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Woraphan Larpyutithum 2014: Upgrading of Bio-oil from Spent Coffee Grounds
Using CoMo/MCM-41 and CoMo/Al,O, Catalysts. Master of Engineering (Chemical
Engineering), Major Field: Chemical Engineering, Department of Chemical
Engineering. Thesis Advisor: Associate Professor Apinya Duangchan, Ph.D.

124 pages.

In this study, bio-oil was produced by fast pyrolysis of spent coffee grounds at 550°C,
the liquid product from pyrolysis was distilled into two fractions at 200°C, then the heavy
fraction (>200°C) was upgraded by using a mixture of CoMo/MCM-41 and CoMo/ALO, in an
autoclave reactor. The separation of light oil from heavy oil by distillation before upgrading by
using the mixed catalysts increased the heating value of heavy oil from 35.58 (from upgrading
of the total bio-o0il) to 37.05 MJ/kg. In addition, upgrading of heavy oil by using the mixed
catalysts and decalin increased the heating value, and the maximum heating value of the heavy
fraction was 41.83 MJ/kg at 400°C, initial hydrogen pressure of 2 atm, the 1:3 weight ratio of
CoMo/MCM-41 and CoMo/Al,O, catalysts for 1 h of reaction time. The upgraded heavy oil was
analyzed by GC-MS. The result showed that the upgrading by using the mixed catalysts
converted some chemicals, such as acids, esters, phenols, and naphthalenes to benzene-xylene-
toluene compounds. The elemental analysis results showed oxygen and nitrogen contents

decreased by 39% and 14%, respectively.
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Pd > Ru azdanuansalgnser PvMcM-41  dnsoinauule i ldndseinnis
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2. a3l i3en CoMo iiielinaaeufiigiu
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2.2 CoMo VUAITBITY MCM-41
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ultimate analysis (Wt%)

C 51.09

H 7.27

N 2.11

S 0.32

O (diff.) 39.21
H/C molar ratio 1.71

O/C molar ratio 0.53
empirical formula CH, ,,0,5N, 04
heating value (MJ/kg)* 20.65
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v (24 o aaa
doyaninmsgaduuna luTasmuuesdnslfnier MCM-41

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA
MUltipoint BET ......coouiiiiiiieieieeeeetet ettt et ettt e 1.463E+03 m?%g
Langmuir SUITACE ATCa.....c.cccveiiiriierieriieriieriierie ettt et ete et e ste e beebeeseesesnseenaees 2.481E+03 m?/g
BJH Method Cumulative Adsorption Surface Area.........ccccvveueeeierciencieneesieneennnns 1.576E+03 m?/g
BJH Method Cumulative Desorption Surface Area.........ccceeveeveeeieeeeeecieneeeiiennenns 1.677E+03 m?/g
DH Method Cumulative Adsorption Surface Area.........ccoceeeveeveecieecieesreesieeeeene. 1.617E+03 m?/g
DH Method Cumulative Desorption Surface Area..........ceccvevveveeevieesieenieenieenneens 1.716E+03 m?/g
t-Method External Surface Area.........cccevieviiiieiienieiie et 1.463E+03 m?/g
t-Method Micro Pore Surface Area.........ccoecuevvieeiiiiinieniceieesieeieeee e 0.000E+00 m*g
DR Method MiCTo POTE AT@a.......cccuiiiiieiiieiieiieieeieeieeieeieee et 1.757E+03 m?/g

PORE VOLUME DATA

Total Pore Volume for pores with Diameter

less than 3771.3 A at P/P0 = 0.99490.............covrmiuereereeeereeeeeseeeeeseeeees e 1.977E+00 cc/g
BJH Method Cumulative Adsorption Pore Volume............cccoevveveinivnnenciincinnnnnne 2.055E+00 cc/g
BJH Method Cumulative Desorption Pore Volume..........ccccevveveeneeneenceneeenne. 2.060E+00 cc/g
DH Method Cumulative Adsorption Pore Volume............cccoevrivieiiinenenincenne 2.011E+00 cc/g
DH Method Cumulative Desorption Pore Volume..........cccoocevieveeiienincneeieneene 2.016E+00 cc/g
t-Method Micro Pore VOIUME. ......ccoecuieiieiieiiciiciccte et 0.000E+00 cc/g
DR Method Micro Pore VOIUME.........cceeiiiiiiiieiiciecieceeeee e 6.243E-01 cc/g
HK Method Cumulative Pore VOIUME........cccoecieviiiciieiieieceeeeeee e 4.723E-01 cc/g

SF Method Cumulative Pore VOIUME.........ccccveeciieciieiieiiesieeeeeeeeee e 4.864E-01 cc/g
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PORE SIZE DATA
AVETrage Pore DIAMELET........ccveciieiieieeieeie ettt steesteesteesbeesteesteenseesaens 5.407E+01 A
BJH Method Adsorption Pore Diameter (Mode)..........coveuveeiriireieiereiieieeeeeeveneenens 2.450E+01 A
BJH Method Desorption Pore Diameter (IMode).........coooveevivveicieeeieeeeereeeceeereveenns 2.448E+01 A
DH Method Adsorption Pore Diameter (Mode).........ccvvvevirreirieiniereieieesieeeeeveeenes 2.450E+01 A
DH Method Desorption Pore Diameter (Mode).........ceevvveirieirieiiriireinieiseeeevenenes 2.448E+01 A
DR Method Micro Pore Width ...........cocovviiieieeeeeeeeeeeeeeeeeee e, 1.279E+02 A
DA Method Pore Diameter (IMOAE)........veeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeenees 1.820E+01 A
HK Method Pore Width  (IMOAE).......veeeeee oot e e eeneenes 1.512E+01 A
SF Method Pore DIameter (IMOAE)........eeveeeeeeeeeeeeeeeeeeeeeeeeee e eeeeseeeseeeseeeseeeseneeas 2.842E+01 A
1181.83 __.au.onq ﬂ
1089.41 n_{ |
—~026.98 E o T
5 = [
T 2 A
g H
Eszs . D o.0z62 f
_gm 28 > 3 o.oz72 ; .
Saw- o g "1 \
264.85 VB’/Q E 0.0181
132.43 O o0.0031 bt
o ',...“ .
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AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA
MUultipoint BET ......coouiiiiiieiee ettt e 9.153E+01 m?%g
Langmuir SUITACE AT@a.......cccuiiiiiiiiiiiieieiie ettt sttt s 1.447E+02 m?%g
BJH Method Cumulative Adsorption Surface Area.........cocceeveereeneeneeneeneeneene 9.780E+01 m?/g
BJH Method Cumulative Desorption Surface Area.........c.coceeveevieeviveriincieeieneenne 1.219E+02 m?/g
DH Method Cumulative Adsorption Surface Area.........cceccvevveecieecieecieecieeieeeennes 9.849E+01 m?/g
DH Method Cumulative Desorption Surface Area.........cceevveeeeveecieenieereeeveennennes 1.243E+02 m?*/g
t-Method External Surface Area.........cocvevvieciieiiieiiieiieie e 8.939E+01 m?/g
t-Method Micro Pore Surface Area........cccoecveeieeiieieiieieeccieeie e 2.137E+00 m?%g
DR Method MiCIo POre ATCa........cceecuieieeieeieeiiecieeeeeee sttt 1.265E+02 m?/g

PORE VOLUME DATA

Total Pore Volume for pores with Diameter

less than 3824.9 A at P/PO = 0.99497..........cooeumereeeeeeeeeeeseeseeees e 2.746E-01 cc/g
BJH Method Cumulative Adsorption Pore Volume...........cccceveenieninnceneeneenene, 2.749E-01 cc/g
BJH Method Cumulative Desorption Pore Volume.........ccccoeeeeviinieniiniinienieene 2.757E-01 cc/g
DH Method Cumulative Adsorption Pore Volume..........cccoecveveeniininneenienceienne 2.684E-01 cc/g
DH Method Cumulative Desorption Pore Volume.........ccccoveeevienieniineenienieeeee 2.702E-01 cc/g
t-Method Micro Pore VOIUME.......cc.covieiiiiiiieiieiieteeeeeeee e 5.138E-04 cc/g
DR Method Micro Pore VOIUME........cccueviieiiriicieeieeieeeeeeeee e 4.497E-02 cc/g
HK Method Cumulative Pore VoIume..........ccoecveviiviinieniieieeieceeieeeeeee e 3.671E-02 cc/g

SF Method Cumulative Pore Volume.........c.ccceeviieiiiriiiniiiniiieeeeeceeeeee e 3.753E-02 cc/g
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PORE SIZE DATA
AVETrage Pore DIAMELET.......cccuveiieiieiieiieieeieeie ettt te ettt be e ae e seeneeennas 1.200E+02 A
BJH Method Adsorption Pore Diameter (Mode)..........coveuveeiriireieiereiieieeeeeeveneenens 9.592E+01 A
BJH Method Desorption Pore Diameter (Mode).........ccoveeveeericieiereeieieeceeecieee e 6.531E+01 A
DH Method Adsorption Pore Diameter (Mode)..........ccccevvrveirieiriereriireesieeeereennens 9.592E+01 A
DH Method Desorption Pore Diameter (Mode)........c.cvveviriereeeiieirierieereenieeseereenns 6.531E+01 A
DR Method Micro Pore Width .........cccoouiueeveieieeeeeeeeeeeeeeee e, 1.118E+02 A
DA Method Pore DIiameter (IMOAE).......eeoveeereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeneeeneeeneeeneens 1.780E+01 A
HK Method Pore Width  (IMOAE)....c..eeeeeeeieeeeeeeeeeeeeeeeeeeeee et e e ree s 1.477E+01 A
SF Method Pore DIameter (IMOAE).......eeuveeeeeeeeeeeeeeeeeeeeeee et e e e e e eeeeeene e 2.777E+01 A
Lfe‘u 5 1.458-03 ‘Tl\ "‘.\
o ISR )
330“9 i 5.688-04 b1 g‘l ‘l‘.‘i
E“LES % i - |‘s | \\
9920 0" || \
% - E 6.458-04 IJ off ‘.
S [ N \
=" ?: E 3.23K-04 1 "" | \ N\
| BT &, e \*l' ! ¢

awenii a2 lo TameumsgasuuaznIsnszaeaIvngnguYes ALO,
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o tg Y
NIIATUIUNUN ﬁWﬂﬂTﬂg'ﬂl!‘U‘U TPR U

v k4 v
MrInd a1 uildiinvesgiuuy TPR @1591)7581 CoMo/MCM-41

=

Aas

Y
IFAUIVAIN

: 'C":~a'.:-;'r‘
s ..
_c LN
5
g -
-
S 2 -
3 . -Al- : Az

174.7 299.7 4247 549.7 674.7

Temperature, C

[

1 [ v Y
msmnunldnaues CoMo/MCM-41 135a411

Moy uAUx:lem = 125/2.1 °C
UWWHy:lem = 1/0.65 a.u.
funaituion
Arsr =3(33cm - 2) (4.10m - —22) = 619.50
1 125cm la.u.
4y = 3 (1.2em - 222 (3cm - Z22) = 164.84
A = Ay,—A, = 619.50 — 164.84 = 454.66
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V(x10,000)

7. 0 hromat ogram
=S
&

5.0
3
3
=
<4 =
5 25
(%]
Ilu

0.0 A——

1429 267.8 3928 5178 6429 767!

Temperature, C
v k4 H
MrIndl 2 Nuldiinveagiuu TPR @591§A561 CoMo/ALO,

]
I a o

dy Iy = g
ﬂ”liﬁWWHVIiﬂWﬂ"’U’EN COMO/A1203 HITPNU

MeU uAU x: 1 em 125/1.9 °C

UWWHy:lem = 2.5/1.15 a.u.

o dﬂl d'
ATHIUNUNIM

s = (3em - 25) (30m - 222 — 92248

(1.15cm : 125ﬂ) (2.9cm : 25ﬂ) — 238.49

1.9°C 1.15cm

o
N

Il
N | =

A1 = A1+2_A2 = 9224‘8 —3 2384‘9 = 683.99
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101ANNTAATILH XRF 199821591/0301 CoMo/MCM-41
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0.5

Si

Mo

Mo

Co
Co

Mo Mo

MUEUING 31 TA5IN TNUNTN XRF ¥03021391/)7381 CoMo/MCM-41

20

30

40 [keV]

a A v A v
ATIINAHUHINT V1 Wam@ﬂiﬂﬁNTIﬂuﬂiﬂﬂWWWu?ﬂVlﬂlﬂigﬂﬂﬂﬂﬂﬂ%@ﬁ1ﬂ5@ﬂa31ﬂﬂﬂga

Y ~
iaﬂaﬂﬂﬂemammzmmqqm

mass 2 sigma  atomic  intensity mass  molecule
elem. line formula
(%) (%) (%) (cps/mA) (%) (%)
80 48.50 0.786 67.33
13 Al K 2.79 0.526 2.22 0.88 ALO, 5.266 3.635
14 Si K 34.08 0.503 26.89 24.47 SiO, 72.907 85.401
27 Co K 0.51 0.040 0.22 2.98 CoO 0.643 0.604
42 Mo L 14.12 0.527 3.33 8.15 MoO 21.183 10.359

3




[cps]
45

9

10YANNTAATIEH XRF 199821591/0381 CoMo/ALO

3
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3?' o

Al

Co
Co

Mo Mo

U
20

Cursor 0,000 keV 0. 000 cps

30

MUEUINA 92 Tasun Inunsy XRF ¥03@ 13310581 CoMo/ALO,

40 [keV]

a = v A ¥
AT NAUINT V2 WaﬂlﬁlﬂﬂmﬂmmmmWNu’m‘w 02 ﬂigﬂaﬂﬂﬂﬂﬂf@ﬁ'lﬁ] ﬁﬂﬂagiﬂﬂlma

Y ~
588631@1ﬂ@%@]flilllﬁ%ﬂ’JHJ’q\‘iWﬂ

mass 2sigma  atomic  intensity mass  molecule
elem. line formula
(%) (%) (%) (cps/mA) (%) (%)
80 35.24 0.635 70.97
13 Al 7.97 0.583 9.68 1.88 AlLO, 15.065 19.776
27 Co 1.15 0.075 0.65 3.97 CoO 1.461 2.610
42 Mo L 55.64 0.729 18.71 37.16 MoO 83.473  77.614

3
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HoYa9INMINATIYH SEM-EDS U038 1391/§A301 CoMo/MCM-41

MUHUINA D1 NN SEM 1098213911381 CoMo/MCM-41 NMA9818 5,000 (117

selected area 1

639 4 SiK
568
497
426
355
284
23
14 Mol
AlK
. Col o Lp . CoKa Cokp
000 0.87 174 261 348 435 Ts22 609 6% 78

Lsec: 100.0 0 Cnts 0.000 keV Det: Octane Prime Det

MuEINd 22 1a53n Inunsy EDS ¥e3a131HA381 CoMo/MCM-41Tunmpuini ai
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a A v A v ¥
AMINAUINN N1 Waﬂl'ﬁ]ﬂiﬂﬁll’li‘ﬂuﬂillﬂWWNu]ﬂﬂ n2 ‘]Jigﬂ@llﬂ]ﬂ“lfﬂ‘ﬁ“ﬂ Saﬂaﬂﬂﬂumuﬂ

Y
azsooay lagprno

element % weight % atomic net int. % error
OK 50.01 70.18 34.75 9.01
AlK 1.83 1.57 2.89 15.42
SiK 29.19 23.32 46.76 4.68
CoK 2.76 1.12 0.39 68.32

Mo L 16.21 3.81 9.32 8.57
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Hoya9INMINATILH SEM-EDS 103613 91/§7301 CoMo/MCM-41 (#0)

Selected Area 3

: o ¢ 3N
St % B il el
= - S' =,

*
e

5 B

MUHUINA 23 NN SEM 109021391381 CoMo/MCM-41 NMA0818 2,500 111
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selected area 1

2.8UK|
2.52K
2.24K
1.96K
1.68K
1.40K
112K
0.84K
0.56K

0.28K|
Co Ka Co KB

0.00K
0.00 0.87 174 261 348 435 5.22 6.09 6.96 7.83

Lsec: 100.0 0 Cnts 0.000 keV Det: Octane Prime Det

selected area 2

2.88K

2.56K

2.24K

1.92K

1.60K

1.28K

0.96K

0.64K

0.32K

Co Ka Co KB
0.00K! -
0.00 0.87 174 261 348 435 5.22 6.09 6.96 7.83

Lsec: 100.0 0 Cnts 0.000 keV Det: Octane Prime Det

selected area 3

240K

2.16K

1.92K

1.68K|

1.44K

1.20K

0.96K

0.72K

0.48K

0.24K

Co Ka Co KB
0.00K!
0.00 0.87 174 261 348 435 5.22 6.09 6.96 7.83

Lsec: 100.0 0 Cnts 0.000 keV Det: Octane Prime Det

MNwUINN 24 TasunInunsy EDS v ns§azer CoMoMCM-41 Tumiwwuani a3



a a ¥ A ) o M ¥
MS1NUINT 22 WaVDI1ATUN INUATUMNWHUINT D4 ﬂ’i%ﬂ@ﬂﬂ?fﬂf@‘mﬁ{] $ovaz lasiminuaziovas Ingoznou

% weight % atomic net int. % error
element

areal area2 area3 mean+SD areal area? area3 mean+SD areal area? area3 areal area? area3
OK 39.28 4521 38.00 40.83+3.85 60.44 65.81 60.71 62.27+294 8134 119.08 72.22 9.04 8.47 9.31
AlK 3.14 2.69 3.82 3.22+0.57 2.95 2.33 3.57 2.954+0.63 17.85 17.56 20.84 7.09 7.15 7.02
SiK 35.37 33.38 31.06 33.27+2.16 30.96 27.67 2832 2896*1.77 199.77 217.82 169.39 3.64 3.60 3.83
CoK 1.37 1.42 1.69 1.49+0.17 0.25 0.47 0.51 0.58+0.17 0.69 0.82 0.83 64.72 63.78 63.87
Mo L 20.84 17.3 2543 21.19+4.08 5.41 4.18 6.89 5.49+1.36  41.00 39.65 49.46 6.53 6.48 5.57

€01
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HoYa9INMINATIYH SEM-EDS 4096 1391/§7301 CoMo/ALO,

MWHUINN 25 NN SEM 1036133381 CoMo/ALO, NAAIEE 2,500 1111

selected area 1

JiV
819 |

Mo L
72.8
63.7
54.6
455

Al K
364 0K

273 ‘
Mo LB
182

9.1

Cql CoK Co KB
- bl ool ool o b i b B o
0.00 0.87 174 261 348 435 5.22 6.09 6.96 7.83

Lsec: 100.0 0 Cnts 0.000 keV Det: Octane Prime Det

MUHUINN 26 1A TNLN5N EDS Y030 1331581 CoMo/ALO, Tunmmuing s
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a A ¥ A v ¥ o
AIINAHUINN N3 Na"l]@\‘]Iﬂilﬂj'ﬂllﬂﬁllﬂwwwuf‘]ﬂ‘ﬂ no6 ﬂﬁgﬂ'ﬂﬂﬂﬁﬂﬂf@‘ﬁ1ﬁ] mﬂaziﬂﬂmwuﬂ

9
aziosay lagozaol

element % weight % atomic net int. % error
OK 19.52 50.00 2.13 17.42
AlK 8.25 12.70 2.72 14.10
CoK 25.38 17.62 0.95 25.30

Mo L 46.85 19.67 7.14 8.40
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° 1 v o Ay v @ ? o oa Ay oy v
ﬂ'lﬁﬂ']u'lﬂ!ﬂ']ﬂj'u]ﬁ@ullagwaQQWUW“@%WﬂﬂWﬁﬂﬁUﬂ?Qﬂmﬂ']Wu']llucﬁfllljacnvlllvlﬂ

NAULENAINYALADA

'
v A

Y o 1 1 [ a 4 o % %}
MWD ¥1 S dadiu uazmmm%’aumm’;gmﬂauvﬁ"mmz’sgmﬂmmmumum

4 a [y
landSurlgenmnminiuGouialsuim 20 Alansy

fraction yield (wt%) heating value (MJ/kg)

catalyst organic aqueous organic aqueous organic aqueous
phase phase phase phase phase phase
no cat. 0.290 0.709 25.73 62.91 33.50 16.01
CoMo/MCM-41 0.222 0.778 17.89 62.85 35.74 16.59
CoMo/AlO, 0.258 0.742 21.49 61.69 36.40 16.14
CoMo/MCM-41: 0.226 0.774 18.15 62.20 36.86 16.70

CoMo/Al,O,

%:l v )

Y 1 ) 1 Y % 9 1 ?3’ @ [ %;/ @
A10819MIAIUINAIANVIOUVD NN UADINNINNNY naITUY Jaqamniiy
=\ 19 9 o 1 aan v Y A
Farauun lildansagnsen (no cat)lddoyaninmsnaassluaisieh o

v ¢y W

F14 MAANUNUNY 1 0 lansy

we———

1 % v
mmm%@uﬂlmumu
[ H @ o a S o ' @ a 4 [ S o
= (ﬁﬂmuhwmunmmagmmuma X mmm%’ammmauﬁa) + (daau laginiin

o ?)I ' 9 [ %
VIIINNIAUT x ﬂ1ﬂ’)11|‘5@1!'3§]ﬂ1ﬂ1ﬂ)

(0.290 x 33.50 MJ) + (0.709 x 16.01 MJ)

21.08 MJ/kg upgraded bio-oil
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9 v
o v A =

! o ' o 2 o o0 3 o o
memmﬁmuamﬂ1waqqmmmumuﬂaumuﬂumumuaamcl%'ﬂiuﬂgq 100
a [y = [ z v A 9 Y o 1 aan Y Y
nlansunsaidsuilgenanminiugmauny lulddnsalgnse lddeyaninnsnaaslu

U

A
AT NN V1

Y
o w

1 diuduaan19USuilse 100 Alansu

Y
NANTUUDIUTUU
¥ Y o A a1 v o a acd ) ) o S
= (ﬁﬂﬂﬁgﬂallﬂ"]lﬂﬂﬂaﬂ'lﬂﬂucﬂﬁﬂ X ﬂ'lﬂ')'lllfiﬁ]u'lg‘]ﬂ'lﬂ@uﬂiﬂ) + (iaﬂazwaulmmmamﬂm X

' 9 [ ¥
ﬂ'lﬂ')'l‘lJﬁE]u'Jaﬂ'lﬂ‘Ll'l)

(25.73 x 33.50 MJ) +(62.91 x 16.01 MJ)

1,869 MJ/100 kg bio-oil
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[ %‘ v A a v Y v ' aan a 1 [ A (3 1
mﬁﬂiu1J';;mmmwumumuaa“lmmm“l%mmﬂ;]ﬂifn 2 ¥UA TIUNU AD AT

U381 CoMo/MCM-41 118z CoMo/ALO, 114398991 521U 52 ANTNINT I (synergic

v
Yo A v

E 1 aAana a 4
effect) lun 15U ulgananiniiudinitavesdnsslnioraesriial Taglsasiyia

UsLaNTNINT Y (fractional inhibitory concentration index, FICI) (Lorian, 2005) A GELRE

£

Y
AR

HV,  HV,
FIcl = —4% + £ (17)
HVA:B HVA:B

@

d‘ 4 dl%l a a 1
MINWUINN B1 ATUFIAUTLANTAINT I

heating values (MJ/kg)

catalyst Ysudgeiuiudana Ysuiyaiuiudauaiinduuen
il 1@ndunen ahsudaumin)

CoMo/MCM-41 (A) 35.73 36.31

CoMo/ALO, (B) 36.40 36.55

CoMo/MCM-41: 36.86 37.05

CoMo/ALO, (A:B)

FICI 1.96 1.97

A = a AQ" v
) FICI < 0.5 ©unedd (a@3ugnsnu (synergy)
0.5 < FICI < 4 manede gnd liuana1991nms 19e15@21Re7 (indifference)

FICI = 4 ¥11894 gN5AUNY (antagonism)
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Abundance TIC:3_2D
1.4e+07
1.3e+07

1.2e+07'

1.1e+07
1e+07
9000000
8000000
7000000
6000000
5000000
4000000
3000000
2000000

1000000

6.62430358.20 1.72 Y i
Time-->  4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00

4 J J @ a I @
mwwuIndi an Insu Inunsuessdsgneuaisdauigniasunion laanmsdiuilss
Y o oa Ay Yy & QYo 1 Aaa A
Aummiiuiuai i ldnauuenTae lulddusalgnasend 300

= [ A Y I &
NS GBIS TG ‘ﬂ’nuﬂullaiﬂﬁﬁ]uﬁll@u 1 ussenme Wuaar 1 5 Tug

M990 A1 WavedIasn InunIuMNHLINT a1 Usznoudlrsdunilaiia

%ﬂﬁﬁﬂigﬂﬂﬂlm$1ﬁim1mﬁﬁ

peak  R.T.min component % of total
1 4.130 benzene, methyl- 98.801
2 6.018 cyclohexane, ethyl- 0.185
3 6.450 2-pentanone, 4-hydroxyl-4-methyl- 0.100
4 7.049 benzene, ethyl- 0.112
5 7.346 benzene, 1,4-dimethyl- 0.069
6 8.204 benzene, 1,2-dimethyl- 0.033

7 11.716 phenol 0.700




Abundance

1.4e+07

1.3e+07

1.2e+07

TIC: 4D

412

1.1e+07

1e+07

9000000

8000000

7000000

6000000

5000000

4000000

3000000

2000000

1000000

6.8148154 _ 18.11

Time->  4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00
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34.00 36.00 38.00

4‘ k4 U [ a A JA Y ]
HNNUINT U2 Iﬂill'li‘ﬂllﬂiuﬁ]\iﬂﬂigﬂ’ﬁlﬂﬁ'ﬁﬁﬂu’)g‘]ﬂ'lﬂﬂuﬂiﬂﬂhlﬂﬁ]1ﬂﬂ'l§‘]J§1J“lJ§\i

Y o oa Ay My & Yo 1 Aan
aunmuiiudmai lu'ldnaunen Taglddusalfnsomwan

CoMo/MCM-41 118 CoMo/ALO; 1 300 osruasaidod anuaulalasion

A 9 < o
[TUAU 1 UTTITNA Lﬂul’)tﬂ 1 (’H’JIZN

MI19INN 22 #aved 1asun InunsunwHLINT 22 Ysznoudlodiurilaiia

¥oasisznoutazlSuaens

peak  R.T.min

component

% of total

1

2

4.119

6.013

6.456

7.049

7.340

18.110

benzene, methyl-
cyclohexane, ethyl-
2-pentanone, 4-hydroxyl-4-methyl-
benzene, ethyl-
p-xylene

naphthalene

99.517
0.175
0.095
0.086
0.052

0.076




Abundance

950000
900000
850000
800000
750000
700000
650000
600000
550000
500000
450000
400000
350000
300000
250000
200000
150000

100000

TIC: 2D

12.50 16|D|

6.39

50000 4.94

Time-->

e 11.021.78 14.65.31
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
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4‘ k4 1 [ ao' Ay ¥ o
MNAUINN U3 Iﬂill'lI‘ﬂLlﬂfﬂJ'ENﬂﬂf!'3ﬂ'E)'LI’fﬂ5’@('31!'JQﬂ'lﬂﬂ'l‘ﬂllﬂﬁl'lﬂﬂ'liﬂi‘ﬂﬂ?ﬂﬂmﬂ'lw

'
v A =

H ' < ' o 1 aan {
udwaan lildnaunenTae luldans wlgasend 300 esrusaidod

@ A 9 I o
ﬂ’Jmﬂu]laIﬂimmﬂmu 1 YIT910F Lﬂulﬂa'] 1 G]f'JIlN

M990 A3 Wavod1asun INUNTUMNHUINT 23 Usznoudlreduriaia

¥oasUszneuuazlSunaans

peak  R.T.min

component

% of total

1

2

4.938

6.389

7.080

11.018

11.779

12.502

14.633

15.313

16.009

3-pentanone-2-one, 4-mehtyl-
2-pentanone, 4-hydroxy-4-methyl-
2-pentanone, 4-amino-4-methyl-
4-ethyl-1,2,4-trimethylpyrrole
phosphorous acid, triphenyl ester
N,N’-dipropylidene-1, 1-diaminopropane
pelletierine
exo-5-dimethylaminotricyclo (2.2.1.0*2, 6)-heptan-3-one

4-piperidinone, 2, 2, 6, 6-tetramethyl-

3.743
8.298
48.008
1.301
0.939
18.788
1.136
0.897

16.889




Abundance

950000
900000
850000
800000
750000
700000
650000
600000
550000
500000
450000
400000
350000
300000
250000
200000
150000
100000

50000

495

6.00

TIC: 1.D

16.01
12.51
|

1" OEI 78 14.86.31

8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 3’400’ i
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4‘ k4 U [ ao' Ay ¥ o
MNAUINN 4 Tﬂiu’liﬂllﬂiﬂﬂﬂﬂﬂigﬂ'ﬁ]‘]Jﬁ'lf!'ﬁ')‘u’)gﬂ'lﬂ‘ll'l‘ﬂ]lﬂﬁ]'lﬂﬂ'liﬂi‘ﬂﬂ?Qﬂmﬂ’lw

MI19UINN A4 Wavd1ATIN TNUNTUNNHUINT 24 UTznoudlreduriaia

2 o oa Ay Y & Yo 1 Aan
wiuGawaan luldnauuenTaeldans s §isemean CoMoMCM-41 ag

4 o 2 <
CoMo/ALO, #1 300 peA Ao Auau laTasmuisudu 1 ussone iu

a1 1 9219

%ﬁ]ﬁ1‘iﬂi$ﬂﬂﬂllﬁ$1ﬁlﬂmﬁﬁ

peak  R.T.min

component

% of total

1

2

4.948

6.400

7.090

11.045

11.779

12.507

14.644

15.313

16.009

3-pentanone-2-one, 4-mehtyl-
2-pentanone, 4-hydroxy-4-methyl-
2-pentanone, 4-amino-4-methyl-
cthanone, 1-(2,4-dimethyl-1H-pyrrol-yl)-
phenol
2,2, 5, 5-tetramethyl-3-ox0-2, 3, 4, 5-tetrahydropyrrole
1H-1, 2, 4-triazol-5-amine, 1-propyl-
3,4, 5, 6-tetramethyl-2-pyridone

4-piperidinone, 2, 2, 6, 6-tetramethyl-

3.928
8.289
49.350
1.338
0.856
17.461
0.948
0.762

17.067




Abundance

1.4e+07

1.3e+07

1.2e+07

1.1e+07

1e+07

9000000

8000000

7000000

6000000

5000000

4000000

3000000

2000000

1000000
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TIC: 6.0

4.12

6.861430348.19 . 13.32

Time-> 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22,00 24.00 26.00 28.00 30.00 ‘372700 i 3406 i 3600 _3é700

/ J Y o o o
cﬂ1wwu’3ﬂﬁ us Iﬂiu’liﬂllﬂﬁuﬂ\CIﬂﬂigﬂaUa'ﬁGl,uu’luua’JuWuﬂﬁ]’]ﬂﬂ'lﬁﬂauuﬂﬂ@'luﬁ!ﬂlaﬂﬂ
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peak  R.T.min component % of total
1 4.130 benzene, methyl- 97.187
2 6.013 cyclohexane, ethyl- 0.195
3 6.434 2-pentanone, 4-hydroxy-4-methyl- 0.083
4 7.038 benzene, ethyl- 0.093
5 7.335 p-xylene 0.048
6 8.187 xylene 0.027
7 18.099 naphthalene 0.066
8 21.320 naphthalene, 2-methyl- 0.023
9 21.790 naphthalene, 1-methyl- 0.021
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peak R.T.min component % of total
10 23.295 p-(P-aminophenoxy) phenol 0.065
11 32.926 hexadececanoic acid, methyl ester 0.132
12 33.190 hexadecanoic acid 0.191
13 36.493 hexadecanoic acid, bis (2-ethylhexyl) ester 1.386
14 37.388  hexanoic acid, 2-ethyl-, oxybis (2, 1-ethanediyloxy-2, 1-ethanediyl) ester 0.483
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Abundance TIC: 7.0
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peak R.T.min component % of total
1 4.114 benzene, methyl- 99.356
2 6.008 cyclohexane, ethyl- 0.194
3 6.439 2-pentanone, 4-hydroxy-4-methyl- 0.105
4 7.004 benzene, ethyl- 0.101
5 7.335 benzene, 1,4-dimethyl- 0.058
6 8.187 benzene, 1,2-dimethyl- 0.031
7 18.105 naphthalene 0.061
8 23.300 4-piperidinone, 1-methyl- 0.067

9 27.018 phenol, 2,4-bis (1, 1-dimethylethyl)- 0.028
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peak  R.T.min component % of total
1 4.119 benzene, methyl- 98.719
2 6.019 cyclohexane, ethyl- 0.174
3 6.450 2-pentanone, 4-hydroxy-4-methyl- 0.103
4 7.054 benzene, ethyl- 0.075
5 7.340 p-xylene 0.061
6 8.128 styrene 0.094
7 11.716 phenol 0.711

8 13.626 benzene, 1-propynyl- 0.063




120

Abundance TIC: 5D
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peak R.T.min component % of total
1 4.125 toluene 99.467
2 6.013 cyclohexane, ethyl- 0.187
3 6.445 2-pentanone, 4-hydroxy-4-methyl- 0.083
4 7.049 benzene, ethyl- 0.128
5 7.340 benzene, 1,2-dimethyl- 0.072
6 8.193 xylene 0.036

7 13.319 benzene, 2-propynyl- 0.028
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MINWUINN QY1 AUNDY (mean) HAZTIUDIUUUUIANTFIY (standard deviation, SD)

H, pressure Temp. CoMo/MCM-41: yield (wt%) HHV energy
(atm) (°cO) CoMo/Al,O, weight ratio oil gas char (MJ/kg upgraded oil) (MJ/100 kg heavy oil)

1 300 1:1 82.85 12.55 4.60 38.95 3227
83.02 12.41 4.57 38.93 3232
mean 82.94 12.48 4.59 38.94 3229

SD 0.1202 0.0990 0.0212 0.0141 3.5080
1 370 1:1 80.45 14.37 5.18 39.40 3170
1 400 1:1 79.47 15.20 5.42 40.45 3215
79.70 14.97 5.33 40.48 3226
mean 79.59 15.09 5.38 40.47 3220

SD 0.1626 0.1626 0.0636 0.0212 8.2693
430 1:1 78.80 15.78 5.42 40.90 3223
2 300 1:1 83.53 12.53 3.94 39.04 3261
83.45 12.64 3.91 39.02 3256
mean 83.49 12.59 3.93 39.03 3259

SD 0.0566 0.0778 0.0212 0.0141 3.3886

(14!



= 1
MINHUINN V1 (AD)

H, pressure  Temp. CoMo/MCM-41: yield (wt%) HHV energy
(atm) (°O) CoMo/AlO, mass ratio oil gas char (MJ/kg upgraded oil)  (MJ/100 kg heavy oil)
370 1:1 80.07 14.98 4.95 39.46 3160
79.96 15.13 491 39.47 3156
mean 80.02 15.06 4.93 39.47 3158
SD 0.0778 0.1061 0.0283 0.0071 2.5039
400 1:1 78.67 16.03 5.30 41.05 3229
78.98 15.73 5.29 41.02 3240
mean 78.83 15.88 5.30 41.04 3235
SD 0.2192 0.2121 0.0071 0.0212 7.3229
2 400 1:3 79.34 16.66 4.00 41.85 3320
79.44 16.60 3.96 41.80 3321
mean 79.39 16.63 3.98 41.83 3320
SD 0.0707 0.0424 0.0283 0.0354 0.1506

€Cl
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