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Wanmongkon Ampon 2012: Upgrading of Bio-oil by Co/Mo, Co/Mo/Fe, Co/Mo/Ni
Supported on SUZ-4 and ZSM-5 Catalysts. Master of Engineering (Chemical
Engineering), Major Field: Chemical Engineering, Department of Chemical

Engineering. Thesis Advisor: Associate Professor Apinya Duangchan, Ph.D. 72 pages.

Bio-oil was produced from earleaf acacia by pyrolysis method, in a fixed bed reactor at
a heating rate of 1.6°C min’ from ambient temperature to 550°C. The size of biomass is 2-5
mm. Nitrogen was used as a carrier gas flowing at a rate of 200 ml/min. The biomass
O

decomposed almost completely at 550°C. The formula of earleaf acacia is CH N, o, and the

1.58770.68

resulst from pyrolysis showed the yields of liquid, solid, and gas, 40.2%, 30.8% and 29.0%,
respectively. In addition the heating rate of the organic phase of the bio-oil is 24.53 MJ/kg of
bio-oil. The synthesized zeolites SUZ-4 and ZSM-5 had BET surface area of 196 and 256m2/g,
respectively and the pore sizes 5.1 A and 5.2 A, respectively. Co, Mo, Fe and Ni on SUZ-4 and
ZSM-5 were prepared by impregnation method. The pyrolysis different catalysts were prepared
by loading 0.2g of catalysts packed in a tube reactor with space velocity of 177 per minute at
550°C. When comparing the heating values based on weight of biomass in the oil phase, The
results showed Co/Mo/Ni-SUZ-4 (8.95) = Co/Mo-SUZ-4 (8.95) > Co/Mo/Ni-ZSM-5 (8.35) >
Co/Mo/Fe-SUZ-4 (8.20) > Co/Mo-ZSM-5 (7.79) > Co/Mo/Fe-ZSM-5 (6.23) > ZSM-5 (6.22) >
SUZ-4 (6.09) > No catalyst (5.84 MJ/kg biomass). In this work the Co/Mo/Ni-SUZ-4 and
Co/Mo-SUZ-4 catalysts could increase the heating values by 53.28%. The results from GC-MS
showed the liquid bio-oil consists of derivertive phenol and derivertive aromatic. Upgrading by
Co/Mo/Ni-SUZ-4 showed increases of derivertive alkyl groups and aromatics resulting in an

increase of heating value.

Student’s signature Thesis Advisor’s signature
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ASTM = American Society for Testing and Materials

BTX = Benzene, Toluene, Xyrene

DTA/TGA = Differential Thermal Analysis/Thermogravimetric Analysis
GC-MS = Gas Chromatography Massspectrometer

KOH = Potassium hydroxide

NaOH = Sodium Hydroxide

Ni(NO,),.6H,0 = Nickel Nitrate Hydrate

Co(NO,),’6H,0 = Cobalt II nitrate Hydrate

Fe(NO,),*9H,0 Iron III Nitrate nona Hydrate

(NH,) Mo,0,,+4H,0

Ammonium molybdate tetra Hydrate
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20 WA 1117156 4R solvent delay 5 okmu LAZA 9 1scan parameter 50-500 amu
=] b4 = Jd
msfnylnseaiiavesdlelan
Anplaseasavesdlolad InalHia5 04 X-Ray Diffractometer #901MH 6 11AUTEN

Bruker 5 D8-Discover &10'lad SUZ-4 ¥ 1m3 Tayu11n5-60 09a & 1o'lad zSM-5 i1n15¥a

4NN 4-50 99N

VA 6 (AT X-Ray Diffractometer
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A DA = d
NI IWHNN 3!!@8’!11419]31"1?14‘1163“151@11’519]

9 [
AnuiuiAazvIngnguYeIdTolad SUZ-4 uag ZSM-5 #2873 nitrogen

adsorption 1Az 193538 WL BET 1aa]¥1a504 autosorb-1 f49WH 7

P

MNAN 7 19399 Autosorb-1
a d
MmsImnzilEnusg

AnyimdsuiaveslanzniinisTuanadldIudle ladlas a5 09 Xray

fluorescence spectrometer (XRF) ANNINN 8

MNA 8 1AT0Y X-ray Fluorescence Spectrometer (XRF)
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G L A aaa
manaeNa A3l Hnsen

[ a ANq Y o d
1. Tagauuazenanimly lunsdunsisi Suz-4

—_

. Fan11wa 40 % wt (Si0,) #7170 Ludox AS-40 910131 N Dupont
. mazgﬁﬁn 99.7% wt (Al) 910 15H N HiMidia Laboratories

. Tetra ethyl ammonium hydroxide 35% wt (TEAOH) NNUTHN Sigma-

Aldrich

Tnunaidenlanson lad 85% wt (KOH) 91A1U3 1N Carlo Erba Reagenti

. nsalalasnassin 37% wt (HCI) 910USEN J.T. Baker

. ¥ 104 Wdistilled water)

[ a g Y o d
2. Yagavuazanaan s lumsdunsizh Zsm-5

—_

. Tetrapropylammonium bromide (TPABr) 98 %wt NUTH N Fluka

Sodium silicate 91NU5H 1 Panreac

oqiiiiuleasonlad (AI(OH),)47 % wt 9I1NU3 5N Fine-Chem
Tnunaideonlanson lad 85% wt (KOH) 91AU3 1N Carlo Erba Reagenti
Hydrochloric acid 37% wt (HCI) 910131 " J.T. Baker

Y N9 Udistilled water)

3. TagAnLaaIANd M UMK A TR

. Cobalt II nitrate hexahydrate (Co(NO,),"6H,0) 98%wt NV5H N Univar

. Ammonium molybdate tetrahydrate ((NH,);Mo,0O,,*4H,0) 99%wt 911

U5H N QReC

. Iron III nitrate nonahydrate (Fe(NO,),*9H,0) 98%wt NV5H N Univar

. Nickel IT nitrate hexahydrate (Ni(NO,),.6H,0) 97 % 91PU3H N Unilab
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Folan SUZ-4

v 0 aaa (% = v = ~
A3 IPN3 1SUZ-4 (@ e Inena, 2548) e o 18 minmsisiz euensazane Tnunandon
a o = J o oy Y o
exgiiug Taoi InunenTeon laason o U5inan0.62 nfumnazanelunl 1na wil511a206.136 N3
@ 03} a a o @ 1 VA <3| =2 o Y
WA 9MT WANAIZY 1107584 nT 1 aglmiuasedwaeiiouiluszeznan 20 925 2 Tue 1%
9 U £
N30 MU IATIENI (TEAOH) 151181 15.450 AN 11 108 W5 NTUMa 99101 uWay Fam wss n3u
A <3| o 03} o Ay Y a =
nuasasiisuilunm 2 ¥2Tue i wihmsazaeh lai@uasluasazare Tnunadou
a 1 9 J A Yy ] 2 g
P2 QIIUABE NI AN INAITAL1ADIHBIABAINIGTI 500 TOU/AUIT 1T UTTEzIA 3
2 Tueldasilsznoumaud nhunlSufiey1ed luaas - 14 dAremsazae Tnumadonls
v 1 ° & Aa P J o
ason lwamasUsznouman laaslud remlaou ud nindunsewlfnsa lelasmesiiald

a =

[ 1 <
AMWEPUA 2188 M35 DIRITATETAOUINIUDgUVN 150 osruaaiBod A2 Tunsnau

U

P e NS T RAN, o y v ¥~
250 SoU/UN szeznan la Tasmediia4 Tuilwans s n 18 unseauazad 198 201 108 waula i

a =

Y o Y A I & [ 03} o
yiszana 9 ud i1 ljound sngumgiil2o esrusaiFod 1Junar 6 52 Tugvasnid wih

U

]
=

(J ' o A o o a IR <3| o
a10614 Tealanliver 19 sTEAOH Nigaivigil 550 osruvaiTed 1Wunal 4 42119

E]

#olan ZSM-5

A3 PAT ZSM-5 (QAIFanaziun, 2543) 19381 IAINANA1IALA1Y sodium
Y v
silicate 16.875 N5 (Panreac) adluil 109124 Ha8an5 WY aluminium nitrate 1.688 AT (47
9 v Y v
wt%, s d Fine-chem) 84111 108 140 N5y Way TPABr 0.742 A5 U (98 wt%, Fluka) Tuil 1na u
9
o o o a <3 o
40 NTY Y4 JNNATIUAITAZ AN ATMUFUATTI NFUT1TaS D 18sodium silicate NU aluminium
nitrate Tngveatiazron waziiMsaIugu pH 1WA 10.5 nagniudIsazalgegaaoaal
4 3 1 4 I o o 4 a o J v
ionaudas nauastilouilunar 60 Wi ud wair ldud nivduasesl el laTasimesiia
Y Y ~ =y ) dy =K ™ [ qgl o
I anudeun 220 esrusamedsi 101568 gananilunal 18 %1119 Ha 991 U 1NTNToLLaY
v o o A ~ < & o o . -
a1lud 1gu i ldeuio esraa@oe (Juna 12 42 Tue uagsi Aa lai(caleine) N1 600

~ I ™)
peralTe e 1Wuna1 5 %2119
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A1391 7381 Co/Mo-SUZ-4

o ' aaa = 4 ~ .
A15917R581 CoMo vudTe'lad SUZ-4 1w3suTage15azaly cobalt (I1) nitrate
hexahydrate (98 wt%, Univar) 0.988 N5 1LY ammonium molybdate tetrahydrate (99 wt%,
Y v 9
QReC) 0.368 n5u aza1eluil 108 wil51as Taaansniuliazarsaunua 9101 uIanan
¢ o ] 2 g £ a o Y 9 4 a &
To'lad SUZ-4 31171 2.0 n5u arun wudluds@ernueuldien 105 ssrusamea 11y

£ A Y =K A ~ < o
DNV UIAU LA FIUNIN320 DIAUYALHIE Wunan 5% ’JI%N
#3915} 381 Co/Mo/Fe-SUZ-4

A usa1lfisen CoMo/Fe uudTolad SUZ-4 w5 ouTaaidna15azae cobalt (1) nitrate
hexahydrate (98 wt%, Univar) 0.988 N5 (1Y ammonium molybdate tetrahydrate (99 wt%,
Y '
QReC) 0.368 N5 1A Tron (IIT) nitrate 9-hydrate (98 wt%, Univar) 1.44 N34 aza1eluy 1na u
Y
Y51 3 Haaaasniuldazasaurua 91037 u3awau® 1o ladsuz-4 § 11491 2.0 NFU NIUIU
I ﬁ' = o Y Y A =y I < A Y =K ~ =
Wt emedn weu ¥ U 9N 105 perusamed [1ua1vil 9y 1a 294K 320 pIA Al d

Funan s ¥7u4
A1391 57381 Co/Mo/Ni-SUZ-4

(2 ' aan . = J ~ a .

A1591RAT81 CoMo/Ni DU Te'lan SUZ-4 165 8u Taaianesaz a1y cobalt (11) nitrate
hexahydrate (98 wt%, Univar) 0.988 N5% (LAY ammonium molybdate tetrahydrate (99 wt%,

Y '

QReC) 0.368 NN 11aY nickel nitrate (97 wt%, Unilab) 0.99 n5u azareluil 1na udSu1as
Aa aa Y 03} =2 = 4 o @ I dy
Haaansnuliazarsaurua 91017 UIIRaud To ladsSUZ-4 31191 2.0 5y AUl uile
= o Y Y A =y I & A 9y =R A =y I
wen wov 14 urian 105 earnaFed (a1t 9y ua 29 UMIN320 eersaIFea 11unal

5% 2139
@1391§)7381 Co/Mo-ZSM-5

A3 9nse1 CoMo vudlelad zsM-5 165enTasa1sazats cobalt (IN) nitrate

hexahydrate (98 wt%, Univar) 0.988 NS4 (18% ammonium molybdate tetrahydrate (99 wt%,
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Y v Y
QReC) 0.368 N5 aza1eluil 10d w1l511as Taaansniuliazarsaunua 9101 uIanan
4 ) [ I g Y] { I
To'lad ZSM-5 31171 2.0 5L nAuawdludl omedd weu W RN 105 eeraiTed 1Tumna

£ A Y =K = = < o
TUIAU LA IIIUNIN320 DIA UL LHYET Wunan 5 “lf’JTiJ\i
A1391 57381 Co/Mo/Fe-ZSM-5

A5 91fisen CoMo/Fe uudTo Tad ZSM-5 a3 ou TaeiAua3aza1e cobalt (1) nitrate
hexahydrate (98 wt%, Univar) 0.988 N5 (LAY ammonium molybdate tetrahydrate (99 wt%,
Y '
QReC) 0.368 N5W LA Tron (IIT) nitrate 9-hydrate (98 wt%, Univar) 1.44 N34 azateluy 1na u
9
Y51 3 Haaaasmuliazargauriua 91037 HIwan® 1o ladzSM-5 §11912.0 AU NIUIL
I ﬁ' = o Y Y A =) I < A Y =K a =
Wt emen weu ¥ L 90 105 oerusaded 1ua1vil aAY 1a 29Uk 320 sIA Al d

a5 279
f1391§)7381 Co/Mo/Ni-ZSM-5

(2 ' aana - = J ~ a .

A1591RAT81 CoMo/Ni U1 Telan ZSM-5 15 eu TaiAuaI15aZa1Y cobalt (11) nitrate
hexahydrate (98 wt%, Univar) 0.988 N5 (LAY ammonium molybdate tetrahydrate (99 wt%,

Y '

QReC) 0.368 NN 1A nickel nitrate (97 wt%, Unilab) 0.99 n5u azarelusl 1na udSu1as
Aa aa Y 031 =2 = o o @ I dy
Naaansmuliazaeaunua 91017 UIIHaNE 1o ladZSM-5 311491 2.0 A5y Muawiluiile
= [ Yy Y A = I & A Y =K A =y I
wednwou 1L 105 esrusaded 1UunaImi Ay ua 29uHIN320 e arFed 11uman

592134

msdSulysnammiiniuaimmn

v
=

09; ] 9 a a c(d' =3 I~ ]
i 1wunldrnms nlsladanszduasenn 550 ssrusadeaszseviotluloriu

a 4 ' ¢ (3 ' aaa { o o v
Ugnsainuuneds neluussyansalgnsenldiimsmsens mwano.2 nfunsigaclu

v
= =

E4
a 4 ] a ) Aaan o ] 1
Ugnsainuuvie Taeldgaungilunisind§iseni 350 eseuaadod 91 uez Tnarudiu
4 1 1 I Y 2 o 09; v Ay Y a 4 v F
ﬂaumul,clfaimqmummmugﬂummmama AWUIU W ‘Ll“l/lul,ﬂ1ﬂ3!ﬂ51$ﬁﬁ1ﬂ1ﬂ31ﬂiflu1ﬂﬂ
9y . 4 09/ v A A
1% Bomb Calorimeter tazandsznouluyl wiuFiuialasnsoGas Chromatography-Mass

Spectrometry
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NatazI 1ol

d Jd d
29A1U52NO UV INITDUMIINAN MIIATICHIVVAIDEA (ultimate analysis)

a o s 4 4
ANTILHPIAUTENOUVDIBIAR18IATDI clemental analysis analyzer 1Wo11300aY
4 a J 4
pentlsznovveslif nszdumsed dsznaudlosigaisuen() lalasou (1) lulasou (N)
a [ 14 1 a . =Y 4
panFU (0) uazdaes () wunlinseduasennlSuiaunisueu 48.68% lalasiu
[ 4 a d' = [ Y 1 o
6.40% luTasiou 1.21% e 0.37% 1az eonTau 43.34% wazlonfFoumeun ua uaijan
[ a o 4 1 [ 1 U
F9917 THALAZAMANANZUIININNUIFIVDIITAIN (2551) WUIOATIEIUUDI H/C A1
[ 4 a [ 1 1 a . 1
TndiReanufolszunas 1.54-1.58 HeW1T DA 18IUV09 O/C WU I nTEdUUTIATA
= 1 ~ o' 1 d‘ = [ Y 1 o o 9 ~
0.68 o AT IAIUNA I UVBIHMND AuaYA 1 F9912 Tnauaz mnranzu1INUsza100.74-
J = A I ] 1 Y v dy A
0.81 o3ftlsznoumanil TasmasansonaauiugasednielasiicH, 0, (N, ,, Haztilo
v 9

a A a 1A 1 9 A 1 2 v 9 1o
nsaNsuaeenguaznu NS IaAe U NFINDFUAYIN VA UTLA 1 F IV 1’31‘1/\1&5]!,!,@%

=< 9 o @ Y [ Y
MNRANZUI9A 09 I TUT Vg Idmnzaun umslsau

4 a 4 d a
M3190 2 WANI5AAT1ZH5190IRLTENOULDUAZIDEAR 10INALA clemental analysis YD

9 a o
T nsedumsen

Ultimate analysis (wt%)

Elemental analysis

nsvduMTIA  Auayai Feimning  mnwanguy’
C 48.68 44.65 46.43 46.47
H 6.40 5.86 6.00 5.95
N 1.21 1.14 1.10 1.91
S 0.37 0.13 0.10 0.11
O (diff) 43.34 48.22 46.38 45.56
H/C molar ratio 1.58 1.58 1.55 1.54
O/C molar ratio 0.68 0.81 0.75 0.74
Empirical formula CH, Oy sNoox CH, 5,0 0Ny CH, O o.N, CH, 0 ..Ny o,

1 3T, 2 339791 (2551)
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) I3 y
MsaaefImannudouvensTa UM INIAUIATEY Thermogravimetric Analyzer (TGA)

a

a o & 9 o S 9 A A A
1um*§"lwiivla%m 'l!flJ‘L!G] DININITAANYHN AVBDIFTITA 36 umamzmmamaaﬂqmvmn

U

a ' a d a (4 a J
Tums'lnTs laga'lded 1wz an mamsdnnziyguuginsaaisaved i nszdumses

Y A . . = 1 1A A a Id
AN TN Thermogravimetric Analyzer (TGA) TﬂﬂmimmamuiwmmLammagiamﬂu

v
a = = a

pRlsznouRansaaIoNgangll 220-350 ossusaiFod 1ag laaaated 7gangil 325-375

U

'
= a

DIFITAITYE LA ANUUAIBAINQUNHA 200-700 DIATAIFS A (Uzun ef al., 2007) DINNIN
~ 9 A o7 o ] A S Y v ' o
1 9 uaasldmumsnlasuulat wiinues i nszauasinalenudsu wuIMITTAEE
[ A 9 a9y = = I oy S A
TuB1UT ¥ANIINYUHYNHBIDI 100 DA usaTaalun1T5sMeved 15 aNUssual10
L 4 ] 03} A A = q? a ~ I
orua vid 1M wisuMITared analsznagungil 200-280 daruwaEEAUNT
o a 4 a § I~ o a
aaealveusiwagladuazquugi 280-370 seAuwaiFedd uilun1saalon1veoeil
a a 1 S 3 a4 03} [ a =3 J
1vag laduazaniuunaIvlszanm 60 Wosisuaauazd angunnii370-550 oA AIFod
I (%] a a A %] S 3 o4 ] 03} =1
Wumsaarsdrveusag laauazantiulinisdalsn 1lszana 25 Josibudd vid i uiing
= 03} ~ a = = I (%] a a = A
19029007 WNganilszua 700 osruwaea s uilun1saareadvesaniunimae
s v e d o < A b, AP Ty s S A A
Psmnananiios (5 iledigudd) 110l willegaurgiiud v lilimsdatea1dnvedaimidoe

J o a ~

N > W~ ¢ 3 o oa g
Mnnsaatgaln uldszuia 3 wesisuaaluaivilsnovveaals eduns oMl u

a

J Y a 4 v 9 A A ~
penlsznouved i nszdumTIn HazIINMITAEAIA10INTOITGA 09U INHUIZ T
Tums InTs Taganohigungd 550 ossnwadomvunzauoz 14 Tuns Inls lagamszn

ady v N s o A A A a d 9 A o A
Qm’ﬂﬂullu]’l,iJﬂigﬂuﬂ‘li\iﬂ!’;T'liJ'liﬂﬁa'lEJG]'JLﬂEJ“]JWiJﬂLWﬁ'E]LWEJ\“I‘]JilI'lﬂ‘llﬁﬂu@ﬂ‘]/]'ﬁa'lﬂ@]flﬂ

RNl 700 03rITaTY A
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Temperature (° C)
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NN 9 Lﬂ@il“]ﬂuﬁu 'I'I"iuﬂellﬂlill NIZDUUIIANKIADINNNITTYN INYUNNUAN 611!

A o ] ] ~ ' ~ )
11599 TGA 925103 1 ANuTeu 5 osruaFeaaoui mealdussenma lulasou

v d o 1 aaa
HansduNIIZHA N3N
Taseadranan

%10 lad SUZ-4

[ L= d A .d' @ 1 1 [
msduasizyiale ladgyiia SUZ-4 noasrarulasTuavesarsdsznauaminy
[} Q' a 4
21.28i0,:A1,0,:7.9KOH:2.6 TEAOH:498.6H,0 ATNA U NA U1 U5Te1mA gungil lalasimes
o d v o <
178150 o usaod szoznallalasmoesiia 4 Yu uazanuGalumsniuasdsznovaa
[ 1 =1 as A W o 1 = Yy o I
MY 250 soURDUIN MwAsueRsTaniiag Tuena (2540) wunasnlala nuazilueynin
= ~ Y o 9 d‘ A o 1 A o 9 03} I =
Funmsazooauaz 18 1imsnadeulassadranedud unarslseneundunse ey widlus
d Aa a o a o
To'lad¥fia SUZ-4 393A512¥ 1A59a319nanaemaiia X-Ray Diffraction (XRD) 4az¥1013
{ [ Jd a {
1Feuey Pattern 1401 Pattern ¥03% 10 ladesiia SUZ-4 (WA 11), Price ef al. (2001)

1 a @ S 9 = a
NUIHANN mmw"lmﬂuwaﬂSUZ-4 PN

]
=

donFoumeuiian 18890 1WN 10 A URAVDA Price ef al. (2001) N146 1909 Fuiian']

e

A o Y A 9Y a AaA ~ <] 9 Y A A 4 T A
UANHUSADI1YINABD NN MWﬂLLﬂaﬂﬂaﬁmeEN!,aﬂuE]EJ“VIiﬁJUlﬂiﬂﬂWﬂ‘I/llqlll 11 EN?HG]NIIIIM“VI
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[

= 1w A I3 A d A = a a
XRD pattern ¥105151439107 17 daidunsziiludle ladwia SUZ-4 InuuSens g

Y v
naan w3aidle ladndunsizd 18 1 Tnaad 1 Tds Tunwedanzaragae 11/

0 10 20 30 40 50 G0

2Theta

MNA 10 XRD pattern ¥o3¥ 1o ladviia SUZ-4 NFuas1er

-' 1 | F f XRD pattern 113511003
| i 1 i

' | i A 8 SUZ-4
‘\»,._.,,' | ' TH | B J
¥ N T WJW A e !
Jg'u‘:wb—*_-;ﬂ
LI (B L BRI B e i L e e L L R e N N R |
0 10 20 30 40 50 60
2Theta

MNA 11 XRD pattern ¥o3¥ 1o ladviia SUZ-4 71481984

1301 Prince et al. (2001)
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%o lag ZSM-5

@ 7 s A o ,
NAMTFUATIZYE 19 lad ZSM-5 (uaaiuazane, 2543) noasiaiulasluaves

Y a

a1315znoURamMIAY 3.25Na,0:A1,0,:30Si0,:958H,0 ANUAUITUAY 1 UTTEINA a1l
d o =\ J v o 1 ~ YA o

lalasmesiia220 esrusadea szeznarlalasmosia 18 ¥2luanunasnlananvay

IS = = Y o 9 A A Y 1 A o 4

Aueymadumazideauaz 18 i imsnaaeuTassafuiedud unasdsznouidmszy

Y 03} IR J a =K a o 9 =2 9 a . .

187 wilugle'lad ¥HiazSM-5 993AT12H IATIa5 19NaNA18NATIA X-Ray Diffraction (XRD)

o A k) ~ = [ = d Aa ~ ~

1az1i1 Pattern 1'1aun (NN 12) f3UMeUR Y Pattern Y93 19 lan ¥iia ZSM-5 MmN 13) N

A 1 a ] P I a o 03} ) P o
I8 190 munnaasasin laiilunan ZSM-5 939 1a99101 w3 W 1o lagndunsie 1a
(% 4 1 1
Traada 115 Tunmes lavizaegae 1)
&£ Ada
YUIAFWFUIATNUNAY
[ o [ =) 4 03} a Y o 9 an d'

NAIINNINIFUATIZY S 1 Jadn saeariianas 1aN 1015 NATDUAIGITKRD 1iD

Yy Ao MY Y =R o 4 da an

nadouInssadundunsizd laud 199 insnadonivuiavesgnguLazi uin Tagds

. », 9 a . P @ ~ 1A o 03}
nitrogen adsorption Taglgmaiin multi-point BET aataaalun1sned 3 nundlelaan sdoq

Y
1 a1 A A

a d'w = dy d'a Y 1 q'/ d! ] a 1
Glfuﬂ‘]/]ﬁ\uﬂﬂzﬁﬁlﬂ UMNUNHIYeenI 1A IAen ”Jhlﬂ‘lell AUATNUNHB00-350 M1TIUNATAD

{ A o o

9
A5 (Asensi, 1999, Zho, 2009 ) FIANUNHINTUATIZH 1A U09 SUZ-4 1M171 196 A151910A
AonsuIVLIAYBIgNTY 5.13 BadAToN HazT AT VEIFHGHO.187 gRUIANTUAINATAONS Y
;) o =P dy Aa ' o A Y A [ A
d M50 ZSM-5 TagliAmiuiig 265 M31uuasaonsy Yvuiaveagngulndifeeny SUZ-4 Ao

[ =Y 14 a J [ @ 1
Usgua 5.19 o3aasouN ngﬁﬂsmmmmgwgu 0.086 ANUIANLFUANATADNTN AT

9
Y A

U501 SUZ-4 Rdunsizd lalnuiAn oond1 ZSM-5 nagiffinagngumnn i

d' dy d'a v A d' = d a
AN 3 NUNHD ﬁummﬁugwgumaEm,aziﬁmmﬁjmgwgummmia”la@Glmﬂ SUZ-4 1lag

ZSM-5

Zeolite BET surface area (mz/ 2) Pore size(A) Pore volume (cc/g)

SUZ-4 196 5.13 0.187
ZSM-5 265 5.19 0.086
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5 10 15 20 25 30 35 40 45 50

MNA 12 XRD pattern ¥o3¥ 1o ladviia ZSM-5 ndunsizy

2 theta (°)

MNA 13 XRD pattern Y033 1o lad¥tia ZSM-5 pattern 3105511

1301: Ruiter (1992)

Vinavessigh Inaaeg ludusalnsodunsizd
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NN M FUnTz @ 1o ladsuz-4 uay ZSM-5 uazsiimsnaaeun lnsaaiia
wAnud2 ¥ ams Tvan Tavizaa il lua Toladw @ sialz i Tnan 10 mlosiiuTaet 1min
Tangild1lsznou1dne Co, Mo, Fe uaz Ni Tag'lda1nans (Cu(NO,),*3H,0) 98 % wt 91
VTN Univar (NH,) Mo.0,,4H,0 99 % wt 91nUTHN QReC Uag Fe(NO,),*9H,0 98 % wt 910
31 Univar 182 Ni(NO,),*6H,0 97 % 913N Unilab Taesi1n3 Tnaalane 10 o5 idud

R B A
Tael W1 nd 915 uaaawaluaisan 4

d’ = % [} 1 d' a ~ v A
WonlTeuMeun15995U SUZ-4 ag ZSM-5 wuile Ivaa lavzsiameinuas Co
1 9 a [ \{d' 9 [} [} 1 1 9
1Az Mo a4 laanudoursanann asin la 91061359951 SUZ-4 2210100 11A192105 0 UU04
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ZSM-5 taziionfseunesua 1115 Tunwe s NirasAs Co/Mo/Fe 1182 Co/Mo/Ni NUI1AIAIY
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I a Y @ @ 1 a o 4 1
Foud Iaiilu T luiamaferdune A150950SUZ-4 vz 1dmnuiouvesnaadmaigend

11590951 ZSM-5
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wenFeumeutFunaueiailanen Inanaquua15095UN 19035 HAABSUZ-4 1Ay

ZSM-5 WufSnave lanzuua5e95u ZSM-5 (13-15%) Ni5uageandilansuuan
58951 SUZ-4 (10-12%) 5utiion)Seuien Co/Mo VUAITBISY SUZ-4 ag ZSM-5 HifSua
s o oy o S < o 09/ @

Taviy 12.82 uag 10.82 wodtwua laegil MWMiinuazls.9l uag 1521 woswua lagy 1iin

o (% 1 |d' a 1 9 dl Y 1 1

a1 UUS ua TanguuZSM-5 1ANUY SUZ-4 uatiionansanainusoun la wuai an
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AMUSouN 18910 CoMo-SUZ-4 HiAnganinainawieud 18 11n Co/Mo-ZSM-5 naaaliifiu

]
v A

d15095un1F iramnnndsna laven Tnanasuud 3o lad
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1 lnlslaga

m9ei 4 VSinusigh Tvaseg ludusaljisedTeladaiia SUZ-4 nag ZSM-5
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Catalysts Si Al K Co Mo Fe Ni
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Date: 02/20/2011

Quantachrome Corporation

Quantachrome Autoscrb Automated Gas Sorption System Report

Autosorb for Windows®

Sample ID 337

Description suzd

Comments

Sample Weight 0.0308 g

Adsorbate NITROGEN Outgas Temp 200.0
Cross-Sec Area 16.2 A?/molecule Outgas Time 15.0 hrs
NonIdeality 6.580E-05 P/Po Toler 0
Molecular Wt 28.0134 g/mol Equil Time 3
Station # 1 Bath Temp. 77.35

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

MULtIpOInt BET . ettt it e tete e nsnsosonononoossosnsnsnss
Single Point BET ...ttt it ittt te e it e iiteae s
Langmuir SUTface ArGa. e e et tnuonasnosnusensnesnnsss
BJH Method Cumulative Adsorption Surface Area..........
BJH Method Cumulative Desorption Surface Area..........
DH Method Cumulative Adsorption Surface Area...........
DH Method Cumulative Desorption Surface Area...........
t-Method External Surface Brea......c.ei vt iniunnnennennn
t-Method Micro Pore SUrface Area........vuvuieennennnnn
DR Method MIiCTO POLE ALC3. s tv e tnaesntnonoinencnsnonsns

PORE VOLUME DATA

Total Pore Volume for pores with Diameter

less than 5689.1 A at P/Po = 0.99663. ...t uuenunenn..n.
BJH Method Cumulative Adsorption Pore Volume...........
BJH Method Cumulative Desorption Pore VOlull€...........
DH Method Cumulative Adsorption Pore Volume............
DH Method Cumulative Desorption Pore Volume............
t-Method Micro Pore VOIUME. ..o v i u et ittt ieee e
DR Method Micro POre VOIUIME. i i ivuetn v o snsssnsnonsns
HK Method Cumulative Pore VOlume. ..........vuveuenenenn
SF Method Cumulative Pore Volume............oieeunununnn

Average Pore Diameter. ... ...ttt inininnnn.n

BJH Method Adsorption Pore Diameter (Mode)......ovvuvn.n
BJH Method Desorption Pore Diameter (Mode) .............
DH Method Adsorption Pore Diameter (Mode) .............
DH Method Desorption Pore Diameter (Mode) .vevevvvon.nn

DR Method Micro Pore Width — ....... .. . i,
DA Method Pore Diameter (Mode) @ vt ineeennneeas
HK Method Pore Width (MOAe) vttt et et e et e eeeeeen
SF Method Pore Diameter (Mode) @ vt neeeennnees

DATA REDUCTION PARAMETERS

Thermal Transpiration : OFF
Last Po Acquired 777.19 mm Hg

MaxiDose : ON
Initial Fill : OFF
DoseWizard : OFF

BJH/DH Moving Average Size

Operator
Analysis Tinme
End of Run
File Name

PC SW Version

..... 5,319E+01
..... 5.185E+01
..... 6.609E+01
..... 1.786E+02
..... 7.757E+01
..... 1.962E+02
..... 7T.972E+01
..... 5.319E+01
..... 0.000E+00
..... 4,168E+01

..... 1.692E-01
..... 1.875E-01
..... 1.717E-01
..... 1.847E-01
..... 1.677E-01
..... 0.000E+00
..... 1.481E-02
..... 2.061E-02
..... 2.114E-02

..... 1.273E+02
..... 5.132E+00
..... 1.408E+01
..... 5.132E+00
..... 1.408E+01
..... 4.024E+01
..... 1.800E+01
..... 5.325E+00
..... 9.228E+00

Interaction Constant (K) 2.9600 nm™3 x kJ/mol

] ~ o 9 H
MNHHINT Al %6%6%1‘?1‘?115’3!?]513%ﬂ1§1’i1ﬁu“l7lLL‘]J‘]JBET VY93 SUZ-4
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Date: 02/20/2011

Quantachrome Corpocration

Quantachrome Autosorb Automated Gas Sorption System Report

Autoscorb for Windows®

Sample ID 338

Description 7ZSMS

Comments

Sample Weight 0.0447 g

Adsorbate NITROGEN Outgas Temp 200.0
Cross-Sec Area 16.2 A?/molecule Outgas Time 15.0 hrs
NonIdeality 6.580E-05 P/Po Toler 0
Molecular Wt 28,0134 g/mol Equil Time 3
Station # 1 Bath Temp. 77.35

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

Mal'tipoint. BET. &. . . SSRVEER N . . ol g, . . « PP -
SiNgle PolntRBET .. BP0 « s v sgl e s s s 0 el ivin oo i s
Langmuilyn Surface /ivdcrwam. . .. ..o . A M0 ... By
BJH Method Cumulative Adscorption Surface Area..........
BJH Method Cumulative Desorption Surface Area..........
DH Method Cumulative Adsorption Surface Area...........
DH Method Cumulative Desorption Surface Area...........
t-Mekllgd Extertial StrfdeefAnea. . 4 B el et .
t-Method Micro Pore SULface BErEa.. ... vvesrrrrrnsransnns
DR Method Mi@so PErSABER . . iv. o . of 0 B« o 4D £ . A P

PORE VOLUME DATA

Total Pore Volume for pores with Diameter

less thanWd(ee . Sl AR LR /Po (=00 . 99538 4. FER B8 . . BSe |
BJH Method Cumulative Adsorption Pore Volume...........
BJH Method Cumulative Descrption Pore VOlUmM&...........
DH Method Cumulative Adsorption Pore Volume............
DH Method Cumulative Desorption Pore Volume............
t-Method Miene Boreg, Veldime. .. 40, Sommsuniirs s i . . o
DR Method Milsirel Pore) Waline:. ANany . . . JEaie.af. V). . . . S0
HK Method Cumiitlistive YRore/Wallime . « . . «-aeieganhil . . o . o iy
SF Method Cumulative Pore VOIUME. . vt vuv v oninononannns

Average Pore Diameter. ... ...ttt eneninintennenns

BJH Method Adsorption Pore Diameter (Mode) .v.vevewawsns
BJH Method Desorption Pore Diameter (Mode).............
DH Method Adscrption Pore Diameter (Mode) ...vvvvwweons
DH Method Desorption Pore Diameter (Mode).............

DR Method Micro Pore Width — oot it
DA Method Pore Diameter (Mode) .....vvuieeennennennenens
HK Method Pore Width (MOAE) v v vttt v seeneeeneennnnnns
SF Method PorelBRiameter [Made) .= 4. ..... 0 oo . om0k

DATA REDUCTION PARAMETERS

Thermal Transpiration : OFF
Last Po Acguired 776.28 mm Hg

MaxiDose : ON
Initial Fill : OFF
DoseWizard : OFF

BJH/DH Moving Average Size

Operator
Analysis Time
End of Run
File Name

PC SW Version

..... 1126 Eei02
..... 1.122E+02
..... 1.544E+02
..... 2 NS F+D2
..... 6.923E+01
..... 2.655E+02
..... 7.276E+01
..... 6, 41 5EA01
..... 4,848E+01
..... il. 42 6 SEEHDE

..... 8.664E-02
..... Bl. 55 8EF02
..... 5. 68 5ES02
..... 8 .51 8ES02
..... 5.656E-02
..... 2.588E-02
..... 4.494E-02
..... 5.198E-02
..... 5.256E-02

..... 3.077E+01
..... 5.194E+00
..... 1.676E+01
..... 5.194E+00
..... 1.676E+01
..... 2.304E+01
..... 1.300E+01
..... 5.625E+00
..... 9.782E+00

Interaction Constant (K) 2.9600 nm"3 x kJ/mol

] ~ 7 9 H
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1.Phenol

2.Benzene 1-methoxy-4-methyl
3.Cyclotene

4.Phenol 2-methyl

5.Phenol 4-methyl

6.Phenol 2-methoxy

7.Phenol 2,4-dimethyl
8.Naphthalene

9.Phenol 2-methoxy-4-methyl
10.Benzene 2,4-dimethoxy-1-methyl
11.Benzeneethanol 2-methoxy
12.Phenol 2,6-dimethoxy

13.Phenol 2-methoxy-4-propyl
14.Phenol 2-methoxy-4-(2-propenyl)
15.2H-Pyran-2-one 3-acetyl-4-hydroxy-6-methyl
16.Phenol 2-methoxy-4-(1-propenyl)
17.pentadecene

18.Dodecanoic acid methyl ester
19.2,3,5-Trimethoxytoluene
20.Hexadecane

21.Phenol 2,6-methoxy-4-(2-propenyl)

22.5-Hydroxy-3-ox0-2-propionyl-1.gamma.-lactone-4-heptenoic acid

23.Phenol 2,6-dimethoxy-4-(2-propenyl)

4.211

0.585

1.389

2.766

7.145

7.440

2421

1.442

9.724

1.444

12.235

7.141

3.335

2.138

8.829

6.122

2.118

0.560

8.158

0.858

1.118

2.508

2.793
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MI1IHUINA 91 (AD)

MIWARS U W3 % fiui
24.0Octadecane 0.756
25.Pentadecanoic acid 14-methyl-,methyl ester 1.197
26.Tetratriacontane 0.377
27.Heneicosane 0.546
28.Heptadecanoic acid 16-methyl-,methyl ester 0.353

3 oy LY a A a
Ms1eWuIni 92 eazideavesas lud wWuFunamaasounionlavinns Inls lagalsd
a s a = 9y =
nIzauasIANgUgl 550 evrwaFeanialausseinialulaswui 200
a \ = o o 09} o U 1 aAaa
vadaasaewINuaziinmsUsulgaguainid 1 Tasdsalgase
4

Co/Mo/Ni-SUZ-4 Nigasviil 350 oarisartea

U31m%
ATHAAD A i
2. Benzene 1,2,3 trimethyl 1.743
3. Benzene 1-propynyl 0.967
4. Phenol 2-methyl 7.246
5. Phenol 4-methyl 12.923
6. Phenol 2-methoxy 7.138
7. Phenol 2,6-dimethyl 3.236
8. Benzofuran 2-methyl 1.740
9. Phenol 2,4-dimethyl 5.026
10. Benzene 1-butynyl 1.482
11. Triquinacene 1.639
12. Phenol 2,5-dimethyl 4.875

13. Phenol 2,6-dimethyl 1.395
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s %
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14. (1RS,2RS,3SR)-2,3-epoxy-1,2,4,4-tetramethyl-
3-(3-methyl-2-cyclobutenyl)-1-cyclohexanol 1.249
15. Phenol 2-methoxy-4-methyl 8.705
16. Benzene 4-methoxy-1,2-dimethyl 1.635
17. Benzofuran 4,7-dimethyl 1.573
18. Benzene 1-ethyl-4-methoxy 1.032
19. Phenol 4-ethyl-2-methoxy 5421
20. Naphthalene 1-methyl 2.341
21. Naphthalene 2-methyl 2.057
22. Phenol 2-methoxy-4-propyl 2.020
23. 1-pentadecene 1.137
24. Benzoic acid 4-hydroxy-3-methoxy 3.406
25. 6,7-benzospiro[bicyclo[3.2.1]octa-3,6-diene-2,1-cyclopropane] 3.091
26. 9H-Fluorene 1.822
27. Benzene 1-ethyl-3-(phenylmethyl) 1.133
28. 1-Tetradecanol 0.534
29. Dodecane 1,1-oxybis 0.360
30. 1-pentadecene 0.352
31. 10-Methylnonadecane 0.440
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