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ABSTRACT

Project Code:
Project Title:

Investigator:

E-mail Address:

Project Period:

Objectives:

Methodology:

RMU4880016

Synthesis of SBA-15 mesoporous silica from rice husk ash and the use as

catalyst support for clean diesel oil production

Assoc.Prof.Dr. Metta Chareonpanich, Department of Chemical Engineering,

Faculty of Engineering, Kasetsart University

fengmtc@ku.ac.th

3 years

1)
2)

To study the synthesis of SBA-15 mesoporous silica from rice husk ash
To synthesize clean diesel oil from CO, and CH, using SBA-15
mesoporous silica as the catalyst support

To investigate Structure-reactivity and kinetic information of the catalysis
process

To gain new basic knowledge as the solution for the energy needs
Synthesis of SBA-15 mesoporous silica from rice husk ash

Metal loading and modification of SBA-15 support

Study of catalytic performance of Metal-loaded SBA-15 for diesel
synthesis from CO, and CH,

Investigation of catalyst stability

Structure-reactivity study in the FTS reaction

Results and Discussion:

It was found that SBA-15 mesoporous silica with uniform pore sizes in the range of 7-9

nm can be successfully prepared from rice husk ash. Co-loaded SBA-15 was then used for

gasoline and diesel synthesis from CO, and CH, via hydrogenation and Fischer-Tropsch

synthesis. It was found that the conversions of LPG and gasoline and diesel were 25 and 60 %,

respectively.

Conclusion:

Suggestions:

Keywords:

The Co/SBA-15 catalysts have been successfully synthesized and developed

in order to control and selectively produce the fuels in the ranges of LPG,

gasoline, and diesel from CO, and CH,.

The operating temperature of hydrogenation process should be focused.

SBA-15 mesoporous silica, rice husk ash, CO, and CH,, diesel
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Warhnlenedlasiainasdimnduansdlddineias TEM (3UA 15) wuidam

ea o 19 1 A A o >
wlanainguanzdlaslildmutuuy U 15a, ¢ uaz e) SanmaznImuiuzasayNAIwa
153 I 3 v ] 1 J { AI U { a IAA
wnidunguianataniuinlassievasaymaszladudioiniaindl pH WaRIanATam
nlflalamudumuduoui§uaszia pH anndi 2 (GUN 15d uaz2f) wohiitaadevwmalng

V= A SAea &4 A o Y [ . .
ag‘ﬁ&"ﬁauﬂ@uﬂﬂa EWEWDWWI&I’]IQEWE]S‘Iidwa‘t’lvl(ﬂuﬁa@ﬂaadﬂuwaﬂlm Nz-thSISorptlon
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- 0 nm
X 80,000

(e)

60 nm

60 nm
X 20,000 ¢y

X 40,000

[

U 15 /W TEM esganmnaaanzilas laldansuainuy (a, ¢ and d) waz I (b, d and e)

7161 pH 2, 3 LAz 5 ANE1AU
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NNAVBY Ny-physisorption wazaw TEM vevanitlalamwanlduninlulassasisvas
an o v Aa 1 =) J ¥ 1 ™ 1 1 Q
Fansiiinateadarnan laswesin wananiten pH VaIRNIHFNEIFINAAaNITUNINAIVY
lalamwlulasizssvaidanmaneay Lﬁaﬁa:ﬁuﬁumiﬁagjmaa"LﬂImsn’]usluIﬂioa%’lomaﬁam

wﬁmﬁmﬁﬁiﬁ%é’omnmmsaa%grﬁLm’lzﬁ@ﬁﬂmﬂﬁﬂ Thermal gravimetric analysis (TGA)

mﬂgﬂﬁ 16 WRAINITLUADWLYAIUNRINVDIVAINFNTAN LR Lo Lo urad31nnIT N3ad
A = ' A k4 o ) & I | Al v .
fidn pH 2-6 Tawuihnmisuudasihninveindanuyiuuueandu 3 Twgunnlaud 19
qmﬁgﬁ@‘hﬂ’h 100 BIFLTALDYE ﬁaaqmmﬁszwjfm 100-200 BIFLTRLTE & LLa:ﬁaaqmﬂgﬁga
. 4, o3 v g . v
N71 200 BIFNLTALTLR ﬁmmaqmﬂgummﬁuamﬁam‘ﬁ:mwadmﬁ mﬁaagﬁl NMITLLRBVDINNN
A o A o ' A . o o @ A A
Inuszialinunguuasdaiues (Si-OH) wazmIisanp@izadialosiu ausey SowudndSanm
o A £ o A £ ' & A9 4 &
MIFAAIVDI A LATIMANIUALM NI BVRIAN pH Badvadnan  (N99nladSunalalamiu
n' £Z 1 Qs (;l' a U an d'
Buduirin) Unngnisaifisunsneduvieldnndgesdimuaslalaauluasnan 1 pH 2
& dl aa U v & & o U
Uizgrasialamuwzidumingaann  luvniefidszgvesdanidnlndaud Sadunarililassaine
vailalamunasean Hasnnifamnannwesvadluanalalasu  uazazifiaUfizonsiunu
a8IdNUTAN é’aﬁfu"LﬂImsﬁ']u‘%dmmmgﬂﬁﬁ'ﬂaaﬂvl,ﬁﬁdLL@iﬁumaumaamsﬁNNﬁmﬁmﬁ

#9IUN pH 3-6 ﬂi:fgﬂla\‘IVLﬂI@lsIﬂu%ﬁﬂ'ﬁLﬂuUQﬂ Tuvuendzgvasdamianduay
AIMUTILAANTARLIVDITERINTINMUA Lo Lo ﬁﬂ%"”lﬂiwmul,mmagjiluimmﬁ”’m%ﬁmuaz

mﬁaag%ﬁamﬂmiﬁwﬁfmaa
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Temperature (°C)

7UN 16 MaRouudadthninnaIanNn eIt amMNRILATIZRNA pH @199

Tagltlalaawduansuainuy

3.3 wanskgenaseljisen

1) Y3zBNnTNwuaIsItnsen 5Ni/ALO,

luns@insudjiseSwesuiislugisgunnll 500-700 aseiaiBaa NaMuaUITLY 10
o s ' [ a 6 6 v ] .
UTTINMA LRSHIRUABANEIUMTRNENVITnLazATUaw laan loaun iy 1 (CO,/CH,
' A ' ' a I3 a o . A ' 1%
= 1) wuhgmnpiisinaadnsnndemaiiallidunianmsd (conversion) Tild1gigada Jauas
75 284a3Uak laaan kiauasIanas 76 2adiinu Ngnni 750 adAmLTaLBoR (é’mamlugﬂﬁ

17)
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100

== CO2 conversion: SMi/AI203
80 4
=& CH4 conversion: SNi/AI2Z03
Y
==
P ﬁu -
=
=
Z
4
= 40
=
o
20 4
0 T T T T T T
450 500 350 Al 650 F00 750 B00

Temperature ("C)

=)

5UN 17 wavedamnnddadnisidfsuduidunianmat (Conversion) 284 CO, uag
— 3 a

CH, ludjn3e3vasuiiy Wealgaassdizen 5Ni/ALO,

P a a ' ' 6 23 o & v A a a &
Lllaqmﬂ{}MLﬂﬂU%VL‘IJ"\JZB(\‘]Nﬂ@]aaﬁﬂﬂizﬂﬂﬂﬁlﬂdﬂﬁsﬁﬁdLﬂi']z‘ﬁ@')il fe Lwaqm%nuao"um:

a U

a o v o 1 &V 6 a . ¢ a £ o 04 P
mﬂﬂmm’]mmaamsﬁms‘uauwauaan%é‘luwa@mmmmeumﬂ (@]GLL?(@’IJI%@HTN‘Y] 2)

A13149N 2 u,amwamaaqm%gﬁﬁﬁ@iaaaﬁﬂs:ﬂaumaaﬁwwﬁﬂﬁmﬁ (Synthesis gas) b

Ufnseinasulslaslranel §iTen SNi/ALO,

Nl assUsznavasianean (3osaslagsiinin)
(DIALTRLTUR) co, CH, co
500 64.2 21.9 13.9
600 554 18.5 26.1
700 37.5 171 454
750 23.8 17.8 58.7
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2) Uffisonmafeuiosianzilundanus lalasasuon

msfinsanuiad huesliselmzasinslsuesanssdjissn 10Co/SBA-15 uas 20
Co/SBA-15 ldgnnasauluzisgmnnil 200-280 aseiwai@us auau 10 UIILINA WU
Uinawaslanzlaveadasnaatsanndasmadisuusadundadoe  Tasdnadiouues
Dundasmifianintwileldansfisonilanslaveadifiniuanioss: 10 usousz 20
Tagana §a3uf 18 wuiamsasuulsaduniadueiideldiissl §Aseniu 20Co/sBA-15 &
nganindleld 10Co/sBA-15 luyngamgiimnasssuazdengiganaomnd 280 asmaifes
WinnuIBua: 66.8

100
—&— 10Co/SBA-15
80
- 20C0o/SBA-15
&
= 60 -
=
=
f<
v
= 40
=
]
20 A
[] L T T L T
180 200 220 240 260 230 300
Temperature ("C)

UM 18 wavasamnpidaanmaioundasdundanmsivesdansal iz
T q U

aaa

10Co/SBA-15 uag 20Co/SBA-15 luljisenimimasinsys

dmsdaniiavasnianmailul fAseRnsasinsdsuasaanssdjisen  10Co/SBA-15

e 20Co/SBA-15 Iuﬁaaqmﬂgﬁ 200-280 aammm%ﬂmm@ﬂumﬁaﬁ 3 Uaz 4 aUsIaU

~ Y a a IQ &/ aaa dl v 1
szdnlanaanmwilalasaivanitieduandjizenildaass  10Co/SBA-15  uaz

a o o { A & o A A, A X d a
20Co/SBA-15 Nm’mﬂmﬁﬂﬁdﬂu I@Uﬁﬂqﬂ'ﬁlﬁaﬂlﬂﬂlﬂuﬂqsﬁuLﬂu%zuﬂqLWNTuLﬁﬂqm%QN
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Aa

a & & o A & o o A A a o ¢
LNUD LLavaE’II@ﬁﬂ’liﬂau@nﬂl%fyT% (Cs.) aza@aamumﬂmuamuqm%ﬂu LRSWUNRANTUN

U

lumwaaﬁmavlﬁﬁaqmmgﬁ 200 BIFLTRLTYFLYINTEL

aaa

a1l 3 darnnmueadaiselfAsen 10Co/sBA-15 ludfsAlmzasindd

NRAN UM mMReniavaINdan o (Seuazlasulg)
lalasasuan RIVE N GRLRIE IEHE
200 220 240 260 280
C1 78.8 83.1 76.6 86.2 81.1
C2 4.7 3.7 5.1 3.9 10.2
LPG 6.1 9.1 9.5 9.0 8.6
Naphtha 5.3 1.6 6.4 0.7 0.1
Gasoline 5.1 2.6 2.4 0.1 0.0

a13191 4 UszANSnWpa9a1591 381 20Co/SBA-15 ludjisenimaasinads

NAAN AT mMItdantiauaINaan ey (Fouazlauuia)
lalasansuon QUMD (RIFLTALTLR)

200 220 240 260 280
C1 82.8 70.0 86.2 88.6 93.6
C2 1.4 4.5 49 2.8 2.0
LPG 4.5 10.8 7.2 8.5 4.3
Naphtha 3.5 3.6 0.4 0.2 0.1
Gasoline 6.7 111 1.3 0.1 0.0
Diesel 1.0 0.0 0.0 0.0 0.0
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WavaInIAnsUTnulanzdamafanifadudamwianay usaanidusestisgunni
Ao N399MNNdY (200-220 BIALTALTLR) WATTHEMANTFS (240-280 BIANLTALTER) LAz
1 1 a a s a | g a J
wuluggungll 200220 aseaaBas  WRadusanReniiaduisaianaannuey
a 1 a IS a s 6 A a | & a
gunndl uazluzrogunnil 240-280 aseiaalBon WRanmwaziRanAadwBandnaIaand
Qs ad & = Y A A (3 £ v < ¥
sunwiugunpiingauiufziiviumnasdanzlaveaduiniuaniasaz 10 (ufasaz 20
< o & aaa A 6 a a . ' aaa A o %
loswanfiony  asiuludjiseinrasingdd aunpluazdianawesdusadjizedanuidy

INNLariaIwIINARGaNavaIN AT NN NGB INNT

[ '
o w A a ¥ o

msﬁwamsmaaﬂﬁ@hm‘nﬁamﬁ@ﬁﬂ' audNIdININamnnlnantedn o1atiesnnannia

9 U

Maonfanuyinunniesesljniniiesasuniulgunnldeudnags  uazszozmNanInIduas

U

a a 6 1 v & A ~ v o a aaa A ' L aana a [
lwedasdfnaldeudosu  Waiflsuiudanmafadjisennligeinvesl jisefnseiind

UANIMNUUIZBLNIIZRIAIaIU nTanIsasnIasunlnanuann  iasanansznuanym
wanfluawiaaaisazlinisUiudyslasinszozszninaaiasd jnninises LWBLANNTZE2LIAN

Aaufifaazdigieiesdnsainaesuasiliiaiuaininon

3.4 wansanwasslisenlaslaia3asiinsal Temporal Analysis of Products (TAP-II

reactor)

nnmIfnsnMaisuudainesdiialjis;n 20Co/sBA-15  lansldialasufnan
Temporal Analysis of Products Lﬁaa@muNamsmﬁﬂuuﬂaalm?ﬂwmzﬂ'm‘hl,ﬁummuu
unsteady-state operation WU31 @3139UEA381 20C0/SBA-15 IﬁiaQaﬁmaﬁlamﬂluudmaams
QATUMNT AIUFAITDYA Temperature program desorption I8IMTTRAGIIG UHALTIUHATN
20C0/SBA-15 Lﬁamuqué'@mmﬂﬁmmi”au (gﬂﬁ 19) azduldin Wovnnswad (pulse) e
lalanawdn lUudise 5501 20Co/SBA-15 aududa niuianadionsuaunauanladidn
TuudssuFAzen 20Co/SBA-15 wu ilariugmmgivasiissUfiten Tauils 220°C 15w
fFnaunIaugsuresine 4 sialdud  Malalanaw  Hwnw esuesuveuenlud  uay
asuanlasonlodriolnsnn duiiidsned faonsuenuanenlodfinadidnly sansarh
UgisiniumelelasauidnssUfisen  20coisBA-15  gaduly  wazifeduioiinn  uaz

AsUawlaaan larya lWTLW Lol
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wananit SaFnnaldathadudadn nanpdusasialalonan fansmaiuein 5
a1 asralimafefinuuaziiansmedusasmasinuaaninludnu s Watuadusuiu uaz
anzATudmudnin wiiesdifiunslienuiounigamgd 370°c daulesluBndszna 30
wft Tapszwineuu msfsfsoanetidaifioslanls 5uqzyryﬂmﬂ FINUNIALTUYBIeD
lalasiauadvdaiftoslasfiumiusaandnios  mldsansodwneldh  dusajisn
20Co/SBA-15 uanainazsansaldiduaassdjisenlunssvaunsfinsesinsdduss dygnansn

Urzgndluansaensldidu Hydrogen gas storage ldatadidundndae

5 /
5 EENAY I .

\/‘ ——CH4
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44 —— CO2/propane
3 4
|
) |
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D

31U 19 Temperature program desorption 283MTTAAG ¢ VUALIILUJATE 20Co/SBA-15
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3.5 uamsansIANNaENTsalwnsIl s meesinsdduasaanieljizen CoMs uaz

Co/BS

darnmsnsanumansalunasejisndnsefinndesdusanljizen comsx
WazALIIUNATEN Co/BS-X (X unuelg 1, 2, 3 z%m%’umm@gw;umﬁﬂ 4, 6, 8 nm §NILAIII
Y381 Co/MS-X LLa:mm@gwg‘umﬁﬂ 4, 6, 9 MNFUFUIIFATLN CoMS-X audeiL) Aisnaz
H,/CO = 2/1, 230 °C, 10 bar lagmInagzaLANNRINTAIUMTLURINUMST CO wazmsidaniia
wAas sl utfaloiuuaziss wud1 wamsanwdudssui 20
mﬂgﬂﬁ 20 zfinldd danmaudasiuvesis Co vasduinlfiTun CoMs-X Aergenitves
dusafATen coBsX lasfidammaulasiupesie CO gaqmm:@‘i’wq@wuﬁé’aLiaﬂﬁﬁ%m
Co/MS-2 usz Co/BS-3 mwiey  uwazileszuziimmavdfAseninanniu sanmsudaiu
289 CO paInNaIHUTReN zaaasmudny snriwdanmIulasduasie CO 284

= { o aaa ' <
Co/BS-2 Tvanadtlaszaznamsviljisenriuly 5 1alus

FUngNaITI e Co/BS-X danmiudadduzasies CO dndn ausslfizen
CoMS-X Lthasananmsianlasneslulasiasnsnasaanisljiten CoBS-X Tvssnaliiianms
aaasvasRuR lumM ARl T wenanit WeRnandayanmigaduislalanan (199
5) wuh URinmmsgaduialalanausasdiisljien coBs-X Tednivasaiisljize
CoMs-X egslafiony  WeRasanmatieniiandanmst nauwudn  madanifiandanmd

& : a v a & A4 A a o
sslznaylalasaniveulundy  Cso  Huwwlduisdudaduswiavasgwiulunidivesdiisy
UA3en Co/BS-X ugailiinil aassljisen CoMs-X inanfaziiafmoiimuainnit aaLss

i
U381 Co/BS-X N9%h Ma3uitosnnan Jadnalumstnamuisuszanusauasassdjisen

A

LaaaIINNITNUNNIALAZANNTOURAR "ﬂzﬁ\‘]NﬂlﬁLﬁ@ﬂﬁﬁN%ﬂ%ﬁZﬁNﬁﬂgn WAL LLaz‘ﬁ’]lﬁ
o ' ¥ o aaa A & J ' P v Aa & a o 6 &v =
E]@l?’]ﬂ’J%ﬂ'ﬁL“U'W]']ﬂgﬂiﬂ']“ﬂﬂﬂ H,/CO L‘W?J';EG“II% LLﬂzﬁGNﬂ(ﬂaL%f’]x‘il‘ﬁLﬂ@Lﬁ%Nﬂ@]ﬂm‘MﬂW"ﬁNL‘ﬂ%

& L
UMNVBULD

28



—+—Co/MS-1  —<-Co/BS-1 (a)
100 | —#—Co/MS-2  -—<-Co/BS-2
—— Co/MS-3 -2--Co/BS-3
g 80
g
= 60
5
>
=
S 40 -
o
@)
20
0
—+—Co/MS-1 -~ Co/BS-1 (b)
100 - —a— Co/MS-2 -<--Co/BS-2
—— Co/MS-3 -2--Co/BS-3
X 80
E ?“O‘w——o\w
> / AN
g o0 / T
= ] _A//A//A~\A //A,7Q~?—<>.\<>//O
[P) TR N oD A—
ch’ 40 <s" /A/E::é’//ﬁ‘ T e *
C}{,’ A‘_/g:—ﬂ’/ D\ﬂ——n\\ﬂ‘*“n_ﬂ“n——n——u
20
0 T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Time on stream (h)

{ + { vaa
3U# 20 CO conversion Waz Cs selectivity tialdEaniulawasiuy 1 NI (MS) was 2 IWTH
' — U 9 U 9

(BS) iluarvassuasdjisolavead

29



97 5 Pianmnsgaduiolalasiauuss % Co dispersion 28462139381 CoMS-X uaz
Co/BS-X

a3l ATEN H, adsorbed (umol/g) % Co dispersion
Co/MS-1 122.2 7.2
Co/MS-2 151.0 8.9
Co/MS-3 130.7 7.7
~ cCoBSt 186 64
Co/BS-2 132.4 7.8
Co/BS-3 88.2 52

Tunmanaunu @asedfisen CoBS-X Haunlawailulasiainy ssnaldnistnamalauay
anuianiialas  wazliifeenusanseaunuiomaanss  vssnaliiadjisenmadessles

6 vl KR A a a [ 6 a
lalasmsuenldd FuRenifianfaied Cs. ludSanmgs

4. as;ﬂ

nnnsanmHavasgunnluljisoiwetuls  uaznavasgunpiiuazSanmuaslan:
lavaaanlfidudndslfisnlulfisoAnresinnldluiunsaswudn  Nannd 750 asen
wadusludjitetwesuls  dmaudasiullidunfadusigingafelosa: 75 a4
6 6 ¥ a & s e o aaa & o v
anfuanlasanloduaziasas 76 vesliinu uwazfadianinldnndjisotuusnazgninlls
dadussasdululjiseilnzeiinnlddeld  Sawudhguwpiilunsvidjiteuszdianmues
lanzlavaadluanssljisens  sswsadvundadinmsiaswliidundadmsivosfaansuan
vauaanlod uazlidngigadeiouaz 68 Namngll 280 avrwalBoauazlidualnzeoni
20Co/SBA-15 Nittamnpidisinadadimaiianiiauesnianut wuddmninugunpiiluns
o aaa o Yo a & 6 aa ' v A o
AUfitsen  azhlidadwnafadulalasnsvennifamalngaeasdie  wazlugnnivi
aaa { ¥ A. a2 v J <) Vo1 { &
UiisenfitmanzsuimniindSinmaslanslavasd vannain Agonalenmafowliidn
a o €A 1 & [ = av A ' ' v & a o (3 a ¥ s
WAaAuHNANNIuMNAY Dalwawidainui dmsudasiuiuniadiuyigegaiiieldinresiy
Fanmuwlowesuuugngusnadsisia Coms-2 Tsfidnnuiase: 84 wazdnufanifaly
& 6 [} 2’ G a A A v A v o > aa
dulalasensueulutienhiumalafuuazfimagenga (Seuaz 70) alddrrasTudanule

‘W?J%LLTIJ‘UE‘WE% 2 IWATHA Co/BS-2
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Abstract

Mesoporous silica SBA-15 was synthesized from rice husk ash via the ultrasonic technique in the hydrolysis—condensation stage. The effect of
the time period in this stage on the mesoporous silica SBA-15 structure and physical properties was investigated and compared with those of the
SBA-15 prepared by the conventional technique. It has been shown that the ultrasonic technique can be successfully applied for the synthesis of
mesoporous silica SBA-15 with highly ordered hexagonal pore-arrangement and narrow PSD within the much shorter hydrolysis—condensation
period. The SBA-15 products synthesized via the ultrasonic technique for the time period of 3 h have higher specific surface area, total pore
volume, and microporosity than those prepared by the conventional technique for the time period of 24 h.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Mesoporous Silica SBA-15; Synthesis; Ultrasonic; Nanomaterials; Sol—gel preparation

1. Introduction

Mesoporous silica SBA-15 with high specific surface area
and pore wall thickness, 2D hexagonal pore-arrangement, and
controllable uniform mesopore diameters has attracted much
attention for numerous applications in catalysis and separation
[1-3]. Mesoporous silica SBA-15 can be synthesized by
incorporating self-assembly templates into the silica precursor
to create a mesostructured hybrid form [4]. Synthesis of
mesoporous silica SBA-15 involves two stages including the
hydrolysis—condensation stage and the aging stage with the
overall process requiring a long time period over 40 h [5-7]. It
has been reported that highly ordered mesoporous silica SBA-
15 can be prepared with a synthesis period of 48 h [7]. Recently,
an ultrasonic technique has been applied to the syntheses of
several types of zeolites [8§—10] providing uniform microstruc-
ture and comparative properties of products. This technique is

* Corresponding author. Department of Chemical Engineering, Faculty of
Engineering, Kasetsart University, Bangkok 10900, Thailand. Tel.: +66 2579
2083; fax: +66 2457 3620.

E-mail address: fengmtc@ku.ac.th (M. Chareonpanich).

0167-577X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2007.04.019

supposed to promote the mixing of liquids at a microflow level
within a short period.

In the present work, mesoporous silica SBA-15 was
synthesized from rice husk ash (RHA) using the ultrasonic
technique in the hydrolysis—condensation stage. The effect of
sonication duration on the structural and physical properties of
mesoporous silica SBA-15 was investigated. The synthesized
material was characterized using N,-sorption measurements,
Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM). The properties were also com-
pared with those of the SBA-15 prepared by the conventional
technique.

2. Experimental

An appropriate chemical composition of materials used to
synthesize mesoporous silica SBA-15 from rice husk ash [11],
i.e., the molar ratio of SiO,: Pluronic P123: HCI: H,O of 1:
0.0875: 4: 200, was applied. In the first step of the procedure,
Pluronic P123 was dissolved in water. Subsequently, rice husk
ash derived sodium silicate was slowly added to the Pluronic
P123-water solution that was being sonicated at 40 °C. HC] was
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then rapidly added into the solution in order to initiate the
hydrolysis—condensation reaction and sonication was continued
for 1 to 6 h. The obtained gel was transferred to a Teflon-lined
autoclave in which the hydrothermal aging was taken place at
100 °C for 24 h. The solid products were collected by filtration,
dried at 140 °C for 3 h, and calcined in air at 500 °C for 6 h.
When applying the conventional technique, the same conditions
were used except that the sonicator was replaced by a magnetic
stirrer and the time period in the first stage after addition of HCI
was 24 h.

3. Results and discussion

Fig. 1 shows type-IV N,-sorption isotherms of synthesized products
from the two techniques indicating mesoporous silica (MPS) with a
cylindrical pore shape for all products. The conventional technique
(CT-24) provides HI hysteresis loop consisting one capillary
condensation step at P/Py of 0.65—0.95. When the ultrasonic technique
was used (UT-1 to UT-6), more complex mesopore structures
consisting two capillary condensation steps in the P/P, ranges of
0.46—0.65 and 0.65-0.95, are observed. Without the hydrothermal
aging (HT) stage, a relatively broad capillary condensation step at P/Py
of 0.46-0.95 is obtained.

Fig. 2 shows that all products have narrow pore size distributions
(PSD) at the maximum peak of 9.5 except that obtained from the
6-h ultrasonic period without the hydrothermal aging (UT-6 without
HT). The hexagonal pore-arrangement of SBA-15 had the same
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Vol. gas adsorbed (cc/g)

500+

0 T T T T
0.00 0.20 0.40 0.60 0.80 1.00

Relative presure, (P/P,)

Fig. 1. N,-sorption isotherms of MPS products prepared from the ultrasonic
technique at 40 °C for 1, 2, 3, 4 and 6 h (UT-x) and the conventional technique at
40 °C for 24 h (CT-24). The sorption isotherms are shifted by 0, 100, 400, 700,
1000, 1300 and 1600 cc/g, corresponding to the lowest and the highest values of
volume of gas adsorbed.
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Fig. 2. PSDs of MPS products prepared from the ultrasonic technique at 40 °C
for 1, 2, 3, 4 and 6 h (UT-x), and the conventional technique at 40 °C for 24 h
(CT-24).

small angle X-ray diffraction patterns at (100), (110) and (200)
reflections as reported by Zhao and co-workers [12].

Details of product properties including specific surface area,
micropore area, total volume, and micropore volume are shown in
Table 1. The properties of SBA-15 prepared from conventional
technique are comparable to those of Zhao and co-workers [7]. When
the ultrasonic technique was applied, the specific surface area and the
micropore area of SBA-15 products were increased with increasing
hydrolysis—condensation periods. The specific surface area and the
micropore area of MPS products were increased by approximately 60%
and 350%, respectively when the hydrolysis—condensation periods
were prolonged from 1 to 6 h. At the period of 3 h, the specific surface
area and the micropore area of the MPS products were higher than that
of the conventional technique at 24 h. Similar trends were found for the
total volume and the micropore volume. Table 1 also shows that the
synthesis without the hydrothermal aging (UT-6 w/o HT) gives low
specific surface area and microporosity in addition to a broad PSD as
shown in Fig. 2. The hydrothermal aging plays a key role in improving
the structural properties of the obtained gel products from the
hydrolysis—condensation stage by means of the polymerization
reaction. Without the aging stage, micropore structures in the silicate
framework easily collapse during the calcination.

The TEM images of MPS products prepared by conventional
synthesis, and ultrasonic syntheses with and without the aging stage
are shown in Fig. 3. A highly ordered hexagonal pore arrangement
of the mesoporous silica SBA-15 prepared by the conventional

Table 1
Physical properties of MPS products prepared from various synthesis periods at
40 °C via conventional and ultrasonic techniques, and the post-synthesis at
100 °C

Product® Physical properties
SBET (mz/ 2) Vi (CmS/g) Smi (m2/ 2) 4 mi(CmS/ 2)

CT-24 630 0.95 90 0.05
UT-1 530 0.96 47 0.02
UT-2 590 0.96 52 0.09
UT-3 670 1.13 93 0.04
UT-4 710 1.05 169 0.13
UT-6 860 1.27 212 0.13
UT-6" 330 2.38 4 0.01

? MPSs were synthesized via conventional (CT) and ultrasonic (UT)
techniques, designated as CT-x and UT-x where x is the synthesis time periods
in hour.

® Without the hydrothermal aging stage.
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Fig. 3. TEM images of MPS products obtained from the conventional technique at 40 °C for 24 h (CT-24): (a) a-axis and (b) c-axis; and the ultrasonic technique at
40 °C at hydrolysis—condensation periods of 1 h, 2 h, 3 h, 4 h, 6 h and 6 h without the hydrothermal aging (UT-x): (c)—(h), respectively.

synthesis can be observed in Fig. 3(a) and (b), corresponding to the hydrolysis—condensation period was increased from 1-3 h (Figs. 3
a-axis and the perpendicular c-axis orientations of TEM images, (c—e)). At the periods of 3—6 h, the MPS products with comparable
respectively. When the ultrasonic technique was applied, the more order to that of the conventional technique were observed, as shown
ordered mesoporous silica products were obtained when the in Figs. 3(e—g). However, at the ultrasonic period of 6 h without the
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Fig. 4. SEM images of MPS products obtained from the conventional technique at 40 °C for 24 h (a); and the ultrasonic technique at 40 °C at hydrolysis—condensation

periods of 1 h (b), 3 h (c) and 6 h (d).

hydrothermal aging (Fig. 3(h)), the disordered mesoporous silica was
obtained.

The shapes of the MPS products obtained from the conventional
and the ultrasonic techniques are quite different as can be seen in Fig. 4.
The segregate U-shape cylindrical particles of uniform size are visibly
observed in Fig. 4(a) for the conventional synthesis. When the
ultrasonic technique was applied for 1 h (UT-1), the aggregate spherical
particles with the average particle diameter of lower than 1 um are
synthesized as shown in Fig. 4(b). When the ultrasonic periods were
increased, aggregate MPS products with larger particle sizes are
obtained (Figs. 4(b—d)). The difference in shape of MPS products can
be attributed to the mixing/stirring method [13,14]. The products
prepared by ultrasonic techniques mainly consist of spherical particles
of submicron-size aggregating particles.

4. Conclusions

It has been shown that the ultrasonic technique can be
successfully applied for the synthesis of mesoporous silica
SBA-15 with highly ordered hexagonal pore-arrangement and
narrow PSD within a much shorter hydrolysis—condensation
period compared to the conventional technique. Besides, the
obtained products have higher specific surface area, total pore
volume, and microporosity.
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Abstract

In the present work, rice husk ash was used as a low cost raw material and chitosan was used as a template for the bimodal porous silica (BPS)
synthesis. The obtained products exhibited type II isotherm of which revealed the existence of macroporous structures. When the pH of mixture
was higher than pH 3, the BPS products with wormhole-like mesopore were formed as the result of the loose agglomeration of silica nanoparticles,
and macropore structures were occurred from the chitosan template removal. Depending on the pH of mixtures, the BPS products synthesized with
the chitosan template had higher specific surface areas (in the range of 366—627 m?/g), total pore volumes (0.65—1.70 cm®/g) and greater thermal
stability than those synthesized without the template.
© 2007 Elsevier B.V. All rights reserved.

Keyword: Bimodal; Rice husk; Chitosan; pH of mixture; Sol—gel preparation

1. Introduction

Porous materials with both mesopores and macropores have
excellent advantages in industrial solid catalysis reaction [1-4].
Several preparation methods were applied to synthesize bimodal
porous catalyst supports where the active raw materials such as
tetraethyl orthosilicate (TEOS) and the templates such as nonionic
surfactants were used [5—8]. These raw material and templates are
fairly expensive and/or toxic to environment in some extent.

In this work, an attempt to reduce the cost of raw materials by
the use of environmental safety, renewable resources has been
focused. Rice husk ash (RHA) was used as the silica source and
chitosan was used as the template for the bimodal porous silica
(BPS) synthesis. The effect of pH of mixtures on the structure
and physical properties of BPS was investigated.

* Corresponding author. Department of Chemical Engineering, Faculty of
Engineering, Kasetsart University, Bangkok 10900, Thailand. Tel.: +66 2579
2083; fax: +66 2561 4621.

E-mail address: fengmtc@ku.ac.th (M. Chareonpanich).

0167-577X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2007.09.004

2. Experimental

2.1. Materials preparation

Sodium silicate (Na,Si;07: 27 wt.% SiO,; 4 wt.% NaOH)
was prepared from rice husk ash and the preparation detail was
presented elsewhere [9].
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Fig. 1. TGA curves of silica-chitosan composites synthesized at pH 2—6.
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Fig. 2. Nitrogen sorption isotherms (a) and pore-size distribution (b) of porous
silica products synthesized with (C) and without (P) chitosan template at various
pH of mixtures, designated as C-x and P-x where x is the pH of mixture. All
samples were calcined at 800 °C except that of P-2* (calcined at 450 °C). The
isotherms are shifted by 0, 300, 650, 1000, 1250, 1700 and 1750 cc/g,
corresponding to the lowest and the highest values of volume of gas adsorbed.

The BPS products were synthesized using sodium silicate as
the silica source and chitosan (90% deacetylation) as the
template. In the first step of the procedure, 0.8 g of chitosan was
dissolved in 60 ml of 2% v/v acetic acid in water at room
temperature. Consequently, 3.7 g of sodium silicate (based on
1 g of Si0,) was slowly added to the chitosan solution that was
being stirred and heated at 40 °C in a water bath. In order to
simultaneously initiate the hydrolysis-condensation reaction
and control the pH of mixtures in the range of 2—6, various
amounts of 1 M HCI or 1 M NaOH were rapidly added into the
mixture. After the reaction had continued for 24 h, the obtained
gel was transferred to a Teflon-lined autoclave in which the
hydrothermal aging was taken place at 100 °C for 24 h. The

products were filtered, dried at 120 °C for 3 h, and calcined in
air at 800 °C for 5 h. The similar conditions were repeated
without the use of the chitosan template.

3. Results and discussion

The elemental determination using X-ray fluorescence spectrosco-
py confirmed the high purity of porous silica products (99.7 wt.% SiO,,
0.15 wt.% CaO, 0.07 wt.% Fe,05 and other trace metals). As shown in
Fig. 1, TGA patterns of silica/chitosan composites synthesized at
different pH of mixtures exhibit a three-step weight loss at temperatures
below 100 °C, between 100 and 200 °C and above 200 °C which are
attributed to the desorption of the residual moisture, the evaporation of
bound water molecules and the chitosan degradation, respectively. The
amounts of chitosan in the silica/chitosan composites were increased
with increasing pH of solutions. At pH 2, positive charges of chitosan
were dominant whereas the charge of silicate was close to zero,
resulting in a high degree of chitosan swelling and low crosslinking
between chitosan and silicate. Therefore, the chitosan template was
mainly removed during the washing stage. On the other hand, at pH 3—
6, the protonation of chitosan was decreased meanwhile the charge of
silicate was negative, so the stronger interactions between silicate
species and chitosan were formed. As a result, greater amounts of
chitosan were remained in the silica/chitosan composites and were
removed during the calcination process. Similar trends of the degree of
chitosan swelling were reported by Yan et al. [10] and Bergeretal. [11],
and the charge of silicate by Knoblich et al. [12] and Brinker et al. [13].

The N,-sorption isotherms and pore size distributions of silica
products prepared with and without the chitosan template at various pH
of mixture are shown in Fig. 2(a) and (b), respectively. Without the
chitosan template, type I isotherm was observed for the products
synthesized at pH 2 (P-2), and type IV isotherm was observed for the
products synthesized at pH 3 and 5 (P-3 and P-5), indicating the
existences of microporous and mesoporous structures, respectively
[14,15]. With the chitosan template, the characteristics of micro-meso
and meso-macro porous materials of which indicated by the composite
isotherms type I-IV (obtained at pH 2; C-2) and type IV—II (obtained
at pH 3 and 5; C-3 and C-5) were found, respectively [14,16].

As shown in Fig. 2(b), the porous silicas synthesized with the template
revealed two ranges of the BJH pore diameters at4.3 and > 10 nm at pH 3,

Table 1
Physical properties of porous silicas prepared with and without the chitosan
template at various pH of mixtures

Product® Physical properties
SBET (mz/ 2) D (nm) Vi (CmB/ g)

p-2* 783 34 0.51
P-2 43 3.4 0.05
P-3 467 43 0.54
P-4 433 3.8 0.44
P-5 345 7.8 0.78
P-6 235 12.4 0.95
C-2 588 3.8 0.65
C-3 489 43 1.08
C-4 627 34 0.95
C-5 380 7.7 1.36
C-6 366 14.1 1.70

*Porous silica products were prepared with (C) and without (P) chitosan template
at the calcination temperature of 800 °C, designated as C-x and P-x where x is
the pH of mixture.

*The sample was calcined at 450 °C.
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and 7.7 nm and >30 nm at pH 5. The porous silicas synthesized with the
chitosan template had broader pore size distribution (PSD) than those
synthesized of without the template. However, the opposite result was
found with the product synthesized at pH 2 due to the sintering of silica
and the collapsing of their porous structures during the calcination at
800 °C (P-2). The result was confirmed by the much narrower PSD of the
product calcined at 450 °C (P-2%*).

Details of product properties including BET surface area, pore
diameter and pore volume are shown in Table 1. The mesopore diameter
can be tuned from 3.4 to 14 nm by varying the pH of solution. The
interparticle channels of the porous silica products synthesized without
template were much easier to collapse. With the chitosan template, not
only the products with higher surface area, but also larger total pore
volume compared to those prepared without the template could be

Onm

X 80,000 (@

clearly observed. Moreover, the existence of chitosan greatly improved
the thermal stability of porous silica products.

Fig. 3(a), (c) and (e) show the TEM images of the template-free
porous silica products synthesized at pH 2, 3 and 5, respectively. The
products prepared without template are much denser than those
prepared with the chitosan template (Fig. 3(b), (d) and (f)). Similar to
the explanation concerning the BJH pore diameter, it can be clearly
seen that the size of silica nanoparticles was increased with increasing
the pH of mixture. Fig. 3(d) and (f) revealed the bimodal pore structure
of silica products synthesized with the chitosan template at pH 3 and 5
which consisted of the wormhole-like mesopores and the macropores
caused by the template removal during the calcination process.

The particle size and packing geometry greatly affect the porous
structure of silica products. Without the chitosan template, the aggregate
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Fig. 3. TEM images of MPS products synthesized with (C) and without (P) chitosan template at various pH of mixtures, designated as C-x and P-x where x is the pH of

mixture. (a) P-2, (b) C-2, (¢) P-3, (d) C-3, (¢) P-5 and () C-5.
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spherical silica particles of very small size were obtained at pH 2 due to
the relatively low solubility and low condensation rate of silica
precursors [13,17]. The wormhole-like micropore of silica products
were formed as the interparticle channels between each nonporous silica
particles. When the pH of mixture was increased, the solubility and
condensation rate gradually increased, whereas the hydrolysis rate
approached a minimum at an approximately neutral pH [13]. Under this
condition, the larger silica particles were obtained and therefore, the
broader interparticle channels than those of the porous silica
synthesized at pH 2 were observed, resulting in the mesoporosity of
silica products.

With the chitosan template, the hierarchical porous materials includ-
ing micro-meso and meso-macropores were obtained. At pH 2, high
chitosan dispersion and low crosslinking between chitosan and silicate
were occurred; accordingly the micro-meso porous silicas were formed.
When the pH of mixture was increased, the structure of chitosan became
shrinking, and the higher crosslinking between chitosan and silicate was
then occurred, resulting in the meso-macro porous silicas.

4. Conclusions

Bimodal porous silica materials composed of wormhole-like
mesopore formed by the loose agglomeration of silica nanopar-
ticles, and macropore obtained from the removal of the chitosan
template were successfully synthesized. The mesopore diameter
can be modified by tuning the pH of mixtures. These porous silica
products had greater thermal stability, higher specific surface area
and larger total pore volume than those prepared without the
template.
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Abstract

In this study, the bimodal porous silicas were synthesized from rice husk ash
derived sodium silicate by using chitosan as a template. The effects of pH of mixture
and chitosan concentration on structural properties of chitosan-templated bimodal
porous silica (CBPS) products were investigated by using N, sorption analysis,
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy
(FTIR). Without the chitosan template, a random agglomeration of silica
nanoparticles was formed, resulting in porous silica products with unimodal inter-
particle pore channels. With the chitosan template, the bimodal pores consisting of
smaller pore channels formed by similar agglomeration of silica nanoparticles, and the
larger pores (macropore) caused by the chitosan removal during the calcination
process were formed. With increasing the pH of mixture and the chitosan
concentration, the greater amount of chitosan could incorporate into the silica
framework due to the interaction between chitosan and silicate species and hence the
amount of macropores was increased. The bimodal porous silica structure can
precisely controlled by tuning pH value of mixture and chitosan concentration. The
CBPS products showed greater thermal stability than the porous silica products

prepared without the chitosan template.

*
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1. Introduction

The synthesis of porous inorganic materials with bimodal pore size
distribution is of technical importance in the preparation of solid supports for
heterogeneous catalysis [1-6]. According to the fact that the catalytic reaction can
occur at active sites of the catalysts, therefore a high internal surface area of the
porous catalysts or supports is of essential significance. This can be achieved by a
large number of micropores within the sub-nanometer to nanometer size ranges. In
addition, the pore connectivity and the presence of meso to macropores are
considerably important parameters, as they provide the pathway framework to achieve
a fast accessibility of molecules toward and away from the active sites on the surfaces
of small pores. The bimodal porous silica structures with mesopores and macropores
was applied as catalyst supports in many applications such as Fischer-Tropsch
synthesis [3], cracking of cumene [7], and CO, reforming of methane [8]. Takahashi
et al. [8] found that the bimodal porous silica could be appropriately used as the
support of Ni catalyst for CO, reforming of methane as it showed outstanding
catalytic activity and thermal stability.

The bimodal porous silica with well-controlled pore structure can be prepared
via a sol-gel process through a phase-separation technique by using the addition of
suitable organic templates [9-12]. Regarding this process, expensive raw materials,
i.e. tetraethyl orthosilicate (TEOS) and organic surfactants are typically used as the
silica source and the pore structure-directing agent (template), respectively [11-15].
In view of potentially industrial applications of these materials, the less-expensive and
less toxic alternatives are became a challenging task.

Rice husk, an abundantly available waste in all rice producing countries, can
be used as an excellent raw material for the production of the highly reactive
amorphous silica under controlled conditions [16-18]. The amorphous silica with a
high specific surface area could be prepared from rice husk by the heat treating at 700
°C in air and could easily dissolved in aqueous sodium hydroxide solution to form the
sodium silicate solution [19,20]. Moreover, chitosan that is a low-cost nontoxic and

renewable biomaterial was applied as the template in porous materials synthesis [21].



Ayers et al. [22] prepared chitosan/silica hybrid gels to improve the uniformity and
dimensional stability of aerogels. Chang et al. investigated the effect of chitosan on
different stages of the silica polymerization. They found that the addition of chitosan
not only increased the rate of turbidity change, but also increased the rate of size
enlargement of silica nanoparticles [23].

The result of our preliminary study [24] indicated that rice husk ash derived
sodium silicate and chitosan show strong potentials for use as the natural silica source
and the template for bimodal porous silica synthesis, respectively. In the present
work, the effect of pH value of mixture and calcination temperature were extensively
investigated by using nitrogen sorption technique, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform infrared (FTIR)
spectroscopy, and thermogravimetric analysis (TGA). The formation mechanism of
the bimodal porous silica in the presence of chitosan was proposed. Moreover, we
found that the mesopore diameter together with the amount of macropores could not
be precisely controlled by using only the pH value of mixture. The novelty of the
control of the CBPS structure by using pH value of mixture and chitosan
concentration have been reported. The results were also investigated by using

nitrogen sorption technique, SEM and TGA.

2. Materials and methods
2.1. Materials

Sodium silicate (Na;Si307: 27 wt.% SiO,; 4 wt.% NaOH) was prepared from
rice husk by acid treatment with 1 M HCI at 100 °C for 2.5 h. After that, the treated
rice husk was washed thoroughly with distilled water, dried at 120 °C and calcined in
air at 600 °C for 1 h. The obtained residual ash (99.6 wt. % silica) was then dissolved

in NaOH solution to obtain a desired composition of the sodium silicate solution [20].

2.2. Chitosan-templated bimodal porous silicas synthesis

In the first stage of the bimodal porous silicas synthesis process, the chitosan
solution was prepared by dissolving 0.8 grams of 90% deacetylated chitosan in 60 ml
of 2% v/v acetic acid in water. Then, the 3.7 grams of the sodium silicate solution
(based on 1 gram of Si0,) was slowly added into the chitosan solution and stirred at
40 °C for 5 min. After that, the hydrolysis-condensation reaction was initiated by

quickly adding 1 M HCI solution. The hydrolysis-condensation reaction was carried



out at 40 °C for 24 h, and then the obtained gel was hydrothermally heated in the
Teflon-lined autoclave at 100 °C for 24 h. The products were filtered, washed with
distilled water, dried in air at 120 °C for 3 h, and calcined in air at 600 °C for 5 h to
remove the organic template.

In order to investigate the effect of pH of mixture and role of the chitosan
template, the hydrolysis-condensation reaction was initiated without and with the
chitosan template in the pH range of 2—6. Furthermore, to examine the effect of
chitosan concentration, the similar synthesis procedure was applied except that the

amounts of chitosan were varied in the range of 0.5-1.6 grams.

2.3.  Characterization of porous silica products

The BET surface area, pore volume, BJH pore diameter, and pore size
distribution of the porous silica products were determined by N, physisorption using a
Quantachrome Autosorb-1C instrument at -196 °C. Samples were degassed at 200 °C
for 12 h before each measurement. The amount of chitosan in the silica/chitosan
composite was investigated by using FTIR spectroscopy (Perkin Elmer System 2000
using KBr pellet) and simultaneous DSC-TGA analyzer in air at a heating rate of 10

°C/min. Pore structures of the products synthesized without and with the chitosan
template were analyzed by using SEM (JEOL JSM-6301F with Au-coated, operated
at 15 keV) and TEM (JEOL JEM-2010 microscope with the acceleration voltage of
120 kV). The samples were prepared by suspending the porous silica products in
ethanol and followed by thermal evaporation of ethanol on a copper grid coated with a

carbon film.

3.  Results and discussion
3.1.  Effect of pH of mixture on structural properties of porous silica products

The Nj-sorption isotherms and pore size distributions of the porous silica
products synthesized without and with the chitosan template at various pH values are
shown in Fig. 1. Without the chitosan template, the microporous silica of the type I
isotherm was observed at pH 2 (Fig. 1a; P-2). The sorption isotherm changed to the
type IV with H2 hysteresis loop for the products synthesized at pH 3-6 (P-3, P-4, P-5
and P-6), indicating the mesoporous structure [25]. Moreover, it can be clearly

observed that the capillary condensation steps shifted to higher relative pressures



when increasing the pH values, due to the increase in the mean pore size of silica
products.

Comparing to the products synthesized without the chitosan template, the
characteristics of microporous-mesoporous materials confirmed by the type I-IV
composite isotherms were found for the silica product synthesized with chitosan at pH
2 (Fig. 1b; C-2). For the products synthesized at pH values of 3-6 (C-3, C-4, C-5 and
C-6), the 1sotherms exhibit two well-defined adsorption steps. The first adsorption
step at the intermediate relative pressure (0.5 > P/Py > 0.9) was the characteristics of a
type IV isotherm, representing the existence of the capillary condensation of nitrogen
gas inside the inter-particle mesopores. Similar to the products synthesized without
the chitosan template, the capillary condensation steps also shifted to a higher relative
pressure when increasing the pH values. The second adsorption step at a high relative
pressure (P/Py > 0.9) was the characteristics of a type II isotherm, corresponding to
the adsorption of liquid nitrogen on the large inter-particle voids or macropores.

As shown in Fig. 1c, the template-free porous silicas exhibited the unimodal
pore size distribution of which became broader as the pH values increased. The mean
pore sizes gradually shifted from 3.4 to 12.4 nm when the pH values increased from 2
to 6. On the contrary, the porous silicas synthesized with the chitosan template show
the bimodal pore size distribution (mesopore-macropore) at pH values higher than 2
(Fig. 1d). Compared to those of the template-free porous silicas, the first peaks of the
chitosan-templated bimodal porous silicas (CBPS) were slightly shifted toward larger
pore diameters at lower pH values, while they were greatly shifted at higher pH
values. This may be caused by the interaction between the chitosan template and
silicate species.

The BET surface area, BJH pore diameter and pore volume of the porous
silica products prepared without and with the chitosan template at various pH values
are shown in Table 1. Without the chitosan template, the BJH pore diameter and pore
volume of the porous silica products were increased with increasing pH values while
the BET surface area was gradually decreased, except that of the pH 2. With the
chitosan template, the similar trend of the BET surface area was observed, however
the markedly larger BJH pore diameter and higher total pore volume compared to
those prepared without template were obtained (approximately 21-40% and 74-80%,
respectively at pH 5-6).



The effect of calcination temperature on the physical properties of porous
silica is also given in Table 1. The BET surface area and total pore volume of all
porous silica products were decreased with increasing the calcination temperature,
especially porous silica synthesized without chitosan at pH 2 (P-2). The BET surface
area and the total pore volume of P-2 decreased from 620 to 43 m*/g and 0.47 to 0.05
cm’/g, respectively. The isotherm of P-2 (Fig. 1a) indicated that the structure of P-2
mainly composed of micropores. The aggregation of silica nanoparticles of P-2 was
clearly seen and therefore, the sintering and collapsing of their structure could be
easily occurred after calcination at 800 °C. On the other hand, the isotherm of C-2
(Fig. 1b) was composite isotherms between micropores and mesopores. The
mesopore channels could provide the broader distance between silica nanoparticles
which could reduce the effect of sintering. According to this occurrence, the greater
thermal stability of the CBPS products at other pH values can be similarly explained.

SEM micrographs of the products prepared without the chitosan template at
pH 2, 3 and 5 are shown in Figs. 2a-2c¢, respectively. The silica xerogels with dense
surface caused by an agglomeration of fine silica nanoparticles were formed, and
these nanoparticles became larger when the pH value of mixture was increased. The
porous silica products with different morphologies were obtained when synthesized
with the chitosan template at various pH values (Figs. 2d-2h). At pH 2, two different
structures including the densely packed (Fig. 2d, circle) and the loosely packed
aggregates of silica nanoparticles (Fig. 2d) were found. At pH 3, the macroporosity
was slightly formed as the inter-particle voids of silica nanoparticle clusters (Fig. 2¢).
The bimodal pores of interconnected nanoparticles clusters and macropores were
entirely formed in the pH range of 4-6 (Figs. 2f-2h). The primary cluster size (smaller
than 1 micron) was constantly decreased with increasing the pH values. This
observation revealed that the greater amount of the chitosan template could
incorporate into the silica framework at higher pH values; this result was also
confirmed by the TGA and FTIR analyses to be shown in the next section.

TEM images of the porous silica products synthesized at pH 2-6 are shown in
Fig. 3. Similar to the results of the pore size distribution (Figs. 1c and 1d) and BJH
pore diameter (Table 1), the mean pore size of the products was increased with
increasing the pH values. Without the chitosan template, the interparticle, connected
wormhole-like mesoporous structures formed by an agglomeration of silica

nanoparticles were observed (Figs. 3a-3e). With the chitosan template, the uniform



wormbhole-like, unimodal mesoporous silica was synthesized at pH 2 (Fig. 3f), while
the bimodal porous silicas which consisted of the wormhole-like mesopores formed
by the primary agglomeration of silica nanoparticles and the macropores resulting
from the secondary cluster-cluster agglomeration were synthesized at pH 3-6 (Figs.
3g-31). It was clearly observed that the silica cluster sizes decreased while the amount

of macropores increased when increasing the pH values from 3-6.

3.2. Incorporation of chitosan template into porous silica products synthesized at
various pH values of mixtures

As mentioned in the previous section, the existence of the chitosan template
during the formation of silica framework had significant effect on the structural
properties of porous silica products. The chitosan templates were incorporated into
the silica framework during the hydrolysis-condensation reaction of the sodium
silicate solution. It was also clearly observed that pH values played major roles in the
incorporation and the distribution of the chitosan template in the silica framework. In
order to confirm the existence of chitosan in the porous silica products, TGA and
FTIR techniques were applied.

As shown in Fig. 4, the TGA patterns of silica/chitosan composites
synthesized at different pH values illustrated a three-step weight loss at temperatures
below 100 °C, between 100 and 200 °C and above 200 °C; these could be ascribed to
the residual moisture desorption, evaporation of bound water molecules, and chitosan
degradation, respectively. The great differences in weight losses of silica/chitosan
composites caused by the chitosan degradation during the calcination process were
found. AtpH 2 (C-2), the charge of silicate species was close to zero whereas the
positive charge of chitosan was dominant, resulting in a high degree of chitosan
swelling and low cross-linking between chitosan and silicate species. Therefore, the
chitosan template was primarily removed during the washing stage. At higher pH
values (C-3 to C-6), the positive charge of chitosan was gradually weakened whereas
the charge of silicate was negative; consequently the stronger interactions between
chitosan and silicate species were formed. As a result, greater amounts of chitosan
remained in the silica/chitosan composites of which were removed during the
calcination process. Similar results of the degree of chitosan swelling and silicate
interaction were reported by Berger et al. [26], and Brinker et al. [27] and Knoblich et
al. [28], respectively.



Fig. 5 shows the FTIR spectra of the as-synthesized silica/chitosan composites
prepared from different pH values of mixtures. The strong absorption band around
1100 cm™ and small bands around 780 and 460 cm™ represented the characteristics of
Si-O-Si groups [29,30]. The small vibration band at 960 cm™' revealed the existence
of Si-OH [31]. The intensity of this Si-OH band was constantly decreased with
increasing the pH value; this was due to the formation of hydrogen bonds between
silanol groups of silica framework, and amide- and oxy-groups of the chitosan
template when increasing pH values of mixtures [32]. In addition, two small
absorption bands at 2880 and 1420 cm™ represented the characteristics of the
symmetric stretching and bending of CH, bonding, respectively. These absorption
bands were attributed to the alkyl chains of the chitosan template. The increase in the
intensity of these peaks confirmed that the greater amounts of the chitosan templates
were remained in the obtained products while increasing the pH values, which is

consistent with the results of the thermal analysis.

3.3. Formation mechanism of porous silica products synthesized without and with
chitosan at various pH values of mixtures

The proposed formation mechanisms of the porous silica products synthesized
without and with chitosan template are shown in Fig. 6. Without the chitosan
template, silica sols are formed as the result of the hydrolysis-condensation reaction
of the sodium silicate solution. After that, these sols are stick together in such a way
as to form a framework of silica gels when the attractive dispersion forces are greater
than the repulsive forces. During the drying process, pore liquids are removed;
resulting in the shrinkage of the gel framework and silica xerogel is formed. The
particle size, which depended on the pH of mixture, and packing geometry greatly
affect the porous structure of silica products. The aggregate silica particles of very
small size are obtained at pH 2 due to the relatively low solubility and condensation
rate of silica precursors [27,33,34]. The wormhole-like micropores of silica products
are formed as the interparticle channels between each nonporous silica particles.
When the pH of mixture is increased, the solubility and condensation rate are
gradually increased, whereas the hydrolysis rate approaches a minimum at an
approximately neutral pH [27,34]. Under this condition, the larger silica particles are
formed and therefore, the larger interparticle channels than those of the porous silica

synthesized at pH 2 are obtained, resulting in the mesoporosity of silica products.



With the chitosan template, the conformation of chitosan chains in the aqueous
solution strongly depends on the pH of mixture [26]. At low pH, chitosan chains are
dispersed by an electric repulsion according to the high protonation of their amino-
groups. After adding the sodium silicate solution into the chitosan solution, similar to
that of the template-free porous silica preparation, silica sols and then silica gels are
formed in sequence. Under this condition, the weak interactions between chitosan
and silica species are observed due to high positive charges of chitosan and nearly
zero charges of silicate species. As a result, chitosan chains mainly exclude from
silica nanoparticles rather than incorporating into the silica framework. Therefore, the
chitosan template is easily removed during the washing stage; accordingly the CBPS
products consisted of micropores and mesopores are formed.

When the pH of mixture is increased, the protonation of chitosan is decreased
meanwhile the charge of silicate is negative. The chitosan structure becomes
aggregate and stronger interactions between chitosan and silica species are formed,
resulting in the more chitosan incorporating into the silica framework and remaining
after the washing stage. After the calcination process, the CBPS products consisted of
mesopores caused by the agglomeration of the silica nanoparticles and macropores
caused by the template removal are formed.

From the above results, the macropores can be formed at pH higher than 2. The
mesopore diameter and the amount of macropores were increased with increasing the
pH of mixture. However, in order to obtain the porous silica products with larger
amounts of macropores while small mesopore diameters can be maintained at low pH
of mixture, this limitation can be overcome by the manipulating the chitosan

concentration.

3.4.  Effect of chitosan concentration on structural properties of porous silica
products

The isotherms and pore size distribution of the CBPS products synthesized at
pH 3 and pH 5 are shown in Fig. 7. The isotherms of the CBPS products (Fig. 7a and
7¢) revealed the composite isotherms consisted of type Il and IV, indicating
macroporous and mesoporous structures, respectively. It could be observed that the
type 1l isotherm gradually appeared when the chitosan concentration was increased.
The pore size distributions of the CBPS samples in each pH value were quite similar

(Fig. 7b and 7d); however the amount of macropores was higher when increasing the
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chitosan concentration. Physical properties of the bimodal porous silica products
prepared with different chitosan concentrations are presented in Table 2. The BET
surface areas of the CBPS products were slightly decreased with increasing the
chitosan concentration, while the total pore volume was steeply increased.

Fig. 8 shows the scanning electron micrographs of the bimodal porous silica
products prepared with different chitosan concentrations at pH 5. It was found that
the size of the clusters, formed by the agglomeration of primary silica nanoparticles
(2-12 nm), decreased with the increasing of the chitosan concentration. This
observation is similar to the result of increasing the pH values of the mixture (section
3.1; Figs. 2d-2h), indicating the large amount of chitosan incorporating into the silica
framework. The thermal analysis was then performed in order to confirm this

observation.

3.5. Incorporation of the chitosan template into porous silica products synthesized
at various chitosan concentrations

The amount of residual chitosan in silica/chitosan composites remaining after
washing with distilled water was determined as the weight loss of the sample during
thermogravimetric analysis at the temperature above 200 °C (Fig. 9). It was found
that weight losses of silica/chitosan composites increased from 11.1 % to 11.4 with
the chitosan concentrations of 0.5 and 0.8 grams, respectively, and significantly
increased to 21.1% with the chitosan concentration of 1.5 grams, according to the
largest macroporosity which can also be observed by N,-sorption measurement (Fig. 7
and Table 2).

It was clearly indicated that the amount of macropores could be tuned by
varying the chitosan concentration. At pH 3, the positive charge of chitosan was quite
strong. However, the increase of the chitosan concentration strongly promoted the
aggregation of chitosan clusters. As a result, chitosan was extensively incorporated
into the silica framework and the larger macropore amounts were then obtained. The
effect of chitosan concentration in the silica aerogel synthesis was also investigated by
by Hu et al. [35] using small angle neutron scattering (SANS) and transmission
electron microscopy (TEM). With increasing the chitosan concentration, the fractal
dimension decreased and the cut-off-length increased, resulting in more open aerogel
structure and the increase of the inter-particle correlation. However, it should be

noted that there was a limit of chitosan soluble in the mixture and the strong chitosan
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gel could be formed when an excessive amount of chitosan was added into the
mixture. After addition of the sodium silicate solution, it could not be substantially
homogeneously mixed with the strong chitosan gel and the bimodal porous silica was

rarely synthesized at this condition.

4. Conclusions

The bimodal porous silicas structure can be precisely controlled by tuning pH
value and chitosan concentration. The pH of mixture showed dual effects on the
porous silica structure including the size of mesopores and the formation of
macropores. With increasing the pH of mixture, the size of mesopores was increased,
whereas macropores could be formed when the greater amount of chitosan
incorporating into the silica framework. Moreover, the amount of macropores can be

controlled by varying the chitosan concentration.
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FIGURE CAPTIONS
Fig. 1. Nitrogen sorption isotherms (a and b) and pore-size distributions (c and d) of
porous silica products synthesized without (P) and with chitosan template (C) at

various pH values, designated as P-x and C-x where x is the pH value.

Fig. 2. SEM micrographs of porous silica products synthesized without (P) and with
chitosan template (C) at various pH values. (a) P-2, (b) P-3, (¢) P-5, (d) C-2, (e) C-3,
(f) C-4, (g) C-5, (h) C-6.

Fig. 3. TEM micrographs of porous silica products synthesized without (P) and with
chitosan template (C) at various pH values. (a) P-2, (b) P-3, (¢) P-4, (d) P-5, (e) P-6,
() C-2, (g) C-3, (h) C-3, (i) C-4, (j) C-5,(k) C-5 and (1) C-6.

Fig. 4. TGA curves of silica/chitosan composites synthesized at pH 2-6.

Fig. 5. FTIR spectra of silica/chitosan composites synthesized at pH 2-6.

Fig. 6. Schematic illustration of the formation of porous silica products synthesized

without and with chitosan template at various pH values.

Fig. 7. Nitrogen sorption isotherms (a) and pore-size distribution (b) of porous silica
products synthesized with different chitosan concentrations, designated as C-x_y

where x is the pH value and y is the amount (in grams) of chitosan.

Fig. 8. SEM micrographs of porous silica products synthesized with different chitosan

concentrations. (a) C-5 0.5 and (b) C-5_1.6.

Fig. 9. TGA curves of silica/chitosan composites synthesized with different chitosan

concentrations.
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Table 1
Physical properties of porous silica products prepared without and with the chitosan

template at various pH values of mixture

Product® Sget (M°/g) DY (nm) V. (cm’/g)
600°C° 800 °C°  600°C" 800 °C° 600°C" 800 °C°
P-2 620 43 34 34 0.47 0.05
P-3 630 467 4.3 4.3 0.58 0.54
P-4 611 410 5.6 5.6 0.82 0.65
P-5 400 325 7.8 7.8 1.01 0.78
P-6 - 235 - 12.4 - 0.95
S Cc2 668 588 3.8 38 058 065
C-3 602 489 4.3 4.3 1.08 0.98
C-4 489 421 6.5 6.5 1.29 1.09
C-5 350 330 9.5 9.5 1.36 1.23
C-6 - 220 - 17.5 - 1.56

The porous silica products were prepared without (P) and with (C) chitosan
template at various pH values of mixtures, designated as P-x and C-x, where x is
the pH value of mixture.

The samples was calcined at 600 °C

The samples was calcined at 800 °C

Measured by the BJH desorption method in the range of mesopores.
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Table 2
Effect of chitosan concentration on physical properties of chitosan-templated bimodal

porous silica products

Product Physical properties
Seer (m'/g) D' (nm) AT
C-305 620 13 —
C-3.08 602 ia o
C-31.6 540 43 124
_________ C5 05 R4 Ty T g T

C-5.0.8 330 95 Y
C-51.6 318 95 23

* Measured by BJH desorption method in the range of mesopores.
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Abstract

In the present study, the catalytic behaviors of monomodal and bimodal porous
silica-supported cobalt catalysts via Fischer-Tropsch synthesis were investigated. The
catalysts were characterized by N, physisorption, X-ray diffraction (XRD),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The results showed that the larger cobalt
particle size, the easier decomposition of cobalt nitrate and the dense agglomeration
of cobalt particles were found for the bimodal porous silica-supported cobalt catalysts
at the same small pore size. Base on the reaction study, it revealed that the presence
of large pore in bimodal porous silica supports resulted in decreased activities
dramatically. However, longer chain hydrocarbons, lower methane and carbon
dioxide selectivity could be obtained substantially with using the bimodal porous

silica as the support.
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1. Introduction

The Fischer-Tropsch (FT) synthesis involves the conversion of synthesis gas
(CO/H»), which can be produced from coal, natural gas, petroleum coke and any other
carbonaceous materials, into high quality and environmentally clean transportation
fuels [1]. Cobalt based catalysts are widely applied for FT synthesis because of its
high activity, low water-gas shift activity and high Cs. selectivity [2,3]. Silica is



commonly used as the support material due to its high surface area and its inertness
[4]. The chemical and textural properties of the supported cobalt catalysts have
significant influence on catalytic activity and product selectivity [5-7].

The support materials are usually in the form of fine powders with particle
sizes of 0.5-10 pm which become practical drawbacks to their use in the industrial
processes, including separation handling for liquid-phase reactions or large pressure
drops for gas phase reaction. Therefore, fine powders system is generally compressed
in the form of macroscopic beads or pellets [8,9]. In theses various macroscopic
forms, however, diffusive resistances to mass transport can be significant problem,
particularly when large pellet size, fast chemical reactions, or slowly diffusing
molecular species are present. Iglesia et al. [10] reported the effect of pellet size on
the activity and selectivity with Co/Si0, catalyst. For the range of catalyst diameter
from 130 um to 1.5 mm, the largest pellet size (1.5 mm) provided the maximal
methane and carbon dioxide selectivity and minimal Cs; selectivity. In practicable
process, the increase of the mean pore size and the decrease of the catalyst pellet size
can be mitigated the diffusion resistance, however, resulting in the reductional overall
surface area per unit mass of catalyst or reintroduce pressure drop, respectively.

To overcome this limitation has been the objective of a diversity of alternative
ways to design the support with pore sizes on two independently adjustable length
scales, one in the micrometer range to enhance mass transport and the other in the
nanometer range to maintain high surface area. Hierarchically structured porous
materials such as these, comprised of an interconnected macroporous inorganic
framework structure with mesoporous walls, are expected to be especially desirable
for promoting catalytic reactions that involve large molecular species. The effect of
bimodal porous materials were extensively studied in liquid phase FT synthesis [11-
13], liquid phase Friedel-Crafts alkylation reaction [14,15], liquid phase
hydrogenation of 2-butenol [16] and vapor phase cracking of cumene [17]. However,
the physical and chemical properties of bimodal porous silica supported cobalt
catalysts have been reported only a few literatures and their catalytic performance
have not been investigated for fixed bed FT synthesis.

In our latest work, we were successfully synthesized the bimodal porous silica
with controlled pore structure [18]. The small pore sizes could be varied in the range
of 3-12 nm while the large pore size (macropore) was about 100-200 nm. In this

work, we focused on the investigation of the effect of bimodal porous silica support



and the structural properties of cobalt species on the catalytic behavior in FT
synthesis. The results were compared with monomodal porous silica supported cobalt
catalysts. Nitrogen physisorption, X-ray diffraction (XRD), H, chemisorption,
thermogravimetry, differential scanning calorimetry and differential thermal analysis
(TGA-DSC-DTA), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the properties of catalysts. In order to
investigate the deactivation of catalysts caused by the carbon deposition, the used

catalysts were examined using XRD and TGA-DTA.

2. Experimental
2.1. Catalyst preparation

The monomodal and bimodal porous silica with different pore sizes were
performed according to our recent report [18]. All porous silicas were characterized
using nitrogen physisorption and the results were given in Table 1. The monomodal
and bimodal porous silica supports were designed as MS-X and BS-X, respectively
where X was the order of the pore sizes of the supports.

Series of Co/MS-X and Co/BS-X catalysts were prepared by incipient wetness
impregnation method. The calcined MS-X and BS-X were impregnated with the
appropriate Co(NO3),'6H,0 solution. The cobalt loading was approximately 20 % by
weight of catalyst. The catalysts were dried at 120 °C for 12 h and were calcined in air
at 400 °C for 6 h.

2.2 Catalyst characterization
2.2.1 Scanning electron microscopy

SEM (JEOL JSM-6301F with Au-coated operated at 15 keV) was used to
observe the morphologies of monomodal and bimodal porous silica supports.
2.2.2. Surface area, pore size distribution and pore volume

The specific surface area, pore volume, BJH pore diameter, and pore size
distribution of the porous silica products were determined by N, physisorption using a
Quantachrome Autosorb-1C instrument at -196 °C. Samples were degassed at 200 °C
for 12 h before each measurement. The pore size distribution and pore volume were
determined by BJH method and the specific surface area was estimated by BET
method.

2.2.3 X-ray powder diffraction



X-ray powder diffraction measurement was performed at room temperature in
a Phillips powder diffractometer with monochromatized Cu Ka radiation. The scan
was ranged from 10° to 80° with 0.1 ° steps. Cobalt phases were detected by
comparing the diffraction patterns with those in the standard powder XRD file
compiled by the joint committee on powder diffraction standards (JCPDS) published
by the International Center for Diffraction Data. Co3;04 crystallite diameters were
calculated using the Scherrer equation from the most intense Co3;04 peak at 260 =

36.9e.

0.894 180°
d= X
Bcos@ r«

where d is the mean crystallite diameter, 4 is the X-raywave length (1.54056 A° ), and
B is the full width half maximum (FWHM) of the Co304 diffraction peak.
2.2.4. Thermal gravimetric analysis and differential scanning calorimetry

The cobalt catalysts and used catalysts were investigated using the
simultaneous DSC-TGA and DTA-TGA analyzer, respectively in air at a heating rate
of 5 °C/min. The samples weight was between 20 and 25 mg.
2.2.5. Hydrogen chemisorption

Hydrogen adsorption isotherms were recorded on a Autosorb 1, Quantachrome
at 100 °C. The samples were evacuated at 120 °C for 3 h, and then reduced in situ in
flowing hydrogen at 400 °C for 6 h. After reduction, the samples were evacuated for
2 hr at 400 °C to remove any residual Hy, and then were cooled to 100 °C for analyses.
The adsorption isotherm was recorded in the pressure interval ranging from 50 to 750
mm Hg. The number of exposed metal atoms on the surface was calculated by
extrapolating the total adsorption isotherm to zero pressure. Furthermore, in order to
calculate the dispersion, it was assumed that two cobalt surface atoms are covered by
one hydrogen molecule [19].
2.2.6. Transmission electron microscopy

The structures of cobalt particle on monomodal and bimodal supports were
revealed by transmission electron microscopy (JEOL JEM-2010 microscope with the
acceleration voltage of 120 kV). The samples were prepared by suspending the in
ethanol and followed by thermal evaporation of ethanol on a copper grid coated with a
carbon film.

2.3. Fischer-Tropsch synthesis



Fischer-Tropsch synthesis was performed in a fixed bed reactor (3/8 inch) at
230 °C and 10 atm. The powder supports were used in all experiments in order to
investigate the role of bimodal porous materials heat and mass tranfers. 1 g of fresh
catalysts (Co/MS-X and Co/BS-X) was mixed with 1 g of inert silica in order to
minimize the temperature gradient [20,21] and was reduced in situ in flowing H; (60
cc min™") at 400 °C for 12 h prior to the reaction. The syngas (Ho/CO =2) was
introduced to the reactor and the pressure was increased to 10 bar. The reactor
temperature was increased to 230 °C in 2 hr. After the start up, samples were taken at
1-h intervals and analyzed by gas chromatography. CO, CO; and C;-C4 hydrocarbon
gas were analyzed using GC 2014 with a TCD detector. Cs; hydrocarbon were
analyzed using GC 8A with a FID detector.

3.  Results and discussion
3.1. Characterization of both Co/MS-X and Co/BS-X catalysts

The SEM images in Fig. 1 are representative of the monomodal porous silica
(MS-3, Fig. 1a) and the bimodal porous silica (BS-3, Fig 1b). The monomodal porous
silica image showed dense surface morphology of silica xerogel caused by an
agglomeration of fine silica nanoparticles was observed. On the other hand, the
loosely packed aggregates of silica nanoparticles and the macropores were found for
bimodal porous silica support. The macropores, approximately 100-200 nm, were
interconnected with window opening from each macropore into its surrounding
neighbors.

Fig. 2 clearly revealed that Co/MS-X catalysts were well defined the
monomodal pore size distribution in the range of mesopore diameter and the
maximum distribution centered at 4.3, 5.6 and 7.8 nm designed as Co/MS-1, Co/MS-2
and Co/MS-3, respectively. Song et al. [22] found that the Co catalysts with pore size
of 6-10 nm provided higher FT activity and Cs; selectivity because they had enough
active sites and favored bridge-type CO adsorption. Saib et al. [23] also studied the
effect of pore diameter of the support. With the supports with a very small pore
diameter (2 nm), the cobalt crystallites size was too big and was located on the
external surface of the support. As mentioned above, the porous silica supports with
mesopores diameter in the range of 3-10 nm were selected to study in this paper. In
order to equitably compare the physical and chemical properties of monomodal and

bimodal porous silica supported cobalt catalysts and their catalytic performance, the



mesopores diameter of the bimodal porous silica supports should be the same size as
that of the monomodal porous silica supports. As shown in Fig. 2, Co/BS-X catalysts
showed the pore size distribution in two different length scales (mesopores and
macropores). In the range of mesopores diameter, the maximum distribution centered
at 3.8, 5.6 and 9.5 nm designed as Co/BS-1, Co/BS-2 and Co/BS-3, respectively
which were similar to Co/MS-X catalysts. However, the pore size distribution peak
of Co/MS-X catalysts was higher and sharper than that of Co/BS-X catalysts,

indicating the uniform pore structure of Co/MS-X catalysts.

The BET surface area, pore size and pore volume data of both supports (MS-X
and BS-X) and cobalt catalysts (Co/MS-X and Co/BS-X) are listed in Table 1. The
surface area of all supports decreased with increasing pore size and pore volume. It
should be noted that the surface area of MS-X supports was higher than that of BS-X
supports when comparing at the same mesopore pore size. After cobalt loading, the
mesopore diameter of all catalysts was unchanged except that of Co/BS-1 and Co/BS-
2 slightly decreased while the surface area and the pore volume of all catalysts
significantly decreased.

X-ray diffraction patterns of the different catalysts were measured in order to
study the cobalt species and average Co3O4 particle size. As shown in Fig. 3, all
catalysts mainly composed of Co3Oj4 spinel phase with 20 values of 31.3, 36.9, 44.8,
59.4 and 65.3. The particle sizes of Co304 calculated using Scherrer equation were
listed in Table 2. With the use of monomodal porous silica as support, the Co3;04
particle sizes increased with increasing support pore size. Similar result has been
reported by Song [22]. When bimodal porous silica was used, the similar trend of the
Co304 particle sizes was observed. However, the Co3;04 particle sizes of bimodal
porous silica support slightly increased compared to those of monomodal porous
silica support at the same small pore size. Generally, the Co3;04 particle sizes
depended on the pore size of the supports and they usually increased with increasing
the pore size [22-24]. Regarding the pore size distribution of all catalysts (Fig. 1),
although, the mean pore size of both Co/MS-X and Co/BS-X catalysts was quite
similar but the broader pore size distribution and also its shift to larger pore diameter
of Co/BS-X catalysts were observed. This is reason that why cobalt particle size of

Co/BS-X catalysts was larger than that of Co/MS-X catalysts.



There are a few publications studied the decomposition of cobalt salts over the
various supports [25-29]. The main objectives were in order to investigate the
temperature and type (endothermic and exothermic reaction) of decomposition and
the effect of the second metallic addition. However, there are only a few publications
which observe the enthalpy of decomposition.

Fig. 4 displays TGA and DSC curves in air of both Co/MS-X and Co/BS-X
catalysts. The weight loss curves (Fig. 3a) for both Co/MS-X and Co/BS-X catalysts
exhibited a two-step weight loss at temperatures below 100 °C, and between 150 and
200 °C which were attributed to the endothermic loss of water molecules in the cobalt
hydrate shell and the decomposition of cobalt nitrate, respectively [25]. When the
same small pore size of both Co/MS-X and Co/BS-X catalysts was compared, the
Co/MS-X catalysts showed a slightly higher weight loss than Co/BS-X catalysts due
to the greater extent of hydration. This may be affected by the different amount of
water that used in the impregnation preparation and the different diffusion and
desorption of water in the Co/MS-X and Co/BS-X catalysts. In order to study this
effect in more details, the diffusion and desorption characteristic at specified
conditions must be further investigated with more powerful techniques such as the
temporal analysis of product (TAP) which has been reported by Li et al. [30] and the
temperature program desorption (TPD) which has been successfully done by Li et al.
[31], respectively.

The heat flow data (Fig. 3b) confirm that decomposition of cobalt nitrate is
endothermic. It is known that the decomposition of cobalt nitrate leads to the release
of nitrogen dioxide, water, and oxygen [25]: It was observed that the endothermic
peak represented the decomposition of cobalt nitrate (150°C-200°C) slightly shift to
higher temperature with decreasing the pore size in each series of catalysts, indicating
stronger interaction between cobalt nitrate and the supports. This can be ascribed that
the small pore size with high surface area of the support usually consists of the large
amounts of silanol group caused by the fast hydrolysis reaction [32]. The silanol
group can react with nitrate ion and/or cobalt ion in the different species which can be
decomposed at higher temperature. This observation may relate with the reduction of
cobalt oxide to cobalt. Many researchers found that the temperature peak of reduction
significantly shifted towards higher temperature with decreasing pore size of the
support [22,23,33,34]. If this hypothesis is reasonably correct, the interaction
between the cobalt salts and the supports can be initially studied using TGA-DSC



analysis in a flow of air. When the same small pore size between two series of
catalysts was compared, the decomposition temperature of cobalt nitrate on
monomodal supports was higher than that of the bimodal supports. Moreover, during
TGA experiment, the monomodal porous silica supported cobalt catalysts showed
higher residual water despite all samples were equivalent the dried time. The
enthalpy of all catalysts due to the decomposition of cobalt nitrate was calculated
from the area of DSC profiles [35] and the results were given in Table 2. In each
catalyst series, the enthalpy increased with increasing the pore size of the supports and
thus, the formation of the larger cobalt crystallite size was occurred. Comparing
between two series of catalysts, the enthalpy of the decomposition of Co/BS-X
catalysts was lower than that of Co/MS-X catalysts despite the pore size of Co/BS-X
catalysts were equivalent or larger than that of Co/MS-X catalysts. Heat transfer has
significant influence on the decomposition of cobalt nitrate [36]. Regarding the pore
structure in SEM micrographs (Fig. 1), the large amount of open channels was
observed in BS-3 samples. As mentioned above, it may be concluded that the
macropores in the bimodal porous silica can throughout provide heat to contact with
cobalt nitrate.

It is known that the active form of supported cobalt FT catalysts is cobalt
metal (Co). Thus, reduction of cobalt oxides species is essentially performed in
order to transform cobalt oxide species obtained after calcinations process into the
active cobalt metal atoms for catalyzing the reaction. Therefore, the static H,
chemisorption on the reduced cobalt samples was used to determine the number of
reduced cobalt metal surface atoms. This is usually related to the overall activity of
the catalyst during carbon monoxide hydrogenation. The resulted H, chemisorption
for all samples is shown in Table 2. It revealed that the amount of chemisorbed H, of
reduced catalysts and Co dispersion decreased with increasing the pore diameter of
the supports which is also consistent with the results reported by Lapszewicz et al [37]
and Song et al. [22].

TEM micrographs of both calcined Co/MS-X and Co/BS-X are shown in Fig.
5. In all the TEM figures, the darker spots (arrow 1) on the catalyst granules represent
a high concentration of cobalt and its compounds while the lighter areas (arrow 2)
indicate the support with minimal or no cobalt present. It can be clearly seen that the
structure of monomodal and bimodal porous silica support was quite different [18]. It

seem to be that TEM images of monomodal porous silica represented one powder



particle (Fig. Se) caused by the dense agglomeration of silica nanoparticles so there is
no macropores while TEM images of bimodal porous silica showed the agglomeration
of many clusters (Fig. 5f) and also the open pores (macropores) were observed. For
all catalysts, Co304 deposits were agglomerated in form of drop-like structures. With
increasing the pore diameter, the cluster size was found to increase. Similar result was
reported by Saib et al. [23] and Storsaeter et al. [38]. Moreover, the cluster size of
Co/BS-X catalysts was larger than that of Co/MS-X catalysts affected by the structure
of the supports.
3.2.  Fischer-Tropsch synthesis

In order to determine the catalytic behaviors of Co/MS-X and Co/BS-X
catalysts, The FT synthesis (Ho/CO = 2/1, 230 °C, 10 bar) was performed determine
the overall activity and selectivity of the catalyst samples. The activity and selectivity
results in FT synthesis for the six different catalysts are plotted as functions of time in
Fig. 6. The CO conversion of Co/MS-X catalysts was higher than that of Co/BS-X
catalysts. The highest and lowest initial CO conversions belong to Co/MS-2 and
Co/BS-3, respectively. The CO conversion of all catalysts gradually declined with
increasing the reaction time except the CO conversion of Co/BS-2 instantly decreased
after 5 hr. The lower CO conversion of Co/BS-X catalysts can ascribe that the
formation of macropores in bimodal porous silica supports reduced the surface area
and also the mesopores when comparing with the same material which does not have
macropores (Fig. 2 and Table 1). Base on the H, chemisorption, the lower amount of
chemisorbed H; and lower Co dispersion of Co/BS-X catalysts could lead to the low
catalytic activity. However, when considering the selectivity of product, it showed
that the Cs; selectivity essentially increased with the existence of the large pore in
bimodal porous silica supports. It means that the Co/MS-X catalysts favored the
formation of CH4, Mass and heat transfer limitations are reported in literature as
possible reasons for high methane selectivity. The intraparticle diffusion affects
differently intraparticle concentrations of carbon monoxide and hydrogen. This leads
to different H,/CO ratios at the outer surface and in the bulk of catalyst particles.
Intraparticle diffusion limitations generally lead to a higher H,/CO internal ratio and
consequently a higher probability of methanation [39-40]. Regarding the macropores
in bimodal porous silica supports (Fig. 1), the new pathway can reduce the distance
between bulk fluid and active site and thus decreased the mass transfer resistance.

The existence of hot spots, due to high reaction rate, may result in a decrease of the
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chain growth parameter and a higher yield of methane [41 dye ME]. Base on TGA-
DSC results, it is possible that exothermic heat in bimodal porous silica materials can

easily removed using the macropores pathways.

4. Conclusions
Catalytic and characterization results show that the support porosity strongly
influenced the structure of cobalt crystalline and the FT catalytic performance. The
bimodal porosity can cause the formation of larger and dense agglomeration of Co3O4
crystallite. CO conversion of the Co/BS-X catalysts is lower than the Co/MS-X
catalysts because of the low dispersion of cobalt particle. At specified conditions, the
selectivity of the longer chain hydrocarbons is more pronounced with the presence of
large pore in the bimodal porous silica supports. It can be concluded that the presence
of large pore in the bimodal porous silica supports diminish the diffusion resistance.
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Table 1 Physical and chemical properties of SiO, supports and Co/SiO; catalysts

Catalysts Surface area®  BJH pore ° Mesopore © Macropore ¢
(m*/g) diameter (nm)  volume (cm’/g)  volume (cm’/g)
MS-1 630 43 0.51 0.01
MS-2 611 5.6 0.80 0.02
MS-3 400 7.8 0.96 0.05
”””” Bs-1 602 43 064 025
BS-2 489 6.5 0.78 0.31
BS-3 303 9.5 0.72 0.51
Co/MS-1 376 4.3 0.30 0.01
Co/MS-2 371 5.6 0.49 0.03
Co/MS-3 274 7.8 0.61 0.13
""" Co/BS-1 360 38 044 018
Co/BS-2 327 5.6 0.53 0.22
Co/BS-3 168 9.5 0.44 0.33

* Specific surface area calculated by BET method.
® Pore diameter measured by BJH desorption method.
¢ Volume of pores smaller than 50 nm in diameter.

4 Volume of pores larger than 50 nm in diameter.
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Table 2 Enthalpy of the decomposition of cobalt nitrate on various supports, average

Co304 crystallite diameter for calcined catalysts and % Co dispersion

Catalysts  Enthalpy ®* Co0304 crystallite  H, adsorbed © % Co dispersion °

J/g) diameter ° (nm) (umol/g)
Co/MS-1 120.9 8.7 122.2 7.2
Co/MS-2 133.3 13.4 151.0 8.9
Co/MS-3 154.0 14.9 130.7 7.7
~ Co/BS-1 1mor 95 1086 64
Co/BS-2 125.1 14.6 132.4 7.8
Co/BS-3 148.7 20.6 88.2 5.2

* Enthalpy calculated by area of endothermic peak.
® Mean diameter of Co30;4 crystallite as determined by XRD (Scherrer equation) .

¢ H, adsorbed and % Co dispersion as determined base on H, chemisorption.
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