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Chaiyavid Wonghirunyawat 2011: Upgrading of Bio-oil from Coffee Bean Residue by
Hydrodeoxygenation and Alkylation Reactions using CoMo/MCM-41 and Acid
Catalyst. Master of Engineering (Chemical Engineering), Major Field: Chemical
Engineering, Department of Chemical Engineering. Thesis Advisor: Associate Professor

Apinya Duangchan, Ph.D. 124 pages.

Upgrading of bio-oil from coffee bean residue by hydrodeoxygenation and alkylation
using CoMo/MCM-41 and SO,/Al,0,-ZrO, was studied in a semi-batch reactor. Coffee bean
residue was pyrolysed in a semi-batch reactor at temperatures of 450-550°C using nitrogen as a
carier gas. At 500°C, maximum bio-oil yield of 44.0% was obtained. The organic phase and
aqueous phase of the bio-oil have heating values of 36.03 MJ/kg of the organic phase of bio-oil
and 3.83 MJ/kg of the aqueous phase of bio-oil, respectively. Upgrading of bio-oil by
hydrodeoxygenation with CoMo/MCM-41 at 500°C provided the bio-oil with a high heating
value of 39.12 MJ/kg of the organic phase of bio-oil. The increase of catalyst loading from 0.02
to 0.4% weight of catalyst per weight of biomass showed no improvement on
hydrodeoxygenation reaction. However, upgrading under hydrogen pressure showed a positive
result. Upgrading by alkylation reaction was carried out in a stirred tank autoclave reactor at
200°C using 1% weight of catalyst per weight of biomass. The components in the bio-oil were
analysed by GC-MS. Alkylation reaction increased the amount of alkylbenzene, resulting in an
increase of the high heating value of the bio-oil. The oxygen and nitrogen compounds in the bio-
oil were also reduced. However, hydrodeoxygenation reduced oxygenated compounds more than

the alkylation.

Student’s signature Thesis Advisor’s signature
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v Y Y
M3 1 Auautan1enemMwueuihiudInIm taziimue

AMANTAMINYMN sfuFanm safum
(bio-oil) (heavy fuel oil)
Moisture content (wt%) 15 -30 0.1
pH 2.5 -
Specific gravity 1.2 0.94

Elemental composition (wt%)

C 54 - 58 85
H 55-7.0 11
0] 35-40 1.0
N 0-0.2 0.3
Ash 0-0.2 0.1
HHV (MJ/kg) 16 - 19 40
Viscosity (at 50 °C) (cP) 40 - 100 180
Solids (wt%) 02-1 1
Distillation residue (wt%) Up to 50 1

x: Qi (2007)
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Proximate analysis (wt%)
Moisture 5.66
Ash 1.83
Volatile matter 75.07
Fixed carbon 17.44
Ultimate analysis (wt%)
C 51.65
H 6.95
N 243
S 0.27
O (diff.) 38.70
H/C molar ratio 1.60
O/C molar ratio 0.56
Empirical formula CH, (O, 5N 4
Heating value (MJ/kg) 22.33
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% of'total
Group component
S1 S2 S3 S4 S5

Aliphatics

- n-Alkanes derivative 19.8 20.7 321 229 313

- n-Alkenes derivative 83 10.6 16.1 10.8 15.7

- Cycloalkenes derivative 0 1.7 0 0 23
Total 28.1 330 482 33.7 493
Arenes

- Benzenes derivative 88 12.7 142 113 163

- Dicyclic arenes derivative L1 20 36 20 2.1
Total 99 14.7 17.8 133 184
Organooxygen Species (OOSs)

- Carboxylic acids derivative 37.6 29.5 21 313 23

- Ethers derivative 0.6 04 0.7 20 03

- Esters derivative 22 21 L5 24 14

- Aldehydes derivative = s 19 1.7

- Phenols derivative 85 73 11.8 55 11.7
Total 489 393 180 412 174
Organonitrogen Species (ONSSs)

- Long-chain aliphatic nitriles derivative 12.1 10.7 160 75 13.7

- Aliphatic amides derivative - 14 - 43 L1

- Other ONSs 09 09 - - -
Total 13.0 13.0 160 118 14.8

HWINAKA S1=500C, S2=CoM0/AL,0;, S3=CoMoMCM-41, $4=500°C + SO /AL,0,-Z10,
S5=CoMo/MCM-41 +S0,/ALO,-Z10,
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A9 HINA V2 A1N15ATIZYANL 15U (analysis of variances, AOV)
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Error 5.44 6 0.907 -
Total 32.88 11 - -
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MeVIEHIN n =1 uaz n=3 1aaA1 LSD = 1.58

tazA1 LSD Nszaunnudei 90% a3l luasanuini v3

) v v o Y Y A Y o 1 Aaaa [
‘mmi%ﬂeuﬂm@ﬂazwa"lmlmmm LiJ’e‘JGlGlmeNﬂgﬂiEJWWﬂﬂm’E)EJUl‘iJmﬂ

A391lgn3en Aunde
CuCoMo/MCM-41 38.15
CoMo/MCM-41 42.07
Mo/MCM-41 42.40
Co/MCM-41 42.53
MCM-41 43.50

CoMO/ALO, 43.80
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d' 1 = = 1 A
A3INUINA U3 A1 LSD MInfTeumnen n a19e Nt uaz ¢,

LSD
n, n,
£.0s b,

1 1 2.62 1.94
1 2 2.27 1.68
1 3 2.14 1.58
2 2 1.85 1.37
2 3 1.69 1.25
3 3 1.51 1.12

'
v A

fiszdunnnieiiu 80%
- MmmanfFeumeussnineds algnier CoMo/MCM-41 tag CoMO/ALO,

| X;- X, | =]42.07 -43.80| = 1.73> 1.12

uEAIIA s 91lnse1 CoMO/ALO, THSpoazma laraamaininnil CoMo/MCM-41
- MMsfToumensenIga1lgnTe1 CoMo/MCM-41 iag CuCoMo/MCM-41

| X;- X, | =]42.07 - 38.15| =3.92 > 1.58

uEAI1IA 13 91n381 CoMOMCM-41 13 psazwaldveaiaannnil CuCoMo/

MCM-41

| Xi- X, | =42.07 - 42.40| = 0.33 < 1.58

HEAIA s 91n301 CoMOMCM-41 1% 3psaznaldvearaltiosnimiominy

Mo/MCM-41

dmsudusalfsesug ausaiwSeudfeunudidredu nezagd 181 fevas

wa'ldvounad iile196a13 1 {A5 1 CoMO/ALO, > MCM-41 > Co/MCM-41 > Mo/MCM-41 >

273 —

CoMo/MCM-41 > CuCoMO/MCM-41

[

NIZAUANUFDIY 90%

o =) = 2 = % 1A 1 ti'
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Y
a911MINUeI¥ NI

d' Y Y a @ a Ad & = J
AT NINUINN V4 iaﬂazwa”lﬂsummm 1]§3J'Im’<]§]ﬂ1ﬂﬁ'15'é]u‘ﬂﬁﬁl Ll,ﬂf’ficlfﬁu HagAInNIy

v
[ a

Fou anmsiilgnsenfigaumvagil 400 uaz 500 osruTaFod

Q U

400°C 500°C
%’aaazwa'lﬁ'eummm 42.2 42.1
Ysinmduigninasounsd 24.6 29.6
Ysmnawda lodu 24.9 25.4
MAnuiou 38.73 39.12
msfnnalsnasalsdudoiminvesduia
42.2 kg bio-oil ‘ 24.9 kg gasoline ’ 24.6 kg organic phase oil
100 kg biomass kg organic phase oil ’ 100 kg bio-oil
1 400°C ldA 1Ny 2.59 kg gasoline/kg biomass
#500°C ldAmnAY 3.16 kg gasoline/kg biomass
MsMuIUAININ oUARIMINURITINIA
42.2 kg bio-oil ‘ 38.73 MIJ ‘ 24.6 kg organic phase oil

100 kg biomass kg organic phase oil | 100 kg bio-oil

1 400°C '1AA1NINY 4.02 MJ/kg biomass
1 500°C 'lAA1NY 4.87 MJ/kg biomass

MHANINARDINAIUIUAINITI AU TANAAINTIIHUINT U5-8
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d' a Y ~ 1 9 1 2’ @ = A
AN UINN VS USuaunalsay tagannusouaivinvessIuIg NPUNHUNITN

U

UN381 400 LAz 500 BIRUAATYE

400°C 500°C
USunauwialeau
2.59 3.16
(kg gasoline/kg biomass)
MaNuTou
4.02 4.87
(MJ/kg biomass)

.q' a (7 ~ 1 9 1 g; Y] = A Y 1a
AT NINUINN V6 ﬂsmmuﬂahau LUAZAIAITUIDUADUINUNUDITINIA LiJfngGIﬁJill’lm

a

@ } aaa I3 o gl @ ) aaan ~
G]’Jlﬁ\?ﬂj‘]ﬂiﬂ'l 0.02 1laz 0.4 Lﬂﬂilcﬁuﬁiﬂﬂu'lﬂuﬂ ﬂWﬂ@]ﬂiEﬂ‘ﬂQﬂ!ﬂﬂ‘M

U

500 DI AT

0.02 %wt 0.4 %wt
YSuamda Tosau
2.10 2.01
(kg gasoline/kg biomass)
manuiou
541 4.60
(MJ/kg biomass)

d' a Y ~ 1 9 1 3’ ] = A Yo 1
AN UINN U7 ‘]_]'iiﬂﬂ‘!!,!ﬂﬁj“]fau LAZAIAIUIDUABDUIVIUNUDITINIA LiJfJGl,‘lfﬂ’Jlix‘l

= =

Ugnsemauinlgnsenngarigil 500 ofaFed

U

MCM-41 MCM-41 : CoMo/ CoMo/MCM-41 :
AL,0, MCM-41 AL,
YSuana Tosau
2.70 2.49 3.16 2.56
(kg gasoline/kg biomass)
amanudou
4.50 4.67 4.87 4.06
(MJ/kg biomass)




d' a Y = 1 9 ' g} o = A Yo 1
310N 18 UTaunalydu wazgmnnusoudeiminuesiuda weluaiusa
1361 CoMoMCM-41 118z CoMo/ALO, TN enigaivigil 400 uaz 500

psramod 1Hunalalasiou (70.1 %H, Tu N funfaw

[400°C] [500°C] [500°C]
CoMo/MCM-41 | CoMo/MCM-41 | CoMo/ AL,0O,

Ysinamdaledu
2.41 3.04 3.02
(kg gasoline/kg biomass)

MaNuTou
4.86 4.70 5.68

(MJ/kg biomass)
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Intensity (AU.)

[1,0,0]

[1,1,0] 2.0.0]

3 4 5 7

2 Theta

MWRUINT A1 1193 FIUUUDY XRD ¥998 139581 MCM-41 (3aud)

Intensity (AU.)

[-2,0,1]

[0,0,2]

[0,2,1]

[2,0,1]

[-3,1,1]

[-1,3,17-2,2,2] [0,4,0] [4,4,0]

T LI T | LI s e
30 40 50 80

2 Theta

MARWINA A2 1A5gIUgINUD XRD v99e31)52no1 CoMoO, (Tayuning)
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[4,0,0]

Intensity (AU.)
g

[3,1,1]

1000 ‘ ‘
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[4,4,0]

Y @ Y
MANINT A3 11A57IUUUD XRD Y99 ALO, (Jayunin)

[-1,1,1]

[1,1,1]

Intensity (AU.)
§

[0,0,2] [2,2,0]

LA B s s s s B B
16 20 30 40 50

2 Theta

MARWINT a4 11A55U3IVD XRD Y04 Zr0, (Fayuning)
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Y v
F03y091NN15IATIZHNMITMIRLNUUY BET 409421500501 MCM-41

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA
MUultipoint BET .......ccviieieieiieicieses sttt 1.365E+03 m?/g
Langmuir SUTTACE AT@a.......c.cecuieiiiiiirieeieeiee ettt sttt 2.346E+03 m*/g
BJH Method Cumulative Adsorption Surface Area.........ccoceeveerievvenieneeneesienne 1.633E+03 m?/g
BJH Method Cumulative Desorption Surface Area.........cccceeveevieevieesierciensieeiiennnen. 1.685E+03 m?/g
DH Method Cumulative Adsorption Surface Area..........ccceceevievieviinienieniennens 1.704E+03 m?/g
DH Method Cumulative Desorption Surface Area..........occevveeeieecieeceeiieesieeennnen. 1.757E+03 m?*/g
t-Method External Surface Area.........ccoecvevvieiiiiienieseeeceeeeeee e 1.365E+03 m?*/g
t-Method Micro Pore Surface Area.........ecveeierienienieniesieeieciesie e 0.000E+00 m?*/g
DR Method MicCro POTe ATEa.......c.cecueeieiiieiieiiesiiesttesitesieie ettt seee e eee 2.939E+03 m*/g

PORE VOLUME DATA

Total Pore Volume for pores with Diameter less

than 2801.9 A at P/PO = 0.99312........ueuieeeeieeeeeeeeeeeeeeesee e 3.701E+00 cc/g
BJH Method Cumulative Adsorption Pore Volume..........ccceeeeviienieenieneeneennenne. 3.743E+00 cc/g
BJH Method Cumulative Desorption Pore Volume..........cccoovvevienienieneeneenenne. 3.760E+00 cc/g

BJH Interpolated Cumulative Adsorption Pore Volume for pores
in the range of 5000.0 t0 0.0 A DIAMELer.............cc.eveeveeveeeeeeeeeeeeeeeeeeeseeseeeeeone 3.743E+00 cc/g

BJH Interpolated Cumulative Desorption Pore Volume for pores

in the range of 5000.0 t0 0.0 A DIamEter...........c.coveveeeviveeeeeeeeeeeeeeseeeeeeeee e 3.760E+00 cc/g
DH Method Cumulative Adsorption Pore Volume...........ccceeceeviieneeneeneeneenneenne. 3.684E+00 cc/g
DH Method Cumulative Desorption Pore Volume............ccceeeveveenienienieneenneenne. 3.701E+00 cc/g
t-Method Micro Pore VOIUME.........cceevuiiiiiiiieiccieeieete e 0.000E+00 cc/g

DR Method Micro Pore VOIUME........ccoecvieciiiiieriiecieceeseeceeseesee sttt 1.044E+00 cc/g
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PORE SIZE DATA

AVErage POre DIAMELET.........cccveeieriieieiesiceeiee sttt e e e aessessessa e sessesnnens 1.085E+02 A

BJH Method Adsorption Pore Diameter (MOde)........cceivieereesiererierieereeesieesnereneas 2.913E+01 A

BJH Method Desorption Pore Diameter (Mode).........c.ccveeverereeriveereenrereeereeereeennes 2.895E+01 A

DH Method Adsorption Pore Diameter (MOde)........cooveviviveerevereerieereesieiseereeereneas 2913E+01 A

DH Method Desorption Pore Diameter (Mode).........c.ceevevereveeriveereeereresierieeeeeeenenes 2.895E+01 A

DR Method Micro Pore WAAth ...eveeeeeeeeeee oo ee s e s ees s eeens 2.022E+02 A

2500
2250
2000
1750
1500
1250
1000

750

Volume [cc/g]

500
250

MNNUINT 91

. *— absorption

— —8— desorption

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/Po

ad @ 1 aaa
loTanis unaonvosdnslnser MCM-41
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a d 4 { o 1 Aaaa
"i’lji’)ﬂaljﬁﬁnﬂﬂTi?LﬂiW%WﬂTiﬂ"leuﬁu‘]_m BET ‘Uﬂﬂﬁﬂlﬁﬂﬂaﬂﬁfﬂ CoMo/MCM-41

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA
MUltipoint BET .......cciiiiieieieieiese ettt sttt sneens 7.279E+02 m¥/g
Langmuir SUITACE AT@a.......c.eecueeiiriieieeiierieeterte ettt sttt s 1.352E+03 m?%g
BJH Method Cumulative Adsorption Surface Area.........ccoceeveevievieniereenieeneenns 7.530E+02 m?*g
BJH Method Cumulative Desorption Surface Area.........cceveeeveeevieeiiirienieeiiennnen. 8.013E+02 m?/g
DH Method Cumulative Adsorption Surface Area..........ccceceeveievieriiiniienieniennene 7.935E+02 m?*/g
DH Method Cumulative Desorption Surface Area..........cocecveecieecieecieecieesieeieennen. 8.434E+02 m?/g
t-Method External Surface Area.........ccoecvevciieiienieneeseeseeeeeeeee et 7.279E+02 m?/g
t-Method Micro Pore Surface Area.........ceceeeiverienienieniesieeieeie e 0.000E+00 m?*/g
DR Method MiCTO POTE ATEa......cccuiiiiieieieiieeiieieeieeie et ete et 1.311E+03 m?*g

PORE VOLUME DATA

Total Pore Volume for pores with Diameter less

than 2690.5 A at P/P0 = 0.99283..........oueueeeeeeeeeeeeeeeeeeeesee e 1.715E+00 cc/g
BJH Method Cumulative Adsorption Pore Volume..........ccceovevuvenieenieneeneennenne. 1.736E+00 cc/g
BJH Method Cumulative Desorption Pore Volume..........cccoovvevienieneeneenceeenne. 1.751E+00 cc/g

BJH Interpolated Cumulative Adsorption Pore Volume for pores
in the range of 5000.0 t0 0.0 A DIAMELer...........c..oooveeeeeeeeeeeeeeeeeeeeeeeeee e 1.736E+00 cc/g

BJH Interpolated Cumulative Desorption Pore Volume for pores

in the range of 5000.0 t0 0.0 A DIameter...........cc.oveveeevivreeeeeeeeeeeeseeeeeee e 1.751E+00 cc/g
DH Method Cumulative Adsorption Pore Volume...........cccoecveeiveieeneeneeseenneenne. 1.710E+00 cc/g
DH Method Cumulative Desorption Pore Volume...........ccocveveeveeneenieenieneenneenne 1.726E+00 cc/g
t-Method Micro Pore VOIUME..........ccoeciiiviiiiieiiciececeeee e 0.000E+00 cc/g

DR Method Micro Pore VOIUME.........ccccviiciiiriieiieiecceee e 4.661E-01 cc/g
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PORE SIZE DATA

AVErage POre DIAMELET.........cccvecveiieiesiisecietee st eae et sie e eesae e sse s e seseesnnens 9.427E+01 A
BJH Method Adsorption Pore Diameter (MOde)........cceivieereerreeerierieereeesieresnereaens 2.913E+01 A
BJH Method Desorption Pore Diameter (Mode).........c.ccvevverireerieereesreeniereeereeennns 2.869E+01 A
DH Method Adsorption Pore Diameter (MOde)........cecveuivieeereeerierieerieereeesierieeneaeas 2913E+01 A
DH Method Desorption Pore Diameter (Mode).........c.cvevveriveeriveerieereeesiereeeereeeenenns 2.869E+01 A
DR Method Micro Pore Width .....ccvvueuuereerrrierceeienenesessesessseessssseessesessssesnaees 1.983E+02 A

1250

absorption
1000 | —®— desorption

750

500 -

Volume [cc/g]

250 -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/Po

Y ad @ 1 aaa
mrianil 2 To TS unasauodns sfnsen CoMo/MCM-41
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a 4 § { @ 1 aaan
Wo3aNMIUATIZHNMTHINUNUUY BET 4098139170561 ALO,-Zr0,

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

Multipoint BET.......ccooiieieiieeierese et
Langmuir SUface AT€a........ccceecuirciieiiieniierieniesteste sttt
BJH Method Cumulative Adsorption Surface Area........cccoceevveeveenieennennee.
BJH Method Cumulative Desorption Surface Area.........ccceceerveeieeiennnen.
DH Method Cumulative Adsorption Surface Area.........ccceceevveveeneennennne.
DH Method Cumulative Desorption Surface Area..........coceeevevievieniennens
t-Method External Surface Area.........cccceoerieiininieiiencnencnenceceieseeee
t-Method Micro Pore Surface Area..........cocevevereeienenenineneneeieneneaes

DR Method Micro Pore Area........ooooeeeeiiiiiiiiiiieeieeeeeeeeeeeeeee e

PORE VOLUME DATA

Total Pore Volume for pores with Diameter less

than 6334.8 A at P/P0 = 0.99697.......coevueurreurreiinereeseeeissseeeeseseeseessesee
BJH Method Cumulative Adsorption Pore Volume..........ccccccvevueeueennnnee.

BJH Method Cumulative Desorption Pore Volume..........cccccccvevuvenieennennee.

BJH Interpolated Cumulative Adsorption Pore Volume for pores

in the range of 5000.0 t0 0.0 A Diameter..............ocovvveeeuveeeeeeeieeererrsneeene.

BJH Interpolated Cumulative Desorption Pore Volume for pores

in the range of 5000.0 t0 0.0 A Diameter..............cccoveevvirreeeeeereeeeeerreneeeenn.
DH Method Cumulative Adsorption Pore Volume..........ccccoecvvevvveieeiennnen.
DH Method Cumulative Desorption Pore Volume............cccceevevveenieennennee.
t-Method Micro Pore Volume..........cccoecieverieiienenineecteese e

DR Method Micro Pore VOIUME. .......cooeeeoeeeeeeieeieeeeeeeeeeeee e

8.494E+01 m?/g
1.484E+02 m?/g
9.850E+01 m?/g
1.220E+02 m?/g
1.008E+02 m?/g
1.270E+02 m¥/g
8.494E+01 m?/g
0.000E+00 m?/g
1.538E+02 m?%/g

1.701E-01 cc/g
1.736E-01 cc/g

1.828E-01 cc/g

1.736E-01 cc/g

1.828E-01 cc/g
1.722E-01 cc/g
1.832E-01 cc/g
0.000E+00 cc/g

5.465E-02 cc/g
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PORE SIZE DATA

AVErage POre DIAMELET.........cccveeveriieiesieseceeiee ettt te e saessesseessesseseeesnens 8.009E+01 A
BJH Method Adsorption Pore Diameter (MOde).........ccvevevieereerreerierieereeesieresnereaens 6.219E+01 A
BJH Method Desorption Pore Diameter (Mode).........c.ccveeveiveerireereenrereriereeereeennes 4.625E+01 A
DH Method Adsorption Pore Diameter (MOde)........cevevirieereerierinierieereeeereeeeeeeaeas 6.219E+01 A
DH Method Desorption Pore Diameter (Mode).........ccovevvereveerieereesrereneereeereeeenenns 4.625E+01 A
DR Method Micro Pore Width .........co.coovovuruiveeeeeceseeeeeeeee e seseeen 1.770E+02 A
120 —
100 absorption
= —®— desorption
S 80 —
=
(%]
g 60
=
(=]
> 40
20 —
0 T T T T T T T T T ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/Po

Y ad @ 1 aaa
menil 3 ToTmnsunaeavedns sl§nsen ALO,-ZrO,
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a d 4 { o 1 Aaaa
Ho3aNMIUATIZHMTHINUNUUY BET 4096213915361 SO,/ALO,-ZrO,

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA
MUltipoint BET .......cciiiiieieiieiesese sttt sttt ae e sne e 5.753E+01 m?/g
Langmuir SUITACE AT@a........cecueeiiiiiiirieeieeieete ettt sttt 9.903E+01 m*g
BJH Method Cumulative Adsorption Surface Area.........ccoceeveevievienienienienienns 6.506E+01 m?/g
BJH Method Cumulative Desorption Surface Area.........cocevueeveeevieeiiercieniieesiennnen. 8.888E+01 m?/g
DH Method Cumulative Adsorption Surface Area..........ccceceevievieriinieniieniennene 6.693E+01 m?*/g
DH Method Cumulative Desorption Surface Area........cceceeeveevieecieeceecieesieeieennen. 9.268E+01 m?*g
t-Method External Surface Area.........ccoecvevcieeiienieneeseeeeeeseeeee et 5.753E+01 m*/g
t-Method Micro Pore Surface Area.........cocveeievieniinieiiieieeieeie et 0.000E+00 m?*/g
DR Method MicCTO POTE ATEa......cccuiiiiieiieeieeieeieeie ettt ettt 1.035E+02 m*/g

PORE VOLUME DATA

Total Pore Volume for pores with Diameter less

than 5514.0 A at P/P0O = 0.99652.........cocovorveereieeeeeeerseeeeseesssesseesssssessesssesseesennenns 1.336E-01 cc/g
BJH Method Cumulative Adsorption Pore Volume..........ccccecvveieeeiieciieiiinieniennen. 1.354E-01 cc/g
BJH Method Cumulative Desorption Pore Volume..........cccceeceevieeiiienieeneeneenenne. 1.455E-01 cc/g

BJH Interpolated Cumulative Adsorption Pore Volume for pores
in the range of 5000.0 t0 0.0 A DIAMELer..............oocoveeeeeeeeeeeeeeeeeereeeeee e 1.354E-01 cc/g

BJH Interpolated Cumulative Desorption Pore Volume for pores

in the range of 5000.0 t0 0.0 A DIAMELEr...........c.oveveeieeieeeeeeeeeeeeeeee e 1.455E-01 cc/g
DH Method Cumulative Adsorption Pore Volume..........cccoeevveeieeciencienciieieeieennen. 1.345E-01 cc/g
DH Method Cumulative Desorption Pore Volume............ccceevveveeneenieneeneenneenne. 1.461E-01 cc/g
t-Method Micro Pore VOIUME..........ccoeciieiiiiieciceeeeeeee e 0.000E+00 cc/g

DR Method Micro Pore VOIUME........ccocviiciiiiieiieiecceee e 3.679E-02 cc/g
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PORE SIZE DATA

AVErage POre DIAMELET.........cccuvvirieiesieeiceeiee ettt e e saesre e e s e seseeennens 9.288E+01 A
BJH Method Adsorption Pore Diameter (MOde).........ccvevivieereesreerierieereeesrevesiereneas 6.177E+01 A
BJH Method Desorption Pore Diameter (Mode).........c.ccveveveeiveeriveereenreenieeeereeennes 6.098E+01 A
DH Method Adsorption Pore Diameter (MOde)........ceevevivieeereerierinierieereeeeieeeeeeriaeas 6.177E+01 A
DH Method Desorption Pore Diameter (Mode).........c.coveeveriveerieereenreresiereeereeeenenns 6.098E+01 A
DR Method Micro Pore Width ..........ccooeoveevviveeeeeeeeeeeeeeeee e 1.743E+02 A
120 —
100 — absorption
— —®— desorption
> 80 -
=,
-5}
g 60 —
=
(=]
> 40 -
20
0 T T T T T T T T T ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/Po

Y ad @ 1 aaa
mrinil ¢4 Tolansunasauesds slfnsen SO,/ALO,-ZrO,
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a1ssznou gased1die waaluana uazlsumans

Peak Companent Empirical formular ~M.W. % of total
1 2,5-Dimethyl furan CH,0 96.13 0.626
2 Methyl benzene (Toluene) C.H, 92.14 3.123
3 Octane CH,, 114.23 0.762
4 Ethyl benzene CH,, 106.16 1.304
5 1,3-Dimethyl benzene (m-Xylene) CH,, 106.16 0.753
6 1-Nonene C,H,, 126.24 0.78
7 Dimethyl benzene (Xylene) CH,, 106.16 0.732
8 Nonane C,H,, 128.2 0.947
9 Phenol CH.O 94.11 3.172
10 Decane C,H,, 142.29 1.44
11 1-Hydroxy-2-methyl benzene (o-cresol) C,H,0 108.14 0.783
12 n-Butyl benzene C H 134.22 1.00
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Peak Companent Empirical formular M.W. % of total
13 1-Hydroxy-4-methyl benzene (p-cresol) CHO 108.14 2.449
14 1-Undecene C,H, 154.29 1.262
15  Undecane C,H, 156.31 1.065
16  Pentyl benzene C, Hj 148.24 1.16
17 2,6-dimethyl phenol CH,,0 122.16 2.054
18  Napthalene C,Hq 128.17 1.109
19  Dodecane C,H, 170.33 1.758
20  Tridecane (n-tridecane) C,H, 184.35 1.439
21 1-Tetradecene C;H, 196.38 1.77
22 Tetradecane C.H,, 198.38 2.801
23 Pentadecane CH,, 212.42 4.998
24 Hexadecane C,H,, 226.45 1.667
25  8-Heptadecene C.H, 238.45 1.771
26  3-Heptadecene C.H,, 238.45 2.73
27  Heptadecane C,H, 240.47 2.261
28  I-methyldecyl benzene C,H, 232.39 0.748
29  1H-Purine-2,6-dione (Caffeine) CH,N,O, 194.19 0.867
30  Nonadecane C,H, 268.53 0.703
31  Pentadecanenitrile CH,)N 223.4 4.628
32 Methyl n-Hexadecanoate C,H,,0, 270.45 2.215
33 Hexadecanoic acid C,H,,0, 256.42 18.636
34  1-cyano-8-pentadecene C,H,N 235.46 4.588
35  Octadecanenitrile (Heptadecyl cyanide) CHN 265.54 2.936
36  9-Octadecenoic acid (Z2) C,H,,0, 282.46 7.064
37  9-Octadecenoic acid (E) C,H,,0, 282.46 7.967
38  Octadecanoic acid CH,0, 284.48 3.931
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Peak Companent Empirical formular M.W. % of total
1 2,5-Dimethyl furan CH,0 96.13 0.435
2 Methyl benzene (Toluene) C.H, 92.14 2.402
3 1-Octene CH,, 112.24 0.469
4 Octane C.H,, 114.23 0.568
5 2,5-dimethyl-1,4-hexadiene CH, 110.2 0.283
6 Ethyl benzene CH,, 106.16 1.072
7 Dimethyl benzene (Xylene) CH,, 106.16 0.699
8 1-Nonene C,H,, 126.24 0.664
9 1,4-Dimethyl benzene (p-Xylene) CH,, 106.16 0.663
10 Nonane C,H,, 128.2 0.838
11 Phenol CH.O 94.11 2.83
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Peak Companent Empirical formular M.W. % of total
12 Decane C,H,, 142.29 1.262
13 1-Hydroxy-2-methyl benzene (o-cresol) CH,0 108.14 0.846
14 n-Butyl benzene C.H, 134.22 0.847
15 1-Hydroxy-3-methyl benzene (m-cresol) C.H,0 108.14 2.576
16 3-Undecene (Z) C,H, 154.29 1.492
17  Undecane C,H, 156.31 1.067
18  2,4-Dimethyl phenol CH,,0 122.16 1.054
19 1-Phenyl-1-butene (E) CH, 132.2 0.61
20  Pentyl benzene C, H, 148.24 1.048
21 1-Methyl-4-isobutyl benzene C, H, 148.24 1.78
22 Napthalene C,Hq 128.17 1.099
23 Dodecane C,H, 170.33 1.412
24 4-Methylpentyl benzene C,H, 162.27 0.827
25  1,3-Dimethylbutyl benzene C,H, 162.27 1.271
26  Tridecane (n-tridecane) C,H, 184.35 1.635
27  2-Methyl napthalene C,H, 142.2 0.9
28  1-Tetradecene CH, 196.38 1.633
29  Tetradecane C.H,, 198.38 1.99
30  1-Pentadecene CH,, 210.4 1.131
31  Pentadecane CH,, 212.42 5.995
32 Hexadecane C,H,, 226.45 1.608
33 8-Heptadecene C.H,, 238.45 1.957
34  3-Heptadecene C,.H, 238.45 2.985
35  Heptadecane C,H, 240.47 3.201
36  1-methyldecyl benzene C,H, 232.39 1.448
37 1H-Purine-2,6-dione (Caffeine) CH,N,O, 194.19 0.913
38  Nonadecane C,H, 268.53 1.069
39  Hexadecanenitrile C H,N 237.42 5.722
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Peak Companent Empirical formular M.W. % of total
40  Methyl 14-methyl Pentadecanoate C,,)H,,0, 270.45 2.083
41  Hexadecanoic acid C,H,,0, 256.42 14.818
42 Cyclo tetradecane C, H, 196.37 1.708
43 l-cyano-8-pentadecene C,H,N 235.46 2.341
44  Heptadecanenitrile C,H;;N 251.45 2.6
45 9-Octadecenoic acid (2) C,H,,0, 282.46 5.343
46  9-Octadecenoic acid (E) CH,,0, 282.46 5.91
47  Octadecanoic acid CH;0, 284.48 3.443
48  Octadecanamide C,,H,.NO 283.49 1.452
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Peak Companent Empirical formular M.W. % of total
1 2,5-Dimethyl furan CH,0 96.13 0.341
2 Methyl benzene (Toluene) C.H, 92.14 3.054
3 1-Octene CH,, 112.24 0.571
4 Octane C.H,, 114.23 0.887
5 2-Isopropyl furan C,H,,0 110.15 0.315
6 Ethyl benzene CH,, 106.16 1.659
7 1,2-Dimethyl benzene (o-Xylene) CH,, 106.16 1.008
8 1-Nonene C,H,, 126.24 1.091
9 1,2-Dimethyl benzene (o-Xylene) CH,, 106.16 1.275

10 Nonane C,H,, 128.2 1.444
11 Propyl benzene CH,, 120.19 0.635
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Peak Companent Empirical formular M.W. % of total
12 Phenol CHO 94.11 3.383
13 1-Decene C,H,, 140.27 1.232
14 1,3,5-trimethyl benzene CH, 120.19 0.768
15  Decane C,H,, 142.29 2.108
16  1-Hydroxy-2-methyl benzene (o-cresol) C.H,0 108.14 1.054
17  n-Butyl benzene CH, 134.22 1.247
18  1-Hydroxy-3-methyl benzene (m-cresol) C.H,0 108.14 2.799
19 1-Undecene C,H, 154.29 2.129
20  Undecane C,H, 156.31 1.8
21 2,6-Dimethyl phenol CH,,0 122.16 1.342
22 1-Phenyl-1-butene (E) CH, 132.2 0.899
23 Pentyl benzene C, H, 148.24 1.44
24 2-Ethyl phenol C.H, 0 122.16 2.104
25  Napthalene C,Hq 128.17 2.185
26  Dodecane C,H, 170.33 2.606
27  4-Methylpentyl benzene C,H, 162.27 1.326
28  2-methyl-3-(P-Tolyl) propionaldehyde C,H,O 162.23 1.929
29  1-Tridecene CH,, 182.35 1.258
30  Tridecane (n-tridecane) C,H, 184.35 2.613
31  2-Methyl napthalene C,H, 142.2 1.407
32 1-Tetradecene C,H, 196.38 2.049
33 Tetradecane C. H,, 198.38 3.318
34  1-Pentadecene CH,, 210.4 1.415
35  Pentadecane CH,, 212.42 9.938
36  di-t-butyl phenol C, H,,0 206.32 1.167
37 1-Hexadecene (Cetene) C,H,, 224.43 1.175
38  Hexadecane C,H,, 226.45 2.098
39  8-Heptadecene C.H 238.45 1.753
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Peak Companent Empirical formular M.W. % of total
40  3-Heptadecene C,H, 238.45 3.458
41  Heptadecane C,H, 240.47 3.69
42 1-methyldecyl benzene C,H, 232.39 0.86
43 Octadecane CHyq 254.49 0.66
44  Nonadecane C,H,, 268.53 0.91
45  Hexadecanenitrile C,H;N 237.42 8.555
46  Methyl Hexadecanoate C,H,,0, 270.45 1.52
47  Hexadecanoic acid C,H,,0, 256.42 2.044
48  l-cyano-8-pentadecene C,H,N 235.46 4.124
49  Hexadecanenitrile C,H, N 237.42 3.356
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Peak Companent Empirical formular M.W. % of total
1 2,5-Dimethyl furan CH,0 96.13 0.69
2 Methyl benzene (Toluene) C.H, 92.14 3.178
3 1-Octene CH,, 112.24 0.395
4 Octane C.H,, 114.23 0.757
5 2-Isopropyl furan C,H,,0 110.15 0.33
6 Ethyl benzene CH,, 106.16 1.326
7 1,4-Dimethyl benzene (p-Xylene) CH,, 106.16 0.86
8 1-Nonene C,H,, 126.24 0.714
9 1,3-Dimethyl benzene (m-Xylene) CH,, 106.16 0.934
10 Nonane C,H,, 128.2 1.182
11 Phenol CH.O 94.11 3.006
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Peak Companent Empirical formular M.W. % of total
12 Decane C,H,, 142.29 1.657
13 n-Butyl benzene C,H, 134.22 1.693
14 1-Hydroxy-4-methyl benzene (p-cresol) CHO 108.14 2.46
15  1-Undecene C,H, 154.29 1.655
16  Undecane C,H, 156.31 1.325
17  Pentyl benzene C, Hg 148.24 1.258
18  1-Methyl-4-(2-methylpropyl) benzene C H, 148.24 2.083
19  Napthalene C,Hq 128.17 1.987
20  Dodecane C,H, 170.33 1.88
21  Tridecane (n-tridecane) C,H, 184.35 1.832
22 1-Tetradecene C;H, 196.38 1.321
23 Tetradecane C. H,, 198.38 2.287
24 1-Pentadecene CH,, 210.4 1.273
25  Pentadecane CH,, 212.42 6.464
26  2H-Indeno[1,2-b]furan-2-one,

3.3a,4,5,6,7,8,8b-octahydro-8,8-dimethyl C;H,0, 206.28 0.982
27  Hexadecane C,H,, 226.45 1.745
28  8-Heptadecene C.H,, 238.45 2.126
29  1-Pentadecene CH,, 210.4 3.327
30  Heptadecane C,H,, 240.47 2.9
31  Nonadecane C,H, 268.53 0.854
32 Hexadecanenitrile C,H;N 237.42 3.577
33 Methyl Hexadecanoate C,H,,0, 270.45 2.422
34  Hexadecanoic acid C,H,,0, 256.42 14.814
35  Octadecanenitrile (Heptadecyl cyanide) CHy N 265.54 3.901
36  9-Octadecenoic acid (Z2) C,H,,0, 282.46 6.623
37  9-Octadecenoic acid (E) C,H,,0, 282.46 9.896
38  Hexadecanamide C H,,NO 255.44 4.287
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Peak Companent Empirical formular M.W. % of total
1 2,5-Dimethyl furan CH,0 96.13 0.305
2 Methyl benzene (Toluene) C,H, 92.14 2.545
3 1-Octene CH,, 112.24 0.552
4 Octane C.H,, 114.23 0.841
5 1,4-Dimethylcyclohexene CH, 110.2 0.346
6 2-Octene CH,, 112.24 0.173
7 Ethyl benzene CH,, 106.16 1.661
8 1,3-Dimethyl benzene (m-Xylene) CH,, 106.16 0.978
9 1-Nonene C,H,, 126.24 0.797

10  1,4-Dimethyl benzene (p-Xylene) CH,, 106.16 1.103
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Peak Companent Empirical formular M.W. % of total
11 Nonane C,H,, 128.2 1.329
12 Propyl benzene CH, 120.19 0.656
13 1-Ethyl-2-methyl benzene CH, 120.19 0.608
14 Phenol CHO 94.11 3.205
15  1-Decene C,.H,, 140.27 1.025
16 1,3,5-trimethyl benzene CH,, 120.19 0.799
17  Decane C,H,, 142.29 2.016
18  1-Hydroxy-2-methyl benzene (o-cresol) C.H,O 108.14 1.266
19  n-Butyl benzene CH, 134.22 1.37
20  1-Hydroxy-4-methyl benzene (p-cresol) C.H,0 108.14 2.627
21 1-Undecene C,H, 154.29 1.998
22 Undecane C,H, 156.31 1.909
23 2,4-Dimethyl phenol CH,,0 122.16 1.31
24 1-Butynyl benzene C,H,, 130.19 0.958
25  Pentyl benzene C, H, 148.24 1.521
26  2,4-Dimethyl phenol CH, 0 122.16 2.337
27  Bicyclo [5,3,0] decapentaene (Azulene) C,Hq 128.17 1.992
28  Dodecane C,H, 170.33 2.436
29  Hexyl benzene C,H, 162.27 1.221
30  2-Methyl-3-(p-tolyl) propionaldehyde C,H,0 162.23 1.707
31 1-Tridecene C;H, 182.35 1.152
32 Tridecane (n-tridecane) CH, 184.35 2.365
33 1-Methyl napthalene C,H, 142.2 1.261
34 2-Methyl napthalene C,H, 142.2 0.792
35  Heptyl benzene C,H,, 176.3 1.088
36  1-Methyl-2-hexyl benzene C,H,, 176.3 0.858
37 1-Tetradecene C,H, 196.38 2.347
38  Tetradecane C H 198.38 3.307
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Peak Companent Empirical formular M.W. % of total
39  3-Tetradecene C;H, 196.38 0.905
40  1-Pentadecene CH,, 210.4 1.471
41  Pentadecane C,H,, 212.42 9.507
42 2,5-bis (1,1-dimethylethyl) phenol C H,,0 206.32 0.983
43  Hexadecane C,H,, 226.45 2.179
44  8-Heptadecene C,H,, 238.45 1.933
45  3-Heptadecene C,H,, 238.45 3.358
46  Heptadecane C,,H;, 240.47 3.711
47  1-methyldecyl benzene C,H, 232.39 0.94
48  Octadecane CHyq 254.49 0.739
49  Nonadecane C,H,, 268.53 0.922
50  Hexadecanenitrile C,H;N 237.42 6.908
51  Methyl Hexadecanoate C,H,,0, 270.45 1.414
52 Hexadecanoic acid C,H,,0, 256.42 2.333
53 1-cyano-8-pentadecene C,HN 235.46 3.648
54  Octadecanenitrile CH;N 265.48 3.161
55  Hexadecanamide C, H,.NO 255.44 1.125
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