O3/MCM-41
exhibited a superior performance for the conversion of
80, to SO; compared to Fe,O3 supported on conven-
tional silica.

*To whom correspondence should be addressed.

3 E-mail: Joongjai.P@eng.chula.ac.th

;\wd suin lcénl‘,ﬂt;ctp

1ysts?_For ‘éxample,
ed on| Eh

howev‘er. are limxted ) small amounts of metal
being able to be loat fec “a:'ﬂ ow metal dispersions [6].
Suvante and coworkers ﬁorted high metal-loaded,
well-dispersed Co/MCM-41 prepared using a gas-phase
method and a fluidized-bed reactor [21]. This method
i§;“however, more eomphcated than the conventional
fent| wf:&:hbés mrpregmitlon “tgchmque and may
be suitable for rthe preparation of commercial
catalysts

s -known_that coba,Lt dlspe;mon dcpends on the
Type pf*coba“tt ‘precursors. Loos&qahm al. [22]
owed. that' alumina-su oﬁ&d 'cobalt’catalysts pre-
pared by incipient wetness impregnation using cobalt
EDTA and cobalt citrate precursors resulted in smaller
cobalt oxide particles compared to the one prepared
from cobalt nitrate. The use of cobalt oxalate, cobalt
acetate, or cobalt acetylacetonate as cobalt precursors
for titania-supported cobalt catalysts has been found to
give higher cobalt dispersions than the catalysts
prepared from cobalt nitrate [23]. Rosenek and Polans-
ky [24] reported that use of cobalt acetate yields higher
dispersion than cobalt chloride on silica. Sun et al. [25]

1011-372X/03/1100-0095/0 3 2003 Plenum Publishing Corporation
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' ‘concluded that catalysts prepared by mixed impregna-
. tion of cobalt nitrate and cobalt acetate result in higher
- Fischer—Tropsch synthesis activity than catalysts pre-
pared from either monoprecursor. And recently, Soled
et al. [26] has presented a comprehensive model for how
precursor-support interactions influence the morphol-
ogy and reducibility of the fresh cobalt catalysts. A
balance between dispersion-enhancing strong support—
precursor interaction and metal loss by retarded
reduction was suggested.

However, less is known about the influence of cobalt
precursors on the dispersion of cobalt when restricted

pore-structure supports such as MCM-41 are used. The
purpose of this study was to investigate the impact of

different organic and inorganic cobalt precurwn

2.2.3. X-ray diffraction (XRD)

The XRD spectra of the catalysts were measured
using a SIEMENS D5000 X-ray diffractometer, using
CuKe radiation with a nickel filter in the 2-8° or
10-80°28 angular regions.

2.2.4. Scanning electron microscopy (SEM)

Catalyst granule morphology and elemental distribu-
tion were obtained using a JEOL JSM-35CF scanning
electron microscope. The SEM was operated at 20kV.
AftFl ne SEM micrographs were taken, elemental

mapp e performed to determine the elemental
concen ilistribution on the catalyst granules using
Linlk are. Thc catalyst samples were cut

using an ul "-.-.--AL', ateme in order to perform SEM-EDX

cobalt dispersion in a restricted pore-structue. sup- on daﬂ'ercnl, apmnﬁmss sectioned catalyst granules.

port—in this case mesoporous MCM-41.

2. Experimental
2.1. Catalyst preparation

Pure silica MCM-41 was prepared i
manner as that of Kruk er al [
Tollowing gel composition: (1.0 8i0;) : (0.317
(0.45CTMARr) : (66.7H,0), where TM
tetramethylammonium  hydroxide an :
denotes cetyltrimethyl ammonium bromide. The
MCM-41 catalysts were prepared by the incipicnt v
impregnation of the supports with aqueous 50!
of different cobalt precursors such as cobalt ni

._‘

of

was approximately 8% by weight of cataly§t. The samples
were dried at 110°C for 1 day and werg then-e 13
dif erent coba]t

air at 500°C for 2 h. These catalysts with
precursors are respectively designated as Co/M-NO, Co/
M-Cl, Co/M-AA, and Co/M-Ac, where M refers to

. cobalt supported on MCM-41 and the last two letters
- reflect the type of the cobalt precursor used: NO for

cobalt nitrate, Cl for cobalt chloride, . AA. fq: ciobalt'

: _-acezylacetonate. and Ac for cobaib a@wt&.

2.2. Catalyst chamaerzauau Q —;_f "i Q<
2.2.1. Atomic ads'orprwn métrascopy NI C
The bulk composition of cobalt was dctemuned using

a Varian Spectra A800 atomic adsorption spectrometer.

2.2.2. N, physiserption

The BET surface area, pore volume, average pore
diameter, and pore-size distribution of the catalysts were
determined by N, physisorption using a Micromeritics
ASAP 2000 automated system. Each sample was
degassed in the Micromeritics ASAP 2000 at 150°C
for 4h prior to N, physisorption.

/‘,-’

4 CSSJ amtf

e %
(Aldrich), cobalt acetate (APS), cobalt acetylaoeton;xts ‘zh Aﬁ
(Aldrich) and cobalt chloride (Fluka). Cobalt loﬂdwgf “400°C -

200C tranamjsswu ehcgou microscope operated at
iﬂﬂk\g "Jl \

-;w&g exyerwﬂ
ve' pd';ceﬁtag&s of cobalt dispersion were
determﬂ"&d by .pufsmg ‘carbon monoxide over the
reducedwgtalyst ‘Approximately 0.2g of catalyst was
quartz’;tuba} incorporated in a temperature-
éiren and connected to a thermal conductivity
detccto;, . Prior to chemisorption, the catalyst was
of hydrogen (50 cc/min) at 400°C for
d; the sample was purged with helium at
B and finally cooled down to room
temperamre Carbon modoxide was pulsed at 25°C
7 intil the TCD signal was

22L

2.2.7. Reaction test “
CO hydrogenation was carried out at 220°C and

~Latm total pressure.in a fixed-bed stainless steel reactor
~under-differential gonversiomconditions. A flow rate of
X H;fCG)/‘Ar"' 2(1‘/2/ Bom®/min was used. Typically,

02g of the catalyst samples was reduced in situ in
flowing H (50 cc/min) at 350°C for 904 prior to the

< teaction: | Tlie ~product) sampléswere' taken at 1-h

interyals and'ianaiyzad by gas cﬁuomatograpﬂy Steady

" state was reached after 6 h time onstream in all cases.

3. Results and discussion

To determine a suitable temperature for calcination
of all cobalt precursors, thermogravimetric analysis
(TGA) experiments were performed with bulk cobalt
nitrate, cobalt acetate, cobalt acetyl acetonate, and
cobalt chloride (figure 1). All cobalt precursors
appeared to be fully decomposed for calcination
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Figure 1. Thermogravimetric analysig (TGA}=xp :
fabbridi )

temperaturcs above 400°C. Thus, a calcination pro i
dure using 500°C for 2h was used to produce the wﬁaifw,ﬂ,&i’ oy
re yit] ‘@ﬁ'erent cobalt precursors

The actual amounts of cobalt loading{determined by sveze. found. f e de of 646-756m?/g and in
atomic adsorption spectroscopy), the BET surface areas, = order of {’ 0/M-NO > Co/M-AA >
and the cobalt crystallite sizes (denved fro 'XRD line icant decrease in surface area of

broadening) for the catalyst samples are given in table 1. pina ial suggests that cobalt was
In this study, cobalt loading on the catalyst samples was deposited significantly in the pores of MCM-41. The
approximately 7-8 wt% in order to make it clos ¢ to that cobalt precursor did not have a significant impact on the

required for a commercial ca e sili ! era
MCM-41 support before cobal 3,%9%

e pore di r of M 41 after cobalt loading
¢e all _;- ed narrow pore-size
ibuti :' ]yGnm., the same as the

Characteristics of Co/M

Table . _ | ) OEgmal MCM- 41 - upported cobalt
ﬁ cture of
' 2.58° for

Catalyst Co* ETSAY dp® Cos0, * ‘peak-a
(Wt%) q (m?/g) (am) the unsupported MCM-41. After impregnation of
cobalt, the intensity of the XRD peaks for MCM-41
AL i e = was decreased for all the catalyst samples and the peaks
Co/M-Ac 8.3 756 5 Y
CofM:AA 78 675 25 became broader owing to the structure of MCM-41
Co/M-Cl 7.1 646 15.0 becoming less ordered by the impregnation of cobalt or
Co/M-NO 8.1 747 6.3 because of the secondary scattering of the X rays. The

" e : : structure of MCM-41 was not destroyed, but the long-
Blemental analysis using atomic adsorption spectroscopy. Eor of - 1 nge order of MCM-41 may have shrunk [28].

"Using N, physisorption at 77K.. Error of measurement = £10%. The XRD patterns at higher diffraction angles of the
“From XRD line broadening. Error of measurement = +5%. MCM-41-supported cobalt catalysts prepared with
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suggested for Co/TiO, prepared from cobalt EDTA
_f\ CoM-Ac [23]. For Co/M-NO and Co/M-ClI, the average cobalt
. oxide crystallite sizes calculated using the Scherrer’s
g _,/ \ CaAL equation [29] were found to be 6.3 and 15.0nm,
T LS respectively. These cobalt particles were much larger
d _/\ i than the average pore diameter of MCM-41 (3nm),
P = suggesting that using cobalt nitrate and cobalt chloride
H precursors to prepare MCM-41-supported cobalt cata-
E _/\——\\\ ComtNO lysts by incipient wetness impregnation resulted in some
large cobalt oxide particles deposited on the external

f k e of MCM-41.
—7 s . SEM and elemental mapping were carried out for all
I 4 T T 4 % .the = stosamples. Typical SEM micrographs of
- catalyst’ grapdiles_are shown in figure 4. The term
Degrees (20) " “granulé™fese'felers to a catalyst particle composed of
Figure 2. Effect of cobalt precursors on the XRD . cobalt and'Silica, 1oz the SEM figures, the white or

MCM-41 catalysts (low 26). / - ligh spot’g;m_.y&‘%taiwt granules represent a high
ationof co

_/congentration of and its compounds, while the
; qﬁ.r er areas nﬁha%t es indicate the support with
¢ / minima r_ coba}h_gmsen . The dark background is due
ed | tothe carbon tape used for helding the catalyst samples.

50 48 ,Th.cﬁw micrographs for catalyst granules prepared
he Wi crent. cobalt. precursors show similar catalyst

izes of 30-50 pm, The elemental mappings for

different cobalt precursors in the cal
shown in figure 3. Co/M-NO and Co/M4€
diffraction peaks at 26 of ca. 31.3°, 36.8°,
+ and 65.4°, indicating the presence of Co;O

did not exhibit any distinct XRD patterns. This cobal nin figure 5. The presence of very large
that the crystallite size of cobalt oxide p % rmly distributed on the granule
cobalt acetate and cobalt acetylacetonaté on MCM- xleriors served for Co/M-Cl. Dispersion of the
was below the lower limit for XRD detectabjlity (5 nf cpba’lrt Wwas Dette fo:: e other catalysts.

even though cobalt loading was as high as 8 wt%. It i SEM-EDX was performed on cross-sectioned cata-

also possible that on Co/M-Ac and Co/M-2 cobgi_t—__;-;l" granules i order to determine the cobalt concen-
did not form Co304 crystallites but may have f'rmeﬂﬁii—;"‘tran srent locations on the catalyst granules (in
".- amorphous cobalt oxide similar to what has been—the por sus on the external surface). The SEM

T ! %
Sl IRy
S A Ly e

NNUWINEUINNT
WIANT 9 BNV LANENN

‘L Co,0,
e PO e Topy Darrd PR ey

e ﬁ&:&:slty (arb. urits)

T T T

10 20 30 40 50 60 70 80
Degrees {26)

Figure 3. Effect of cobalt precursors on the XRD patterns of Co/MCM-41 catalysts (high 26).
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._:.Jrsts pre?ast?d‘-'with different cobalt precursors.
cebalt-on the external surface of Co/M-Cl, whereas
e + distribution of cobalt for the other catalysts was not
in significAntly different across the cross-sectioned gran-
flof les. A -EDX results thus confirm that, except for
- Y & 4;

locations of EDX analysis are shown in fi
corresponding elemental distributions are '

table 2. Again, we observed a very high co

CoM-Cl Co/M-NG

Figure 5. Distribution of cobalt on the exteriors of different Co/MCM-~41 catalyst granules from SEM elemental mappings.
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Co/M-Cl, the cobalt catalysts had their cobal
located in the pores of MCM-41.
TEM micrographs were taken for all the cat ysts,in

.'a L4 4 )Jy i
prigharily g&; wdmof the catalysts in the TGA experiments

——from 38-8082C were not significantly different, ranging
“from 5 Jwith Co/M-NO showing the highest

order to physically measure the size of cobalt oxxdﬁ“éegreee

tion. Any cobalt not reducible during the

particles and/or cobalt clusters (figure 7). TEM images' ' H, reduqﬁimp_lo 800°C is identified as “nonreduci-

e resuits from
XRD and EDX that very large cobalt.glisters (I—2 jum)

“ble”cobalt silicate 30, 31]‘(
The —relative —ra ~of cobalt dispersion was

were present on Co/M-Cl, while dispersiSa of the cobalf
was better for the other catalysts. ﬁhough TEM
measurements were only done for a very st
of each catalyst, the results are able to p
evidence about cobalt dispersion.

The degrees of reduction, the relative rankmgs of «
cobalt dispersion, and the CO hydrogcnation rates! of

1 portion
vide further

the catalysts are reported in ftable 3. The | degrees:

Tabk'. p.\ ! 4
Elemental analysis using SEM-EDX on dln‘erent locations
of the cross-sectioned catalysts

Catalyst Co (wt%)"

Location | Location 2 Location 3
Co/M-Ac 7.5 10.6 7.8
Co/M-AA 11.4 124 6.5
Co/M-CI 18.6 49 6.9
Co/M-NO 19 6.0 7.7

*Error of measurement = +£10%.

calculaied from W{:}emlscrptlon experiments.
Since for CO chmisorpnmu on cobalt, bridge bonding
may ocour, there is no preeise ratio of CO molecules to
cobalt metal surface atoms that can be used. However,
for strictly identical measurement conditions, CO
-¢hemisorption cafi-yield a relative ranking of cobalt
dispersion. | It was-found that“CO chemisorption was
only measurable for Co/M-AA and Co/M-NO, with
Co/M-AA exhibiting higher amount of CO chemisorp-
tion than Cc{M«NO Co/M-Cl exhibited negligible

'chpmiso?phm pmbdbfy due'to “its Tow disperswn of
) gobalt-and/or due té residual €1~ blocking the cobalt

sites. Residual Cl~ has been found in other supported
metal catalysts when Cl-containing compounds are used
as the catalyst precursor [32-34]. Figure 8 shows the
XRD pattern of bulk CoCl; after calcination at 500°C,
where residual C1™ can be observed. However, residual
CI™ was probably highly dispersed or present in very
low amounts so that it could not be detected by XRD in
case of the Co/M-Cl catalyst. One should note that
residual ClI- has been shown to be significantly
decreased in metal catalysts when water vapor is



¥
AR

e

had well-dispersed cobalt as determined by X
TEM; therefore, it is surprising that no CO ad
could be measured at the conditions used.

The test reactions for CO hydrogenation were carrie

catalyst samples. A reIaUVely high H,/COratio was used

222608
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OQ-'H-ND..

d wn.h\dlf&um cobalt precursors.
i

>y
24

ults of this study were found to be in
ith ﬁ;e well-established trends in the
he inffuence of cobalt precursors on
orted cobalt Fischer-Tropsch catalysts
uld be emphasized that our results

out at 220°C, latm, and H,/CO rz\uo— 10 for “all” “support - fo: a halance between dispersion-
enhancmg. strong -precursor interaction and

in order to minimize deactivation| di :
deposition during reaction. It was found that at the
reaction conditions used, Co/M-NO exHibited 2 much
higher CO hydrogenation rate than all other catalysts in
this study. The low activity of Co/M-Ac and Co/M-AA
is probably due to the unstable small cobalt garticles

forming cobalt silicates during reductien in Hy [3] 35]_

due to the water vapor gcnerated. \

e obait-as a result of metal-support
campound !‘omaum.m er to obtain high-activity-
=supportndwbah ca‘talysts,’ in agreement with the recent
suggestions of Soled l [26]. The type of cobalt
precursor must be carefully chosen, especially when

~restricted pore-structure supports such as MCM-41 are

-used Cobalt-partieles small-enough to fit into the pores
_df MCML‘H cou]d be unstable a,t commercially relevant

{

- - \ 4~Table 3 -~ 2
Remks from TGA CQ pn!sq chemmnrphop, md CQHydrogenauon :eachqn ‘

o

Calalyst_' Reducablhty“ co chcm:sorpnon Rate % 104 (gcujgm jh)
(30-800°C) (CO/Co)’ »
Initial Steady state
Co/M-Ac 59 Nil 0.068 0.057
Co/M-AA 53 7.6 0.338 0.071
Co/M-C1 58 Nil 0.012 0.050
Co/M-NO 64 26 1.810 1.150

*From thermogravimetric experiments.

"The relative %Co dispersion from pulse CO chemisorption experiments.

“CO hydrogenation was carried out at 220°C, 1atm, H,/CO =

10 (Ho/CO/Ar = 20/2/8 cc/min).
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Figure 8. XRD pattern of residual CI™ after calcinationat 500°C

for 2h.

" synthesis conditions and thus have
nse.

4. Conclusion

Using organic precursors such as cobalt
cobalt acetylacetonate instead of inorganic
cobalt nitrate or cobalt chloride results
. cobalt particles uniformly distributed thro
i pore structure of MCM-41. Extremely I
particles/clusters are evident on Co/MCM-41
from cobalt chloride. The results suggest, ho

dispersion to maximize the surface cobalt availability - Y4003 _
since cobalt silicate formation during, reduction may ~
alt) and reﬁult

occur (especially for highly dlspersed'_

hﬁ
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i’otmd during on resulting in a lower reducibility of
~red lemwm!ﬁ °C during TPR and different from

spectroscopy, SEM/EDX, and

Co-support compound formation (Co-SCF) in Co/Ti0;
the catalyst. The compound formed is considered to be

CoTiOs. The characteristics of Co-SCF were inV _""_BET
TPR. ’

face ufed, A

KEY WORDS: supported catalyst; cobal

.. fopounds, titiiia, support; CofTiO;, reducibility; CO
' hydrogenation. A\ " .
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Inental

1. Introduction P
27“ Eata!y‘.u p{epamuan

In Fischer-Tropsch synthesis (FTS)g
cobalt catalysts are preferred beca

|
:
|

i . (; A omf‘ Co{'ﬁO; \‘:vas prepared by the incipient
RotvILY fo ; ™ “Epsed] o eatupl g et impre on A designed amount of cobalt
selectivity to linear long-chain hydrocar it o(NOs) - QH zﬁ] s dissolved i deonised

activity for the water—gas shift (WGS) reacti
However, compound formation between
the supports can occur during the cataly
~ and/or reaction conditions resulting in irrgVersi 12 b ant
catalyst deactivation [4-6]. Pt e

g Besides alumina (Al;O3) and silica (Si0,), maﬂi&—— 2.0+ Cqmtremmenm

(TiO,) has been widely studied as the supporl’-fd'i‘-’ e .
. cobalt catalysts by many authors [7-20}, especially l'nr S’tandard reduction. o Pﬁ calcined catalyst was
A - reactor under differential

the application of FTS in a continveusl d. 12 A%
reactor (CSTR) [11,15]. It was reported that CQ.SCF condmuns at 1 atm a temperature ramp from
in Si0, [21] and Al;O; [4-6,22] can—eccur di ambmt - 1.2C/min and holding at 350 °C
standard reduction and resulted in a lower degree of for 19”1*'111“1 gas flow! having a space velocity of

B reduction. However, titania was the first support 16,000 h"' and consistifig of Hy or mixtures of Hj and
‘where strong metal support interaction was ebserved Wwater vapor (5-10 vol%). The high space velocity of the
[19]. In the present research, the ytye of Co-f ln 7Hz flow when water vapor was not added insured that
titania-supported cobalt catalng'abd’ its eﬂ'éoi dm the' ﬁar&alpq‘esﬁm de’%ﬂekVﬂ; r in the catalyst bed
characteristics of the catalysts were the main f{m.ls;*ﬁ': roducéd | ycgbalti)mdc reduction would be essentially

. this study, the Co/TiO, catalyst was prepared, pre- Z€ro in that case. The reduced cp.ta,lyst was then

* treated under various.conditions, ;mg a;aQteanc¢~ for 30 min.
using BET surface ar %}i % ﬁDﬁ( '-'
Raman spectroscopy to'identify he’ nam’i'c of cbm

iglated onto TiO; (anatase form
tained from Ishlhara Sangyo,

. ?ss\w‘t gi §t rpoﬁ; Te aLuT )ylth ,ﬂglr
3?3. tabzs na&eﬂ&im i
pounds formed. The main objectives of this research

were to develop a better understanding of Co-SCF in

- titania-supported cobalt catalyst and to better identify
~ the compounds formed. Based on information ob-
 tained from the present research, the strategies to
minimize such a compound formation can be further
developed.

.. *To whom correspondence should be addressed.
' E-mail: bunjerd j@chula.ac.th

The nomenclature used for the cata[yst samples in
this study is following:

e Co—C: the calcined catalyst sample

e Co-RWO0: the calcined catalyst sample reduced in Hj

o Co-RWS3: the calcined catalyst sample reduced in a
mixture of H; with 5 vol% water vapor added during
reduction

e Co—-RWI10: the calcined catalyst sample reduced in
a mixture of H, with 10 vol% water vapor added
during reduction

101 1-372X/04/0500-0209/0 © 2004 Plenum Publishing Corporation



consumed during TPR.|| .8
“calibrated using TPR of ﬁgzo at the same conditions.~ Saﬁmplé

24. Catalyst characterization

24.1. BET surfuce area

BET surface area of the samples after various
pretreatments was performed to determine if the total
surface area changes upon the various pretreatment
conditions. It was determined using N, adsorption at
77 K in a Micromeritics ASAP 2010.

24.2. X-ray diffraction
XRD was performed to determine the bulk crystal-

line phases of catalyst following different pretreatment =
conditions. It was conducted using a SIEMENS D—5OBD'Z '

X-ray diffractometer with CuK, (1= 1.54439
spectra were scanned at a rate of 2.4 °/min in
20 = 20-80°.

morphologies and elemental distribution ths
catalyst granules, respectively. The SEM of J

JSM-5800LV was applied. EDX was perfafir
Link Isis series 300 program.

24.4. Raman spectroscopy

at room temperature A scanning range of
1000 cn” ' with a resolution of 2 cm™' was appled
The data were analyzed using the Renishaw W:RE

(Windows-based Raman Enwronment)\softwa.rc, I‘ff

allows Raman spectra to be captured }ahbra.ted and

24.5. Temperature-programmed reduction |
TPR was used to determine the reduction behaviors
and reducibilities of the samples. It was carried qut usmg

. 50 mg of a sample and a lempera,t;,u‘c > Tamp. | from 35t

800 °C at 5 °C/min. The carrier gas\ as §"/o Hz n AL A

cold trap was placed before the detector to remove water
- produced during the reaction. A thermal conductivity

detector (TCD) was usgd-£o« er?munqqth; amount of-H,,
& Hy) emsmnpﬁ" 8 was

The reduced samples were recalcined at the original
calcination conditions prior to performing TPR. The
calculation of reducibilities was described elsewhere [4—
6,21,22,23].

2.5. Reaction

CO hydrogenation (H/CO = 10/1) was performed to
determine the overall activity of the catalyst samples
reduced at various conditions. Hydrogenation of CO
was carried out at 220 °C and 1 atm. A flow rate of Hy/

- 0ccurrcd dusing stan tandard reduction resulting in lower

2.4.3. Scanning electron microscopy and energy
dispersive X-ray spectroscopy _ /i

SEM and EDX were used to determine t talyst’ / il
¥ the TIO,, upport only (tahh 1) was also conducted at the

{ ‘same

!eP_ thl: and

=—duringn
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CO/He = 20/2/8 cc/min in a fixed-bed flow reactor
under differential conditions was used. A relatively high
H,/CO ratio was used to minimize deactivation due to
carbon deposition during reaction. Typically, 20 mg of a
catalyst sample was re-reduced in sifu in flowing H,
(30 cc/min) at 350 °C for 10 h prior to the reaction.
Reactor effluent samples were taken at 1 h intervals and
analyzed by GC. In all cases, steadystate was reached
within 5 h.

i__kg;wdiscwsion
L)
3.1, Evi A%:CF in Co/TiO; catalyst

be o at Co-SCF in Co/TiO; essentially

cibilitics of | uced samples during TPR at
tnm ratures 354-8% °C as shown in table 1. The redu-
cibilities .ranged fiom 92% to 64% upon the various
tments of catalyst samples. Essentially, TPR of

- uap ﬁas attributed to the compound formation
balt and the lﬁanlmsupport The suggested concep-
y loss during standard reduc-

the calcined sample was reduced
ater vapor addmon (5-10 vol%)

form QIM m'formmg TPR, the reducibilities obvi-
“ously decreased. The reducibilities loss during ‘the
md cuon. ocess were fo to be in the range of 22—
8% 1n pofifrgducible (at temperatures
{800 °€;‘) “Cﬁ-m:tunté" mpound formed. The term
*“Co-ti e is used jhere to refer to the surface
compound formed during standard reduction of cobalt
and the titania support.
It should be mefitioned that a decrease in the degree of
Ifed]lﬂion TJ[Z reﬁn@d’s*zmﬁiesf.%’lightly changed upon

arili 1 O

0J

G- SN Tabled S

2¢ ?wtﬁﬂb I#!.Iu aq;d“suﬂfm *mds,éq s&im_ﬂes ulte:,,ﬁanm ﬁrctrcatmcnts

¥ T
¥ T Realudh gé,s — REHM&H&()'L Surface area

mixture (%) during (m*/g)"
(Pra2/Pr2o) TPR at
35-800 °C>®
TiO; - - 70
Co-C - 92 52
Co-RWO 1/o 70 49
Co-RW5 0.95/0.05 68 46
Co-RWI10 0.90/0.10 64 46

“The reduced samples were recalcined at the original calcination
conditions prior to performing TPR.
"Measurement error is % 5%.
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Sample

Reducibility

TPR
Co-C

v

i) Co-RW0D
ii) Co-RWS5

iii) Co-RW10

l Recalcination

) Co(RW0)-C TER

WCHRWS)-C -
il Co-(RW10)-

Reducibility gain

@ Reducibility less duri

* The difference in reducibility gain from a fresh cal
reducibility gain from a reduced and recalcined sample.

Figure 1. Suggested conceptual diagram for the reducibili
reduction process.

increasing the partial pressures of water vapor

reduction process. Zhang et «l. [22] investigated ﬂtﬁ‘E;twn-s 5T
reducibilities of CoRu/y-Al,O3 during standard sedue-"- TPR pro

tion and TPR in the presence of added water vapor. They
reported that water has a significani effect

211

Co-RW10
_JL Co-RWS
Co-RWO

Co-C

00304

200 400 600 800 1000

> N
v | . ..‘ ! ‘ o
gL _; 4\ L\ Temperature (“C)
% 'I'PR‘*prdﬁlcs of biﬁk_:;’{'}o;()., and the catalyst samples after
'\ 4 wimious pretreatment conditions.
Mo
FY IR J_J’J

% 4
bse:vﬂ. or bﬁk- Gg;OA and all the samples regardless
arious pretreatment conditions used. This peak can
as paed to i_c overlap of two-step reduction of
+10-CoO and then to Co® [22,24,25]. Upon the
ons, the two reduction peaks based on the
____ction may or may not be observed. The
y ol e of the titiania support (not shown) showed
?eductwn peak. Therefvas only one reduction peak
ated at ca,- 370621 (rna.x. at 520 OC) for the

no

reduction behavior of CoRufy-AhO;L was
that water vapor present during reductian leads to a
decrease in the degree of reduction of the cobalt

‘- perhaps in two ways: (i) inhibition of th€ reduction of
* well-dispersed CoO interacting with the alumina sup-
port, possibly by increasing the cghalt—alumind"tﬁtcraci -
tion, and (ii) facilitation of the riigration ofjcdbaltjons” eially] with ’ﬁﬁqﬁ‘?ﬁqﬂfahﬁn
‘However, prolonged ¢alcin

into probable tetrahedral sites ‘of y-ALO; to_form-a
non-reducible (at temperatures <900 °C) spinel. How-

| cver, considering the Co-SCFin Co/TiO;, the effect of
| water vapor added duting)standard | reduction” wa§
" essentially less pronounted compared to ‘that on gl:d}.f

alumina support. The only slight effect of water vapor on
Co-SCF in Co/TiO, is also listed in table 1 indicating
that the reducibilities of the reduced samples only slightly
decreased within experimental error when water vapor
(510 vol%) was added during standard reduction.
Besides the reducibility measurement, TPR also provides
information on the reduction behaviors of the catalyst

_' samples pretreated under various conditions.
- TPR profiles of bulk Co304 and the catalyst samples
" after various pretreatment conditions are shown in

figure 2, Only one strong reduction peak can be

calcined sample (Co-C) idigated that no residual cobalt
nitrates remain on the calcined sample of Co/TiO, upon
the caleination conditi%g’ used in this study. In some
cases, the peak of the decomposition of cobalt nitrates
during TPR of supported cobalt catalysts can be

~observed at temperatures between 200 and 300 °C, espe-

é_--ﬁﬁ'hpporis [4-6,23,26,27].
tion or reduction and recal-
cination results in complete decomposition of any cobalt
nitrates present (31" "

| TPR: profiles of all rgﬁﬁc‘eﬂ Jsémi:f Were ?&Iso similar
‘éxhibiting only one Feduction.peakias'showa'in figure 2.
TPR peak located at ca. 400620 °C (max. at 520 °C) for
Co-RW0 sample was slightly shifted about 10 °C higher
when the partial pressure of water vapor was increased
during reduction indicating slightly stronger interaction
between cobalt and titania support. However, the much
stronger interaction between cobalt and the supports
such as silica and alumina can be usually observed
leading to an observation of two separated peaks during
TPR of the reduced and recalcined samples [4-6,21,23].
The higher temperature reduction peak can be assigned
to the reduction of cobalt strongly interacting with the
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| supports, i.e. CoyOy-Al0; and Coy0y-SiO,, which

can not be observed in the reduced and recalcined Co/
TiO, catalyst. Based on the TPR results, it should be
noted that a degree of reduction of the reduced Co/TiO,
catalyst was found to decrease during standard reduc-
tion due to “‘Co-titanate” formed. However, the reduc-
tion behaviors of samples reduced in various conditions
were similar upon the TPR measurement conditions
used in this study. This can be concluded that “Co-

{. titanate” formed in a Co/TiO, catalyst resulted in only a

decrease in the reducibility without changing the reduc-
tion behaviors of it. The effect of partial pressures of
water vapor during reduction on the formation of *Co-
titanate™ seemed to be less pronounced.

3.2. Characteristics of ''Co-titanate”

In order to identify the characteristics
*- titanate” formed during reduction, severak
tion techniques were conducted. BET surf:
TiO, and the catalyst samples after v ;
ments are also shown in table 1. BET surf:
samples were slightly less than the titania
support (70 m?/g). Since all surface areas’
in this study ranged between 46 and 52 m%/
no significant change in surface areas after
pretreatments within experimental errors. Thi
that “Co-titanate” formed did not cause an
surface areas of the catalyst.

SEM and EDX were performed to study

phologies of the catalyst samples and elemental dasm-—

butions of the catalyst samples, respectively. There was ;
no significant change in morphologies of catalirst
samples due to the **Co-titanate” foLméd By observa-

B. Jongsomyjit et al.[Co-support compound formation, supported cobalt catalyst

" external Suj

fication,

at 300x magnification and (b) at 6000x magni-

‘

tion on the external surface of the ﬁm,
cobalt patches (the term “patches™ i '{o refer to the
entities rich in cobalt supported on the zﬂyst granules)
can be seen all over the external surfa samples. In
general, all of them were similar regardless of the
“ pretreatment conditions used. The typical mofphology,
in an external area of catalyst granules wi{hdifferent
magnification for Co-RW10 is shown in ﬁgurc 3. Itcan
be observed that cobalt patches (whité spots) were well
distributed all over the external surface of catalyst
granules. The elemental distributionscan beclear]yseen:
by EDX. Figure 4 shows the typical elemental distribus.
tion for a cross section of a granule of Co-RW10. The
distribution of cobalt was well dispersed throughout
- the catalyst granule as also seen by SEM. Thus, there
was no significant change in catalyst morphologies
and elemental distribution upon the formation of

" “Co-titanate”,

The bulk crystalline phases of samples were deter-
mined using XRD. XRD patterns of TiO,, CoTiO;
(synthesized, based on reference [28]) and catalyst
samples after various pretreatments are shown in
figure 5. XRD patterns of TiO, showed strong diffrac-

tion peaks at 26°, 3755 43"\5%“ 56°, 62°, 69°, 71° and 75°
mdxca:ms the TiO, in th anatase form. After calcina-
tion, the diffraction pcaks of Co3;04 at 36°, 46°, and 65°
can be observed. Apparently, the relative intensity of

those peaks is mueh lower compared to the TiO; peaks.

Te,identify the XRD, peaks of-samples, XRD peaks of
Caﬁ'n@; “were algo colh:cted and it showed the diffraction

‘peaks at23°32°,735°, '49°, 52°, 62° and 64° as also

shown in figure 5o Kraum et al. [29] reported the

“observation)for) XRDpeaks of ‘CoTiO{iphase along

with'.Co30, on| the calcingd | Co[TiO; catalyst using
cobalt (IIT) acetyl acetonate as a precursor for cobalt.
They suggested that the formation of CoTiO5 by the use
of cobalt (III) acetyl acetonate as a precursor can be
attributed to the migration of cobalt ions into the
support lattice, with the consecutive formation of
titanate, However, based on differences in the cobalt
precursor, the amounts of cobalt loading and the
calcination condition used in the present study, the
formation of CoTiO; was not observed in the calcined
Co/TiO, catalyst. After reduction at various conditions
and passivation, the diffraction peaks of CoO were
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4

Figure 4. SEM micrograph and EDX mapping of CosRW !
granule (cross section).

present at 37° and 63°. This indicated that Co304 in '.hc
calcined samples was reduced to hlg‘nly dispersed obalt -
metal and CoO during standard redugtmu at 350 °C.
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b .J *-x-. . T T T
— 0™ 20 30 40 50 &0 70 80 90
-y Degrees (2 theta)

#:
.Eigurqs;, XRD patterns of Ti0Q,, CoTiOy and the catalyst samples

Any Co;04 formed during passwatmmwas-gxew* in
“only very thin surface layers and was co_pﬁcquenlly XRD
invisible. No XRD peaks for “Co-titanate” formed were
detected for any of the catalyst samplc&ﬂ In order to
investigate the structure of non- -reducible (at tempera-

tures <800 °C during TPR) “Co-titanate”, XRD was __

also conducted on the samples after performing TPR up_
to 800 °C. XRD patterns of sa.mp!ss aften, TPR ‘mea-
surement up to 800 °C are shown-in figure 6. Thesimilar
trend as shown in figure 5 was found except for the

observation of cobalt metal peaks.at 44° and 52° due.to..

sintering. No phase change, ie fron" zmatase to rutilé
form of TiO, was observed. XRD'results revealed that
the *“Co-titanate” formed was in a highly dispersed
form, thus, it is invisible in XRD after either standard
reduction or TPR.

Raman spectra of TiO,, CoO, Co304, CoTiO; and the
catalyst samples after various pretreatments are shown in
figure 7. To identify Raman bands of samples, the
Raman spectra of Co3;04, CoO and CoTiO; were
collected. The Raman bands of CoTiQ, exhibited bands
at 695, 604, 455, 382, 336 and 266 cm” ' which are similar
to the ones reported by Brik et al. [30]. The strong Raman

wdd affer various pretreatment conditions.
=
&
=
a
E
2
=
10 20 30 40 50 60 70 80 20
Degrees (2 theta)

Figure 6. XRD patterns of the catalyst samples after TPR measure-
ment up to 800 °C.

bands for TiO,; were observed at 640, 514, and 397 cm’ )
indicating the TiO; in its anatase form [9]. The Raman
spectrum of the calcined sample exhibited Raman bands
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Intensity (a.u.)

1000 900 800 700 600 500

Raman Shift (cm'1) P

catalyst sumples after vanous pretreatment cundmons_,-

at 640, 514, and 397 cm ' as seen ‘it

”, / > ra te
o ‘addmo 4
Figwre 7. Raman spectra of TiOs, CoiQ4, Co0O, CoTiO; and Lhz—_"ﬂ{‘ Ra
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of (‘45304. CoQ, CoTiO;, the calcined sample
=d with @ lesser degree of passivation samples.

Rﬁnan spectroscopy, but not XRD. In
lumina support itself does not exhibit any
nds between 100 and 1000 cm” !, thus, the
‘Co-aluminate” can be clearly detected.
Howr:vcr, In the pmm sﬁ the highly strong Raman
asilic port may result in a hin-

o -'M

', assigned to
beed samples

including two shoulders at 690 and 480.c
Co30,4 [4-6]. Raman spectra of all red
showed the Raman bands of TiO, su
shoulders at 690 and 480 cm™ '. These can be assigned to
Co304 present on catalyst surface rather than CoO
(detected in the bulk by XRD) smggkaman ctrosgop
is more of surface technique [5]. Iﬁhls mdnt:at 'that “C
titanate™ formed during reduction was di
CoTiO; and invisible in Raman spectroscopy. The

invisible “Co-titanate” bapdsr‘was p;ujgab y Qaqsed by... tq ‘Eciyuthcr,,bnt dﬁvlgteq

(i) its highly dispersed: /nd (i) fhe Ram iﬂ gl Is
were hindered due to thmystm%gk‘émﬁ E?npes
of TiO, support. It was raported that reduced samples of
Cofy-AlO5 at high partial pressure of water vapor
during reduction exhibited the broad Raman bands
between 400-700 cm’” ! [4]. This was suggested that these
broad Raman bands represent a surface cobalt com-
pound related to cobalt strongly interacting with the
alumina support as a “Co-aluminate”. The identified
“Co-alumiante” was suggested to be different from
CoAl,O4 (spinel) due to being a non-stoichiometric
surface “Co-aluminate” compound. This highly dis-
persed “Co-aluminate” may be formed, possibly by

ort and the

et f'vci‘m -5amp!eéaﬁe bhOIWH

Raman b, , if present, of the highly
d!:spwsad 2 jﬁﬁﬁ{c“’ formed Besides the strong
“signal ﬁf"I"ﬁZ, the signal of CoO and Co304 is likely to
hinder the observation of surface “Co-titanate” as well.
In order to eln:nmate that interference, we also conducted
Rdmgu Sper,ztrosmpy on the reduced samples with a
I:sae'rl tﬁg@%ﬁ f p: fion land the Raman spectra of
gdre 8. Ifean be observed that the
characteristic peaks of the reduced samples were similar
from the characteristic peaks

304 A8 8 in! ﬁg;i i an-band of the
fedab?ﬂ §amp?:£ dt 30 cﬁl?hofm &@2 became

broader. This perhaps resulted from the overlap between
the peaks of 397 cm'' of the TiO, and 382 cm'' of
CoTi0j; due to the formation of surface “Co-titanate”.
However, to elucidate all kinds of hindrances, rigorous
surface techniques may be needed for further investiga-
tion. Nevertheless, Raman spectroscopy revealed that
the “Co-titanate” formed was different from CoTiO;
probably due to it also being non-stoichiometric (cobalt
deficiency) surface “Co-titanate” compound.

CO hydrogenation was performed to determine the
overall activity of the catalyst samples reduced at
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Table 2
Reaction rate for CO hydrogenation on catalyst samples reduced at various conditions

Sample CO conversion (%)* Rate (umol/geat.s)® CH selectivity (%)

Initial® ssd Initial sS Initial SS
Co-C 3.71 2.09 1.39 0.79 99 99
Co-RW0 1.53 0.73 0.58 0.27 99 99
Co-RW5 0.83 0.46 0.31 0.17 29 99
Co-RWI10 0.34 0.08 0.13 0.03 98 o8

*CO hydrogenation was carried out at 220 °C, 1.8 atm, and H,/CO/He = 20/2/8 cc/min).
"Error +5%.

“After 5 min of reaction. \ \. \' g’,
YAfter 5 h of reaction. SN {"//
\- /

various conditions. The results are shown in tmha Re{s’en&s—-"’-
indicated that the CO conversion ranged be wee [ EP. W ﬁ'&wmr and J.W. Michell, Ind. Eng. Chem.
and 0.34% (initial) and 2.09 to 0.08% (ste Jhos es. 29'(1990).1807,
reaction rate ranged between 1.39 and 0.13 umel/g ¢ Tglesia, Appl. Ciital. A 161 (1997) 59.
(initial) and 0.79-0.03 umol/g cat.s (steady). C. Brady _aad‘RJ Pettit, 5. Am. Chem. Soc. 103 (1981) 1287.
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Abstract

The present research showed dependence of crystalline phases in titania on the

:'_calalyuc properties of Co/TiO;, catalysts during CO hydrogenation. A comparative
' ':.,study of anatase TiO,- and rultile-anatase coupled TiO,-supported Co catalysts was

conducted. It was found that the presence of rutile phase (19 mole%) in tiania

species strongly interacted with i :,‘ d by the presence of

rutile phase in titania leading to afde durmg reduction.
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‘1. Introduction
In Fischer-Tropsch (FT) catalysis, supported cobalt (Co) catalysts are
preferred because of their high activities during FT synthesis based on natural gas
[1], high selectivity to linear long chain hydrocarbons and also low activities for

the competitive water-gas shift (WGS) reaction [2,3]. Many inorganic supports
) Zeolites [18] have been

~such as SiO; [4-8], ALO; [9-14], ‘{I’iba\\

extensively studied for suppo Catahsts s, It is known that in

———

The different crystalline @ase' compositions of titania coujé play an important

role on the catalytic performance of titania-supported Co catalysts during CO

hydrogenation 2 ﬁuﬁ ﬁﬁd %%%%&%M%ﬁﬂ?{&m was to

catalytic properties dunng CO hydrogenation of Co/Ti0O; catalysts. present

study, the Co/TiO, catalysts were prepared using different crystalline phase

compositions of titania supports. The catalysts were pretreated, characterized and

tested in order to evaluate the catalytic properties during CO hydrogenation.



2. Experimental

2.1 Catalyst preparation

A 20 wt% of Co/Ti0O; was prepared by the incipient wetness impregnation. A

designed amount of cobalt nitrate [Co(NO3)#6H;0] was dissolved in deionized

water and then impregnated onto TiO; (¢ )0 mole% of anatase phase

calcined at 600°C, obtain shihg '@paﬂ) and onto TiO;

2.2 Catalyst pretreatments

2.2.1 Standard reduction

ambient to 350°C at 1°C/min and b foqﬁo hin a gas flow

having a space velocity of 16,000 E; and consisting of H,. The high space

velacity of the F) il bdi @ A E 43 bR A Yedeure e
= TR v

essentxallq ZEro. ¢ reduced catalyst was then passivated at room

temperature with air for 30 min prior to taking it out.

2.2.2 Hydrothermal treatment



In order to evaluate the stability of catalysts and impacts of water vapor during
reduction, hydrothermal treatment was also conducted during standard
reduction above. In addition, besides using pure Hj, mixtures of H; and water
vapor (5-10 vol%) were also applied separately at the same reduction

condition as mentioned in 2.2.1.

2.3 Catalyst nomenclature & ‘ " ,//

The nomenclature used for sampl dy 1s following:

e Co/Tl:
e ColT2:
e (O):

2.4 Catalyst characterizatio _'

2.4.1 BET surface area: BE’I} surface area of the samples after various
F=N P=N

pretreatments w@@%ﬂt@% W@ ﬂ{eﬁe?ea changes

upon the v pretreatment conditions. It was~determined uSirflg N,

e S AL TIVTET VN

2.4.2 X-ray diffraction: XRD was performed to determine the bulk crystalline

phases of catalyst following different pretreatment conditions. It was

conducted using a SIEMENS D-5000 X-ray diffractometer with Cuk, (A =




1.54439 A). The spectra were scanned at a rate of 2.4 degree/min in the range

20 = 20-80 degrees.

2.4.3 Scanning electron microscopy and energy dispersive X-ray
spectroscopy: SEM and EDX were used to determine the catalyst

morphologies and elemental distribution throughout the catalyst granules,

software, which allows

using system 2000 Tuctionatity-via-6

imaging capacity.

Tempe,a@@;zﬁuim.&m% 2 T
SRS RN IR

50 mg ofia sample and a temperature ramp from 35 to 800°C at 5°C/min. The

carrier gas was 5% H, in Ar. A cold trap was placed before the detector to
remove water produced during the reaction. A thermal conductivity detector
(TCD) was used to determine the amount of H; consumed during TPR. The

H; consumption was calibrated using TPR of Ag,O at the same conditions.



3. Results and discussioi%

The reduced samples were recalcined at the original calcination conditions
prior to performing TPR. The calculation of reducibilities was described in

elsewhere [9, 19-22].

2.5 Reaction
CO hydrogenation (H/CO = 10/1) was !jerformcd to determine the overall

/#; conditions. Hydrogenation

of Hy/CO/He = 20/2/8

T———
G ___'f‘mditions was used. A

The present study wgﬁ-bﬁ the dependence of

ostig

crystalline phases in titania on gx_g,cata‘lgic properties gring CO hydrogenation of

Co/TiO; catalysts.m;a\%:«}% gen : A @ﬂ;at%s mainly two
preparation of titania stic ol—g () 1 methods als cifiation

temperatures. However, it was proposed that the different phase compositions in

titania could play an important role on the catalytic properties during CO
hydrogenation of Co/Ti0; catalysts. Results and discussion are divided into two

parts as follows:



3.1 Catalyst stability during reduction under hydrothermal treatments

It is known that Co metal rather than its oxide or carbide is the active form of
supported Co catalysts during CO hydrogenation. Thus, reduction of Co oxide
precursor is required in order to reduce it into Co metal form. Water vapor is a

byproduct of reduction of metal oxide. It is also known that water vapor also has

impacts on the reduction of alumina-supp o oxide probably in two ways; (i)

sites of alumina to form a

non-reducible (at temperamrMC) mem inhibition of well-

dispersed CoO interacting wi

facilitation of the migration of Co J,Qn.s mk f

ma suppmﬁms\si\w by increasing the

cobalt-alumina interaction [22

é@port co’m;;ound formation (Co-
\ T

SCF) can be formed during #€duétiony v)hen_ alimina [19] and silica
N -

[21] are used as the supports for C¢ am.ly, hus, 'n‘--‘a{der to evaluate the

impacts of water vapor on ghe Jstability « £ Co/TiO; ¢ alysts, hydrothermal
A

treatments during reduction of #he catalysis @ performed. After various

contained pure anatase TiOb whereas the T2 support is cog}}osed of rutile (19

mole%) and anatase (81 mole%)s forms, XRD pattems of T1 showed strong

diffraction peaks at %‘;3?  dgb 55 Jo2d, 664 71 nd 78°finkiichtink the TlOz in

oo SO TAINTY. i3 vy eNiENG NE

been seen patterns o 2 support mdlcatmg presence of rutile
phase in titania. The cobalt species on both supports exhibited the similar XRD
- patterns regardless of the pretreatment conditions. As expected, Co3;O4 were
detected at 36°, 46° and 65° after calcination of samples. However, after reduction

and passivation, only diffraction peaks at 37° and 63° corresponding to CoO were



observed. Raman spectra of all pretreated samples are shown in Figuré 2. The
similar trend in Raman spectroscopy was also observed as seen for XRD results.
It was found that T1 support exhibited Raman bands at 640, 514 and 397 cm™ for
TiO; in its anatase form. Besides the identical Raman bands as shown for the T1
support, the T2 support additionally exhibited a shoulder band around 445 cm™
indicating Ti0; in its rutile form. The Ram

o\
T1 and T2 supports exhibited snnilar_'

spectra for calcined samples in both

t 640, 514 and 397 cm™ as

seen in those for T1 and T2 S ‘solqb/ in¢ o shoulders at 690 and

“@ all reduced samples

and the' ‘shoulders at 690 and 480

'_'.11 - '
n'c yst surface rather than CoO

technique [20]. SEM and/E

morphologies and elemental o@t

However, no significant chmgesia@%h?l% elemental distributions (not

er various pretreatments.

shown) were observed\jien séd in this study. In

summary, it should be Q_ted that upon the x ';"";)retr@ments even with or

without hydrothermal treatments; the cobalt species on both T1 and T2 supports,

essentially, eﬂn@d@&ﬁlgﬁl bg.\%ét%@%%n Ed@g&iﬁﬁ;@m Raman

RS T

titania, 1f p);gsent, can Be detected using those above techmques

TPR was performed to study reduction behaviors and to measure reducibility
of catalysts. TPR profiles of all samples and Co304 are shown in Figure 3. It was
found that TPR profile of titania supports (not shown) for both T1 and T2 supports

exhibited no reduction peak at this TPR condition. Only one strong reduction



peak (max. at 430°C) can be observed for bulk Co;0;, assigned to the overlap of

two-step reduction of C0i04 to CoO and then to Co® [22-24]. Upon the TPR

conditions, the two-step reduction may or may not be observed. For T1 support,

only one reduction peak located at ca. 370-620°C (max. at 520°C) can be observed

for the calcined sample (Co/T1-C) indicated that no residual cobalt nitrates remain

on the calcined samples upon calcination ,condition used in this study. TPR
!

profiles for all reduced samples wi TI}Q Iso similar exhibiting only

one reduction peak located am&(}"ﬂ '@um temperature at ca.

: \*B\NF when hydrothermal

fQI_‘ﬁqu—RWS and Co/T1-

there was no significant s@’l of the reduction tempera i

treatment during reduction indicating a-lesser degree of.cobalt-support interaction

N % :
compared o what Q4 e bbb bbbl @ fid ) pport. 1t wes
ted that: ! 4 1 Jic ool
TSt T -
AN TR IR HATINE

increase in stability of the titania support even though hydrothermal treatment was
applied during reduction. An increase in stability of T2 support could be the
cause for a difficulty of cobalt to interact with it.

Besides reduction behaviors obtained from TPR results, reducibilities of

samples can be measured based on the peak areas, which are related to the

10



amounts of hydrogen consumed during TPR [9, 19-22]. The calculated
reducibilities along with the BET surface areas of samples are shown in Table 1.
There was no significant change in surface areas upon the pretreatment conditions
used in this study. It was observed that for both T1 and T2 supports, the
reducibilities decreased when the calcined samples were reduced and performed

TPR indicating a loss in reducibility of cobalt oxide species after reduction [25].

The loss in reducibilities can be @Mw to a non-reducible (at
temperatures < 800°C) “Co U& fo@mng standard reduction
l—\-

ity tiﬂjthe catalysts upon

reduction and hydrothermal treatments in term of the reducibility loss after
P=N =N

rsncion wnder gttt L) VI 219/ 971717 5
2 NANINIUNKINEIREY

In order to determine the effect of crystalline phases of titania on the catalytic
properties of Co/Ti0,, CO hydrogenation was also conducted in a fixed-bed flow
reactor under differential conditions. Results obtained from the reaction