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Figure 1.2 Schematic diagram of constitution of this thesis
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Feed oil - Raffinate
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Figure 2.1 Schematic diagram of liquid-liquid equilibrium measurement

Table2.1 Experimental conditions for liquid-liquid equilibrium

Feed model mixture(MF1~MF7)
Mass, R [kg] 0.02~0.002
Solvent methanol, furfural or sulfolane
Mass ratio of solvent to feed, Ej,/Rini [-] 1
Extraction temperature [K] 303
Shaking time [h] 48
Amplitude of shaking [m] 0.04
Frequency of shaking [h™] 5400
Table2.2 Physical properties of solvents
Solvent Formula Molecular Weight Boiling point  Density
-] [K] [g-cm”’]
Methanol MEOH CH3OH 32.0 337.8 0.7914
Furfural FUR C4H;0CHO 96.1 434.9 1.1594
Sulfolane  SUL C4HsSO, 120.2 560.5 1.2723
O 0.0
S
CH:—OH @)LH Y
Methanol Furfural Sulfolane

Figure 2.2 Molecular structures of solvents
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Table2.3 Physical properties of components in model mixture for feed oil

BT VERALKSRIR AW — fih BRI ] 0D W -l

. MW b.p.

Type [ Formula ] K]
alkane heptane C7 C/Hie 100 372
octane C8 CsHig 114 399

nonane C9 CoHyg 128 424

decane C10 CyoH2 142 447

undecane Cll CyiHo 156 469

dodecane Cl2 CypHys 170 489

tridecane Cl13 Cy3Hyg 184 509

tetradecane Cl4 CiHg 198 527

pentadecane Cl15 CysHa 212 544

hexadecane C16 CygHaa 226 560

heptadecane C1l7 Cy7Hsg 241 575

octadecane C18 CygHss 255 589

nonadecane C19 CigHu 269 603

eicosane C20 CyoHs 283 616

heneicosane C21 CyHu 297 630

docosane C22 CyHug 311 642

alkene 1-decene 010 CygHyg 140 440
1-dodecene 012 CiHo 168 486

1-tetradecene 014 CyyHyg 196 524

1-hexadecene 016 CygHz 224 547

1-octadecene 018 CigHgz 252 588

1-eicosene 020 CyoHyo 281 614

mono cyclic aromatic toluene TOL C/Hg 92 384
o-xylene OX CgHip 106 418

mesitylene MS CoH1o 120 438

tetraline T CioH12 132 481

hexylbenzene HB CoHis 162 499

di cyclic aromatic 1-methylnaphthalene  1MN Cy;Hyg 142 514
fluorene FL CisHio 166 571

tri cyclic aromatic phenanthrene PHE CiHyo 178 613
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Figure 2.3 Chemical structures of components in model mixtures
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Table2.4 Compositions of model mixtures(MF1~7) for feed oil

Type component i MF1 MF2 MF3 MF4 MF5 MF6 MF7
alkane heptane C7 *A 0.06
octane Cs8 0.06
nonane C9 0.06 0.64 0.50 0.80
decane C10 0.06
undecane Ci11 *B 0.06
dodecane C12 0.06
tridecane C13 0.06
tetradecane Cci14 0.06 0.01
pentadecane C15 0.06
hexadecane Ci16 0.06
heptadecane C17 0.06
octadecane C18 0.06
nonadecane C19 0.06
eicosane C20 0.06
heneicosane c21 0.06
docosane C22 0.06
alkene 1-decene 010 0.167 0.06
1-dodecene 012 0.166 0.06
1-tetradecene 014 0.165 0.06
1-hexadecene 016 0.166 0.06
1-octadecene 018 0.170 0.06
1-eicosene 020 0.166 0.06
mono cyclic aromatic toluene TOL *A 0.06 0.18
o-xylene OX 0.06
mesitylene MS 0.06
tetraline T 0.06
hexylbenzene HB 0.06
di cyclic aromatic ~ 1-methylnaphthalene 1MN *B 0.06
fluorene FL 0.06
tri cyclic aromatic phenanthrene PHE 0.06 0.01

*A, *B: Compositions were varied for measuring of two liquid phases region

10
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Table2.5 Apparatus and conditions of analysis by gas chromatography

Gas chromatograph GC-2010 (SHIMADZU)
Detector  type Flame ionization detector (FID)
temperature 593 K

Injector temperature 593 K

Column oven
initial temperature 373 K (retention time : 4min)
increase rate 1 K/min(373~399K)

4 K/min(399~429K)
2 K/min(429~573K)

final temperature 573 K (retention time : 10 min)
Carrier gas N,
flow rate 20.9 cm/sec
Split ratio 33
Colum HR-1(Capillary Column)
inner diameter 0.025 cm
length 3000 cm

11



B2 T IVRILKFERES Y — AR 0O Wik -

22 HEREEE
221 Em#EX

ROy | ORI E A2 (23 T 2 W EIGCAT R, fit, fhktR, bt ®
& Riniv Einiv Reqv Eeq & BEETZH Xijniv Yiinin Xieqn Yieq Z WL T O TERS
N5,

Rini * Xiini — Req * Xieq= Eeq * Yieq — Eini * Yiini (2.1)
FE TR - E A2 123 1 2 ANy OB E &4 . 2T R PRy
BEIEELERL TV D,
AR5y | ORI T DU YIFLL T O L ICEEZ S LD,
Yi= Eeq * Yieq! Rini - Xiini (2.2)
Fo7 i DR MU T O X D ICER S LD,
Mi = Yieq ! Xieq (2.3)
FRG3 i DRKSY JISR D3I B i T D X D ITEFR S LD,
Bij = mil m; (2.4)

12



B2 T IVRILKFERES Y — AR 0O Wik -

222 2EHFRETNVEEDIFE

Moy —=~7 8 (CN =T)DET/EEY MF1 & 1-AFNLF T2 L —g
T VCN =1NDET NVIREY MF2 ICB T2 KB LD =AREZTLEN
Figure 2.4, Figure 2.5 |Z/R"7, 2B 7 7 7NIZBIT HITEEREDO LD TH
Do TRTCOEPIIBEHER D THD bz 1-AFILFT7HZ L 2D 2 Koy
RICBNWT VI E R0 | HEFEBERD THL~TZ o voT ol 2 iz
B LT, My =T Z U DETIVIRGMDGE TIEIA X ) —, TLVT T
—)b. ANERT COIAT 1 BMHE T 2 5 EBREN NS 0 FERREDR S
EET A ERDRLTV, L 1A TFATFTE L =TT A DET I
REWDOGE TIEANKT O 1 BHETERT 2 5 EFRREN —FEREVOITE
DLW, AX ) =TT T TRFABRETHD, 7LV T7T—LOBHA
TEHERIMZY AT B ARTFANFTTEZL =TT D 3 ,7RICEBITD
1 Z TR T D BRI II A & ) — W CTE IR SR o T2, ALK T
YTCHERTH T,

IO VB EZAT 2 E TR EEZATO 2213 TE . 2L R D%
S THIEZAT O WD D D,

13



2 BT VERALKFRG Y — h HIa R O Wi A

MF1

Key| Solvent
A | MEOH
O FUR
O | SUL
0 A ¢ \\<I \(I v, 1
C7 4 08 06 04 O o Solvent

Figure 2.4 Ternary diagram of toluene —heptane —solvent
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Figure 2.5 Ternary diagram of 1-methinaphthalene —undecane —solvent
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Figure 2.6 The effects of the number of carbon atoms in molecular on
distribution coefficient of component j with MF3
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Figure 2.7 The effects of the number of carbon atoms in molecular on
separation selectivity of component i relative to nonane with MF3
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Figure 2.8 The effects of the number of carbon atoms in molecular on
distribution coefficient of component i with MF4
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Figure 2.11 The effects of the number of carbon atoms in molecular on
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Table3.1 Physical properties and contents of cracked oils

Feed oil CK CGO LCO
Density [g-cm™] 0.8168 0.8929 0.9365
Boiling range K] 414-551 431-660 425-631
Sulfur content [ppm] 54 28200 1540
Nitrogen content [ppm] 41.8 808 385
Type of hydrocarbon content
mono cyclic aromatic [-1 0.2695 0.1586 0.1882
di cyclic aromatic -] 0.0291 0.1203 0.3876
tri cyclic aromatic [-1 0.0007 0.0437 0.1448
alkane -] 0.7007 0.3908 0.2794
alkene [-1 0 0.2866 0

24



%53 Sy oo lal oy AR

Table3.2 Properties of components in cracked oils

Type component i Formula MW [-] b.p. [K]
alkane
heptane C7 CyHy 100 372
octane C8 CgHgg 114 399
nonane C9  CgyHyo 128 424
decane C10 CyoH,, 142 447
undecane Cl1 CyH,, 156 469
dodecane Cl2 Cy,H,s 170 489
tridecane C13 Cy3H,g 184 509
tetradecane Cl4 CyyHsy 198 527

pentadecane C15 CysHs, 212 544
hexadecane C16 CygHiy 226 560
heptadecane C17 Cy;Hyg 241 575
octadecane C18 CygH;s 255 589
nonadecane C19 CyoHs, 269 603

eicosane C20 CyH,;, 283 616
heneicosane C21 CyHy 297 630
docosane C22 C,H, 311 642
alkene
1-decene 010 CyoH,, 140 440

1-dodecene 012 CyH,, 168 486
1-tetradecene 014 CyH,g 196 524
1-hexadecene 016 CyHs, 224 547
1-octadecene 018 CigHss 252 588

1-eicosene 020 CyoHs,e 281 614
mono cyclic aromatic
toluene TOL C;Hg 92 384
ethylbenzene EB  CgHyg 106 409
m-xylene MX  CgHig 106 412
p-xylene PX  CgHyg 106 411
o-xylene OX CgHyg 106 418
propylbenzene PB  CgH,, 120 432
mesitylene MS  CgHy» 120 438
pusedocumene PC CgHy» 120 442
tetraline T CyoHi, 132 481

hexylbenzene HB Ci,H;g 162 499
pentamethylbenzene PMB C,;H,;s 148 510

di cyclic aromatic

naphthalene N CioHg 128 491
2-methylnaphthalene 2MN C,;H,q 142 514
1-methylnaphthalene 1IMN CjH,, 142 514

fluorene FL Cy3Hy, 166 571

tri cyclic aromatic

phenanthrene PHE CyH,o 178 613
anthracene ANT CyyH,q 178 609
2-methylanthracene  2MA C;sH;, 192 620
9-methylanthracene  9MA CysH;, 192 643
phenylnaphthalene PN C;gH,, 204 598
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Table3.3 Experimental conditions for liquid-liquid equilibrium

Feed Cracked oils(CK, CGO, LCO)
Mass, Rin [kg] 0.02

Solvent Aqueous solutions of

methanol, furfural or sulfolane

Water content in solvent, Yy ini [-] 0,0.3,0.5and 0.7

Mass ratio of solvent to feed, E;.i/Rini [-] 1

Extraction temperature K] 303

Shaking time [h] 48

Amplitude of shaking [m] 0.04

Frequency of shaking [h] 5400

Table3.4 Apparatus and conditions of analysis by Karl Fischer

Water content meter Karl Fischer water content meter

(Metrohm, Ltd.)
Apparatuses 758 KFD Titrino

696 Exchanger Unit
703 Ti-Stand

Titration method Volume titration
Titration reagent Hydranal Composite 5
Dehydrating agent Methanol

27



5953 E Sy oo [al oy Al

3.2 FREEL
3.21 fEMOSHT

3 EH(CK, CGO, LCO)D H A7 i~ k7T L% Figure 3.2 [Z/Rd, WA
B 7T AR RN TITIEAE B G LIS ORI < S END T & D ERE T
b, AF—FV LU ENRT—FLLUAONWTUIT AR~ NI T 72850
MrChmBcEemolelod, AILHDOELTERELE, S LIZENENDS RN
(CK, CGO, LCO)lZ331F % %5 H oy DB #5335 % Table3.5 (273, CKIZIE 22 ik
SER SV, 3BEGFRIRACAKFE IR S e o7z, CGO TiX 39 fim i E
BIN, ZONMRIMOBRT N E AT e, LCO Tk 35 il ER S,
DI~ 2 B8 3BRITERIKAKFEZ L < F ATV,

28



B3 EE rfiEih oo el oy -
200
s | 15
1
S 5 12
(S
‘6' 1-Propanol 10
g
= 100 3 9
2 4
> 13
s
> 2
o 8
l Wil I
o RN
0 0.1 0.2 0.3
Retention time [h]
200
>
g
< 18
(@]
8
S 100 19
>
= 20
o
= 16
o 17
21 22
0.3 0.4 05 0.6 0.7 0.8 0.9 1.1 1.2 13 14
Retention time [h]
Peak No. i Peak No. i Peak No. i
1 heptane 9 mesitylene 17 2-methylnaphthalene
2 toluene 10 pusedocumene 18 tridecane
3 octane 11 decane 19 tetradecene
4 ethylbenzene 12 undecane 20 pentadecane
5 m,p-xylene 13 tetraline 21 hexadecane
6 o-xylene 14 naphthalene 22 heptadecane
7 nonane 15 dodecane
8 propylbenzene 16 hexylbenzene

Figure 3.2 Gas chromatogram of (a)CK
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9 1-decene 22 tetradecene 35 9-methylantracene
10 decane 23 pentadecane 36 1-eicosene
11 undecane 24 fluorene 37 eicosane
12 tetraline 25 1-hexadecene 38 heneicosane
13 naphthalene 26 hexadecane 39 docosane
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Table3.5 Compositions of cracked oils

Type i Mass fraction [-]
CK CGO LCO
alkane 0.274 0.1596 0.1007
heptane C7 0.0017 0.0006 0.0002
octane C8 0.0168 0.0013 0.0007
nonane C9 0.0671 0.0021 0.0004
decane C10 0.0337 0.0158 0.0003
undecane C11 0.0319 0.0159 0.0008
dodecane C12 0.0311 0.0141 0.0021
tridecane C13 0.0357 0.0146 0.0078
tetradecane C14 0.0254 0.0135 0.0064
pentadecane C15 0.0194 0.0147 0.0154
hexadecane C16 0.0086 0.0123 0.0101
heptadecane C17 0.0026 0.0124 0.0104
octadecane C18 0.0108 0.0105
nonadecane C19 0.0088 0.0089
eicosane C20 0.0079 0.0099
heneicosane c21 0.0082 0.01
docosane C22 0.0065 0.0069
alkene 0.0428
1-decene 010 0.0109
1-dodecene 012 0.0078
1-tetradecene 014 0.0067
1-hexadecene 016 0.0058
1-octadecene 018 0.0063
1-eicosene 020 0.0053
mono cyclic aromatic 0.1 0.0145 0.0337
toluene TOL 0.0026 0.0006 0.0012
ethylbenzene EB 0.0067 0.0009
m,p-xylene M,PX 0.0233 0.0009 0.0041
o-xylene OX 0.0175 0.0012 0.002
propylbenzene PB 0.0041 0.0008
mesitylene MS 0.0142 0.0021 0.0018
pusedocumene PC 0.0131 0.0012 0.0044
tetraline T 0.0094 0.003 0.0015
hexylbenzene HB 0.0091 0.0032 0.0077
pentamethylbenzene PMB 0.0021 0.0093
di cyclic aromatic 0.0124 0.0159 0.0703
naphthalene N 0.0044 0.0031 0.0066
2-methylnaphthalene 2MN 0.008 0.0035 0.0376
1-methylnaphthalene 1MN 0.0056 0.0219
fluorene FL 0.0038 0.0043
tri cyclic aromatic 0.0147 0.0241
phenanthrene PHE 0.0023 0.0097
anthracene ANT 0.0021 0.0024
2-methylanthracene 2MA 0.0034 0.0051
9-methylanthracene 9MA 0.0031 0.0031
phenylnaphthalene PN 0.0038 0.0036
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Table 3.6 Distribution coefficient correlated by exprimental result with furfural

Type I m;
alkane heptane c7 0.149
octane Cs8 0.135
nonane C9 0.122
decane C10 0.110
undecane Cil1 0.100
dodecane C12 0.090
tridecane C13 0.082
tetradecane Cil4 0.074
pentadecane C15 0.067
hexadecane C16 0.061
heptadecane C17 0.055
octadecane C18 0.050
nonadecane C19 0.045
eicosane C20 0.041
heneicosane Cc21 0.037
docosane C22 0.033
alkene 1-decene 010 0.147
1-dodecene 012 0.120
1-tetradecene 014 0.099
1-hexadecene 016 0.081
1-octadecene 018 0.066
1l-eicosene 020 0.054
mono cyclic aromatic toluene TOL 0.432
ethylbenzene EB 0.383
m,p-xylene MPX 0.383
o-xylene OoX 0.383
propylbenzene PB 0.340
mesitylene MS 0.340
pusedocumene PC 0.340
tetraline T 0.302
hexylbenzene HB 0.237
pentamethylbenzene  PMB 0.267
di cyclic aromatic naphthalene N 0.452
2-methylnaphthalene  2MN 0.362
1-methylnaphthalene  1MN 0.362
fluorene FL 0.519
tri cyclic aromatic phenanthrene PHE 0.621
anthracene ANT 0.621
2-methylanthracene 2MA 0.413
9-methylanthracene 9MA 0.413
phenylnaphthalene PN 0.367
solvent furfural FUR 9.30
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Table3.7 The relationship betwwen distribution coefficient and water content in solvent with methanol and sulfolane

Methanol Sulfolane
Type i a b a b

alkane heptane C7 0.199 -9.71 0.015 -9.49
octane Cc8 0.180 -9.78 0.013 -9.56

nonane Co 0.163 -9.84 0.012 -9.63

decane C10 0.147 -991 0.011 -9.69

undecane Cil1 0.133 -998 0.010 -9.76

dodecane C12 0.120 -10.04 0.009 -9.83

tridecane C13 0.109 -10.11 0.008 -9.89

tetradecane Ci4 0.099 -10.18 0.007 -9.96

pentadecane C15 0.089 -10.24 0.007 -10.03

hexadecane Cc16 0.081 -10.31 0.006 -10.09

heptadecane Cc17 0.073 -10.38 0.005 -10.16

octadecane C18 0.066 -10.44 0.005 -10.23

nonadecane C19 0.060 -10.51 0.004 -10.29

eicosane C20 0.054 -10.58 0.004 -10.36

heneicosane c21 0.049 -10.64 0.004 -10.43

docosane C22 0.044 -10.71  0.003 -10.49

alkene 1-decene 010 0.151 -9.38 0.020 -9.38
1-dodecene 012 0.123 -952 0.016 -9.52

1-tetradecene 014 0.101 -9.65 0.013 -9.65

1-hexadecene 016 0.083 -9.78 0.011 -9.78

1l-octadecene 018 0.068 -9.92 0.009 -9.92

l-eicosene 020 0.055 -10.05 0.007 -10.05

mono cyclic aromatic toluene TOL 0.345 -9.24 0.149 -8.75
ethylbenzene EB 0.306 -9.24 0.135 -8.82

m,p-xylene MX 0.306 -9.24 0.135 -8.82

o-xylene OX 0.306 924 0135 -8.82

propylbenzene PB 0.272 924 0.122 -8.88

mesitylene MS 0.272 -9.24 0.122 -8.88

pusedocumene PC 0.272 924 0.122 -8.88

tetraline T 0.218 -9.00 0.146 -9.03

hexylbenzene HB 0.190 -9.24 0.090 -9.08

pentamethylbenzene PMB 0.214 -9.24 0.100 -9.02

di cyclic aromatic naphthalene N 0.244 -897 0.368 -9.53
2-methylnaphthalene  2MN 0.224 -9.02 0.188 -9.03

1-methylnaphthalene 1MN 0.224 -9.02 0.188 -9.03

fluorene FL 0.235 -9.05 0.309 -9.03

tri cyclic aromatic phenanthrene PHE 0.241 -9.07 0.397 -9.03
anthracene ANT 0.241 -9.07 0.397 -9.03

2-methylanthracene  2MA 0.136 -8.72 0312 -8.45

9-methylanthracene 9MA 0.136 -8.72 0312 -8.45

phenylnaphthalene PN 0.120 -8.72  0.283 -8.51

solvent methanol * MEOH 42.2 5.2

sulfolane SUL 29.772 -0.879
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Figure 4.1 Process flow diagram of Sulfolane process
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Figure 4.2 Process flow diagram of multi-stage countercurrent extraction without reflux

and countersolvent
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Figure 4.4 Process flow diagram of multi-stage countercurrent extraction with

countersolvent
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Figure 4.5 Process flow diagram of multi-stage countercurrent extraction with reflux and
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Table4.1 Assumptions for calculation of multi-stage countercurrent extraction

Extraction stage
Distribution coefficients

Equilibrium stage
Measured equilibrium
—Table3.12

Recovery of solvent and countersolvent ~ Complete separation

Yosp.i =0, Ypspci =0 (i=feed components)
Yespi =0 (i=solvent components)

Yespei =0 (i=countersolvent components)

Table4.2 Conditions for calculation of multi-stage countercurrent extraction

Feed

Composition
Solvent

Composition
Countersolvent

Feed stage

Toluene-Heptane binary mixture (CN=7)

Xg7101=0.3, 0.5, 0.7

Aqueous solution of methanol and sulfolane and furfural
Ysw=0, 0.1, 0.3, 0.5

octane (CN=8)

undecane(CN=11)

tetradecane(CN=14)

[Xea-Xntal < IXea-Xial (NF#K)
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Figure 4.6 The effect of composition of feed in multi-stage countercurrent extraction
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Figure 4.9 The effect of water content in solvent in multi-stage countercurrent extraction

without reflux and countersolvent
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Figure 4.10 The effect of reflux and countersolvent on multi-stage countercurrent

extraction

Table4.3 Average composition of solvent and raffinate phase at k=1

Conditions Ave.compsition of (E;+R;)
SIF S./F X Aromatics Nonaromatics Solvent
8.09 2.16 0 0.054 0.293 0.653
595 0.93 0.5 0.106 0.246 0.648
499 0.46 1 0.161 0.202 0.637
441 0.21 15 0.220 0.159 0.621
4,00 0.05 2 0.280 0.117 0.603
3.85 0 2.23 0.309 0.097 0.594
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Figure 4.14 The effect of number of stage on solvent-to-feed ratio
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Figure 4.15 The effect of number of stage on countersolvent-to-feed ratio
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Figure 4.16 The effect of countersolvent spices on multi-stage countercurrent extraction
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Figure 4.18 The effect of solvent spices on multi-stage countercurrent extraction
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Figure 4.18 The effect of solvent spices on yield
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Table5.1 Conditions for calculation of multi-stage countercurrent extraction

Feed Cracked oils (CK, CGO, LCO)
Solvent methanol, sulfolane and furfural
Countersolvent heptane (CN=7)
Total stage

Process without reflux and countersolvent  n=1

Process withreflux and countersolvent n=12
Feed stage IXea-Xnal < IXpa-Xkal (NF#K)
Specification yp.a=0.8

Y,=0.8
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Table5.2 Feed compositions in cracked oils

Type i Mass fraction [-]
CK CLO1 CLO2
saturate 0.701 0.391 0.279
heptane C7 0.004 0.001 o0.001
octane C8 0.043 0.003 0.002
nonane C9 0.172 0.005 0.001
decane C10 0.086 0.039 0.001
undecane C11 0.082 0.039 0.002
dodecane C12 0.080 0.035 0.006
tridecane C13 0.091 0.036 0.022
tetradecane C14 0.065 0.033 0.018
pentadecane C15 0.050 0.036 0.043
hexadecane Cl16 0.022 0.030 0.028
heptadecane C1l7 0.007 0.030 0.029
octadecane C18 0.026 0.029
nonadecane C19 0.022 0.025
eicosane Cc20 0.019 0.027
heneicosane c21 0.020 0.028
docosane Cc22 0.016 0.019
olefin 0.287
1-decene 010 0.073
1-dodecene 012 0.052
1-tetradecene 014 0.045
1-hexadecene 016 0.039
1-octadecene 018 0.042
1-eicosene 020 0.035
mono cyclic aromatic 0.270 0.159 0.188
toluene TOL 0.007 0.007 0.007
ethylbenzene EB 0.018 0.005
m,p-xylene M,PX 0.063 0.010 0.023
o-xylene OX 0.047 0.013 0.011
propylbenzene PB 0.011 0.004
mesitylene MS 0.038 0.023 0.010
pusedocumene PC 0.035 0.013 0.025
tetraline T 0.025 0.033 0.008
hexylbenzene HB 0.025 0.035 0.043
pentamethylbenzene PMB 0.023 0.052
di cyclic aromatic 0.030 0.120 0.388
naphthalene N 0.011 0.023 0.036
2-methylnaphthalene 2MN 0.019 0.026 0.207
1-methylnaphthalene 1MN 0.042 0.121
fluorene FL 0.029 0.024
tri cyclic aromatic 0.044 0.145
phenanthrene PHE 0.007 0.059
anthracene ANT 0.006 0.015
2-methylanthracene 2MA 0.010 0.031
9-methylanthracene 9MA 0.009 0.019
phenylnaphthalene PN 0.011 0.022
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Figure 5.3 The effect of reflux and countersolvent on multi-stage countercurrent

extraction with LCO
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Figure 5.4 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction without reflux and countersolvent (Methanol)
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Figure 5.5 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction without reflux and countersolvent (Sulfolane)
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Figure 5.6 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction without reflux and countersolvent (Furfural, Sulfolane)
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Figure 5.7 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction with reflux (Methanol)
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countercurrent extraction with reflux (Furfural)
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Figure 5.9 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction with reflux (Methanol)
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Figure 5.10 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction with reflux (Furfural)
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Figure 5.11 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction with reflux and countersolvent (Methanol)
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Figure 5.12 Process flow diagram of separation process of cracked oil using multi-stage

countercurrent extraction with reflux and countersolvent (Furfural)
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ETVIRGY MF8 NIZE ENLEH - EM DI ThHDHA v R—L, XY FF7
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Table A.1 Experimental conditions for liquid-liquid equilibrium

Feed model mixture(MF8)
Mass, Rini [ka] 0.003

Solvent methanol, furfural or sulfolane

Mass ratio of solvent to feed,

Eini/Rini [-] 1

Extraction temperature K] 303

Shaking time [h] 48

Amplitude of shaking [m] 0.04

Frequency of shaking ™ 5400

Table A.2 Physical properties of indole and benzothiophene

Type component [ Formula MW [-] b.p. [K]
nitrogen compound indole IN C8H7N 117 526
sulfuric compound  benzothiophene BT C8H6S 134 494
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Figure A.1 Chemical structures of indole and benzothiophene

Table A.3 Composition of model mixture (MF8) for feed oll

Type component | Xi1

alkane nonane C9 0.81

mono cyclic aromatic toluene TOL 0.16
o-xylene OX 0.01

nitrogen compound indole IN 0.01
sulfuric compound benzothiophene BT 0.01
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Figure A.3 Separation selectivity of component i relative to nonane with MF8
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Fz=L*x+1®x?  (=F1.2....,0) (B.3)

F. L, LBI3FnZFh AR5k, M A, Wk B DELETH D, WEINER
TR Q2.2)E B yR3)D CFETEIND, SSHICHEMEOMAR. X . xPIZUT
DI A o,

> xt=1 (B.4)
C
> xP=1 (B.5)
C

B PET L

W VAR 2 SR oD D BRIL R 72 BAR S vy OHERIE L LT, AAFFETIZ UNIFAC 1%
ZFIH L7z, UNIFAC {EIZ TINOERERE (7 7NV —) 220 TD/RT A—H
ERWDLETLTHY , s O FHEE DRI T~ 2 2 BEE5ET 55 %
THLTWDHEEZLNDNOLTHD, SIDBITHKTHED/NT A —=F RN DI
MORFENFIH CERVESICH L TCHLHEATED L WIFA LD D,
UNIFAC 7£ TIERT | DA TOIE BRI v 3L TR T a2 AW TEHR S D,

Iny;= Iny° + InyR (B.6)
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|nY,' C= In ((p,'/X,') + 0.52q,-|n (9,/ (D,) + /,'*((D,'/X,')z/' (Xj/j) (B7)

Iny; R = Sl (Infc— InF) (B.8)

Mk = Q[ 1—IN (XmOm%mi)—Ym (OnPhm! S nOnWnm)] (B.9)

I = Qu[1=In (TP W) =3 m (Om Wi m! T0On Y, )] (B.10)
1;i=05z(ri—qi)—(ri—1) (B.11)
ri=Ywil "R (B.12)
9= Qi (B.13)
D= nixilyrnx (B.14)
0i= qixil2;q;X; (B.15)
Om= QmXm/Yn QnXn (B.16)
Ot = QX 1 5 Qo Xl (B.17)
Yon=exp (—amn!/ T) (B.18)
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— % R DOIEEAREA~D %5 %%& L7~ Combinatorial T8, y° &. EHREERM DA
AER FHEAEHI AN A—4 ap,) OIEEREA~DF G52 E[E L7- Residual H,
VR TEEINS,

728 UNIFACIEZ WD IZH T > T, (RFE/NT A —F Q. KEFE/NT A —4 R
AR ST A =% apy BDLEIZR D, FERETIY 7 71— LTENRER
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DEFE/RT A —H Q. REM T A—H Ry bo, FEHTITN—TEI AL TV
— TR ZIT o, AA T N—THOMAENEH AT A—=F am &b, #ilx
IX. ACH & ACI3EH> VT I N—T L L TENTENDEKFE/NT A —F Q. FHIE
INT A=K R xbD, L, AA 7 N—71XRELHDIZ72 50 TlH CHAAE
H/XT A—% amy & H D,

VI L B T VRSO RSTx L UNIFAC B2 210h= 0, fii
TLVT I N—T L EORERE T A —4 Ry, KFE/X7 A—% Q% Table B.1 (T,
BRRANOY T 7T N—TOFfE & % D¥ % Table B.2 (279, MHAE/EH/NT A —
ST PR DN T A — &2 L QIR O/ 7 A —2 BN ilE STk
p 1021233239yt L LTI T T E AV D AR AR 08T A
—HERWTERN, AX )= ANVEKTUEHWD IR A STV 722V R
VB HER R O RT A =2 03% O KB HER A O T A =2 2 W TEHE LTz,
ZNENUZOWTOFENER 5 A — % % Table B.3, Table B.4 (27",

Table B.1Rk and Qy value of used subgroups

Subgroup Rk Qx
CH3 0.9011 0.848
CH2 0.6744 0.54

CH2=CH 1.3454 1.176
ACH 0.5313 0.4

AC 0.3652 0.12
ACCH3 1.2663 0.968
ACCH2 1.0396 0.66
CH3O0OH 1.4311 1.432
furfural 3.168 2.481
sulfone 2.6869 2.12

H20 0.92 1.4
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Table B.2 Number of functional groups in studied components

i CH3 CH2 CH2=CH ACH AC ACCH3 ACCH2 CH3OH furfural sulfone

heptane 2 5
octane 2 6
nonane 2 7
decane 2 8
undecane 2 9
dodecane 2 10
tridecane 2 11
tetradecane 2 12
pentadecane 2 13
hexadecane 2 14
heptadecane 2 15
octadecane 2 16
nonadecane 2 17
eicosane 2 18
heneicosane 2 19
docosane 2 20
1-decene 1 7 1
1-dodecene 1 9 1
1-tetradecene 1 11 1
1-hexadecene 1 13 1
1-octadecene 1 15 1
1-eicosene 1 17 1
toluene 5 1
o-xylene 4 2
mesitylene 3 3
tetraline 4 4 2
hexylbenzene 1 5 5 1
1-methylnaphthalene 7 2 1
fluorene 1 8 4
phenanthrene 10 4
methanol 1
furfural 1
sulfolane 2 1
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Table B.3 UNIFAC interaction parameters for the system with furfural

a(i,)) CH3,CH2 CH2=CH ACH,AC ACCH3,ACCH2 H20 furfural
CH3,CH2 0 74.54 -114.8 -115.7 1300 383
CH2=CH 292.3 0 340.7 4102 896 262.9
ACH,AC 156.5 -94.78 0 167 859.4 31.14

ACCHS3,ACCH2 104.4 -269.7 -146.8 0 5695 715.6

H20 342.4 220.6 372.8 203.7 0 66.95

furfural 14.78 82.64 -10.44 -184.9 211.6 0

Table B.4 UNIFAC interaction parameters for the system with methanol or sulfolane

CH3,CH2 CH2=CH ACH,AC AA%%'E’ CH3OH H20  sulphone

CH3,CH2 0 86.02  61.13 765  697.2 1318  808.59

CH2=CH -35.36 0 3881 7415  787.6 2706  200.94

ACH,AC 1112 3.446 0 167  637.3 903.8  360.82

ACCH3,ACCH2 | -69.7 1136  -146.8 0 6032 5695  233.51

CH30H 1651  -12.52  -50 445 0 181  150.02

H20 300 4961 3623  377.6 2896 0 1255.63
sulfone 24521 38445  47.05 34713 26575 627.39 0

B.2 ‘EFIE

JiEEE LT 24 EREF LET VIREMMF3~T) 2 W, & BIZKOEMOE
BEDSHN 5 X D BT 5720, MF9 & LT hlxmy —~T7 X 2 53R
AW (xroLin=0.1N)Z W= E BT TV D, L L TAX ) —)L, TN T T—
by ANEKRZ oD 3 AV, SEEREE 303K, IWELEEHE EnlRin=1 & L. MF9
TIEAZ 7=, AWK T NOKDIRE ywini & 0~0.7 & L7z, KRFHEIT Visual
Basic Titibsn /=7 /I A2 HWTEHR I, Z 2 TiEE(B.1)~(B.5) % iz
FT X912 LA/F %% & L7- Newton-Raphson £I2 L » CTEE S,
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Figure B.1 The effects of the number of carbon atoms in molecular on
distribution coefficient of component j with MF3
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Figure B.2 The effects of the number of carbon atoms in molecular on
separation selectivity of component i relative to nonane with MF3
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Figure B.3 The effects of the number of carbon atoms in molecular on
distribution coefficient of component j with MF4
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Figure B.4 The effects of the number of carbon atoms in molecular on
distribution coefficient of component i with MF5
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Figure B.5 The effects of the number of carbon atoms in molecular on
separation selectivity of component i relative to nonane with MF5
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Figure B.6 The effects of the number of carbon atoms in molecular on
distribution coefficient of component j with MF6
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Figure B.7 The effects of the number of carbon atoms in molecular on
separation selectivity of component i relative to nonane with MF6
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Figure B.8 The effects of the number of carbon atoms in molecular on
distribution coefficient of component i with MF7
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Figure B.9 The effects of the number of carbon atoms in molecular on
separation selectivity of component i relative to nonane with MF7
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Table C.1 Physical properties and contents of cracked oils

Feed oil CK CGO LCO
Density (15°C) [kg-cm™] 0.8168 0.8929 0.9365
Sulfur content [ppm] 54 28200 1540

Nitrogen content [ppm] 41.8 808 385
Viscosity (30°C) [mm?s™] 1.495 6.989 3.635
Bromine Number [0-Br,/100q] 0.5 21.9 6.1
Refractive index (20°C) [ND] 1.4557 1.4994 1.4032
Elemental analysis
C [%] 86.4 85.1 90.0
H [%0] 13.3 11.8 10.0
Distillation (ASTM-D86)
IBP [°C] 1405 1575 1975
5% [°C] 157 269.5 2515
10% [°C] 161.5 2825 2645
20% [°C] 170 2955 2745
30% [°C] 179.5 303 282.5
40% [°C] 192 309.5 288.5
50% [°C] 206.5 316 295.5
60% [°C] 222.5 323 303
70% [°C] 234.5 331 311
80% [°C] 245 3415 3205
90% [°C] 256.5 359 332.5
95% [°C] 265 380.5 3425
97% [°C] 270 385 349.5
EP [°C] 278 386.5 352.5
bottom [vol%] 1.0 1.5 1.5
Type of hydrocarbon content (HPLC: JPI-5S-49-97)
mono cyclic aromatic [ 0.2695 0.1586 0.1882
di cyclic aromatic -] 0.0291 0.1203 0.3876
tri cyclic aromatic [-] 0.0007 0.0437 0.1448
alkane -] 0.7007 0.3908 0.2794
alkene [-] 0 0.2866 0
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Figure C.1 The distillation curves of cracked oils
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= mass of residue
= number of components
N = carbon atoms in molecular
= mass of distillate
= mass of solvent phase
= mole of feed
= number of total stage for extraction process
= mole of liquid phase
= distribution coefficient
= number of total stage for extraction process
= feed stage
= reflux stage
= countersolvent stage
= mass of product of extracted components
= mass of oil phase
= mass of solvent
= temperature
time
= mass or mole fraction in oil phase
= mass or mole fraction in solvent phase
= yield for extract phase
= separation selectivity
= activity coefficient
<Subscript>
A = total aromatics
ANT = anthracene
BT  =benzothiophene

OO
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o] = countersolvent
C10 =decane
C11 =undecane

C12 =dodecane
C13 =tridecane
C14 =tetradecane
C15 = pentadecane
C16 = hexadecane
C17 = heptadecane
C18 = octadecane
C19 =nonadecane
C20 =eicosane
C21 = heneicosane
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C22 =docosane
C7 = heptane

C8 = octane
C9 = nonane
CK = cracked kerosene

CLO1 = cracked light oil1
CLO2 = cracked light oil2
EB = ethylbenzene

eq = equilibrium
FL = fluorene

FUR = furfural

HB = hexylbenzene
i = component i
IN =indole

ini = initial

MEOH= methanol
MPX = m,p-xylene

MS = mesitylene

MX = m-xylene

N = naphthalene

NA = total noaromatics

010 =1-decene

012 =1-dodecene
014 = 1-tetradecene
016 = 1-hexadecene
018 1-octadecene
020 1-eicosene

OX =o-xylene

PB = propylbenzene
PC = pusedocumene
PHE = phenanthrene

PMB = pentamethylbenzene

PN = phenylnaphthalenetetraline

PX  =p-xylene

r = reflux

sp = separator for solvent recovery

spc = separator for countersolvent recovery
SUL = sulfolane

T = tetraline

TOL = toluene

W =water

1MN = 1-methylnaphthalene
2MA = 2-methylanthracene
2MN = 2-methylnaphthalene
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9MA = 9-methylanthracene
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