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APPENDICES
Appendix A Experimental Data of Liquid Feed Calibration of GC 5890

1 Benzene
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Figure A1 Calibration curve of benzene.

2. Ethanol
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Figure A2 Calibration curve of ethanol.



Appendix B Experimental Data of Gas Flow Calibration of Sierra CI00L Mass

Flow Controller
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Figure B1 Calibration curve of nitrogen.
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Appendix C Experimental Data of Liquid Feed Flow Calibration of Gilson 307
Pump
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Figure Cl calibration curve of liquid feed.
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Appendix b Calculation of Si/Al Ratio and Theoretical Acidity
From the chemical composition determined by XRF method, the Si/Al ratio is
calculated as follows:
The general formula of HZSM-5 is AInSise-nQio2
In the case 0of HZSM-5 (45),

Si02 = 98.937 wt% Al20 3 = 0.93 wt%
Si02 = 1.65 mol Al20 3 = 0.009 mol
SI02ZA1203 = 180

Si02has o atom 3.29 mol in total 0 atom 3.32 mol
From the general formula, Si02has o atom 190.3 mol in total 0 atom 192 mob So,
Si02has Si-atom 95.15 mol.

From AlnSis6.n0i92, = 96- 95.15
= 0.85
So, Si 95.15
Al 0.85
SiIAl = 112

From the chemical composition determined by XRF method, the theoretical
acidity of zeolite is calculated as follows:
The general formula of HZSM-5 is AlInSios-n0 is2
In the case of HZSM-5 (45) with,

Si 95.15

Al 0.85
From the above, the general formula of HZSM-5 is Alo 85Si95.i50i92. The weight of
unit cell of HZSM-5 () is

= 0.85(1)+ 0.85(26.98)+ 93.91(28.09)+ 192(15.99)

= 5766.627 g
The theoretical acidity ([H+]) of HZSM-5 (45) is
[HY] = 0.85/5766.627

[HY] = 0.147 mmollg
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Appendix E Experimental Data of Catalytic Activity Test for Alkylation of
Benzene with Ethanol over HZSM-5 Catalyst.

Table El catalytic activity testing over HZSM-5 with different Si/Al ratio at
temperature 300°C, B/E = 1, WHSV = 8 h'1

: Conversion (%)
Component  Si/Al th o 2h an ih 5h 6h
77 5939 6167 6405 6473 6473 6240
Benzene 112 5180 5546 5534 5498 56.34 54.22
109 36.18 3239 3659 3408 3301 3821
7 993 9875 9934 9875 9875 95.95
Ethanol 112 9323 9224 9262 9125 9295  93.15
100 9172 9169 9188 9269 9241  92.26

Table E2 Catalytic activity testing on different temperature for HZSM-5 (A), BJE =
1, WHSV = 8h'l

Temperature Conversion (%)
Component — "¢ey™™ 4n on 3n . 4h  5h 6h

300 50.39 6167 6405 6473 6473 6240
350 49.09 4528 4681 4703 4621 48.32

Benzene 00 4203 4207 31 1397 4487 4579
500 2660 3095 2812 2413 2580 2661
00 993 9875 9934 9875 9875 9595
o] B0 0244 9183 0467 9350 9602 9662

400 8851 8831 9121 9220 8945 90.39
500 87.65 8791 8707 8654 8491 8517
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Table E3 Product distribution over HZSM-5 with different Si/Al ratio at temperature
QB/E = 15WHSV =8 h'land Time on stream = 6 h

Product distribution (  t%)

Component liquid phase gas phase

m 112 109 7 112 109
ethylene 000 000 000 266 740 2.80
methanol 006 001 000 028 005 0.00
toluene 110 015 003 327 102 0.12
EB 4775 5369 6525 69.33 7453  86.93
xylenes 147 037 020 368  4.64 2.61
cumene 3.02 181 068 231 209 0.84
propyl-benzene 328 067 010 18 047 0.12
p-ethyl toluene 2.21 107 073 137 0.69 0.46
o-ethyl toluene 012 001 000 013 004 0.04
1,2,3-trimethylbenzene 0.30 011 006 018  0.05 0.04

(2-methylpropyl)-benzene 028 005 000 01l 001 0.01
(L-methylpropyl)-henzene 049 033 05 026 006 0.20

indane 072 006 00l 020 013 0.02
1-propenyl benzene 049 003 002 006 006 0.01
14-diethylbenzene 2102 2515 2285 686  3.69 1.62
1,3-diethylbenzene 1250 1439 886 430 243 3.94
1,2-diethylbenzene 105 067 011 09 068 0.00
2-butenylbenzene 014 000 002 007 006 0.00
1-butenylbenzene 040 028 018 030 013 0.06
m-ethylcumene 0.51 015 002 023 004 0.03
p-ethylcumene 032 014 005 013 001 0.02
1-Methyl-4-sec-butylbenzene 0.8l 023 003 040  0.06 0.03
1-butyny 1-benzene 048 013 005 020 0.3 0.01
1-methyl-1H-Indene 022 000 000 010 013 0.01
1,2-dihydro-Naphthalene 027 005 004 013 015 0.01
12,3,4-tetrahydronaphthalene 027 004 002 010 0.9 0.01
naphthalene 018 007 002 013 045 0.01
(Lethyl-1-propeny1)-Benzene 044 015 008 016 007 0.02
2-methyl-Naphthalene 040 019 001 020 064 0.01

Total 100.00 10000 100.00 100.00 100.00  100.00
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Table E4 product distribution at different temperature over HZSM-5 (A), BJE = 1,
WHSY =8h'Land Time on stream = 6 h.

Product distribution (wt%)

Component liquid phase gas phase
300°c  350°c  300°c  350°C
ethylene 000 000 266 044
methanol 006 009 028 054
toluene 110 1020 327 3125
EB 4175 4647 69.33  52.04
xylenes 147 484 368 598
cumene 302 218 231 098
propyl-benzene 328 393 18 110
p-ethyl toluene 221 301 137 115
0-ethyl toluene 012 009 013 018
1,2,3-trimethylbenzene 030 08 018 022
(2-methylpropyl)-benzene 028 020 011 005
(I-methylpropyl)-benzene 049 022 026 0l
indane 072 218 020 0.74
1-propenyl benzene 019 077 006 020
1,4-diethylbenzene 2102 807 6.86 131
1,3-diethylbenzene 1250 437 430 078
1,2-diethylbenzene 1.05 107 09 038
2-butenylbenzene 014 097 007 02
1-butenylbenzene 040 083 030 033
m-ethylcumene 051 050 023 013
p-ethylcumene 032 022 013 005
1-Methyl-4-sec-butylbenzene 081 05 040 013
1-butynyl-benzene 048 036 020  0.05
1-methyl-1H-Indene 022 069 010 018
1,2-dihydro-Naphthalene 027 061 013 016
1,2,3 4-tetrahydronaphthalene 027 147 010 024
naphthalene 018 172 013 042
(L-ethyl-1-propeny 1)-Benzene 044 062 016  0.08
2-methyl-Naphthalene 040 231 020 057

Total 100.00 100.00 100.00 100.00



Table E5 product distribution at different temperature over HZSM-5 (A), BJE
WHSV = 8h'Land Time on stream = 6 h (Continued)

Component

ethylene

methanol

toluene

EB

xylenes

cumene

propyl-benzene

p-ethyl toluene

0-ethyl toluene
1,2,3-trimethylbenzene
indane

1-propynyl benzene
1,4-diethylbenzene
1,3-diethylbenzene
1,2-diethylbenzene
2-butenylbenzene
1-butenylbenzene
1-methyl-indane
1-methyl-1H-indene
1,2-dihydro-naphthalene
1,2,3 4-tetrahydronaphthalene
naphthalene
2-methyInaphthalene
1-methy Inaphthalene
1-ethyl-naphthalene
2,6-dimethyl-naphthalene
1,6-dimethyl-naphthalene
Total

Product distribution (wt%)

liquid phase
400°c 500°c
0.00 0.00
0.10 0.03
1454 29.32
45.52 19.42
6.06 14.49
1.56 0.50
2.57 111
2.49 2.09
0.36 0.38
0.62 0.65
3.86 4.96
123 13.23
387 0.69
192 0.40
0.64 0.10
0.93 0.47
141 0.54
0.53 0.32
0.90 101
0.74 0.73
11 0.30
241 0.12
387 1.42
111 0.03
0.66 0.46
0.48 0.75
0.49 0.49
100 100

gas phase
400°c 500°c
241 2.54
1.99 0.86
23.02 55.12
46.24 2373
10.20 12.38
1.26 0.28
1.22 0.51
157 0.94
0.39 0.17
0.46 0.19
1.60 0.84
0.53 0.57
0.99 0.25
0.65 0.15
0.52 0.02
0.41 0.05
0.74 0.09
0.27 0.04
0.30 0.12
0.30 0.10
0.42 0.06
1.28 0.65
145 0.13
1.04 0.05
0.21 0.05
0.30 0.06
0.23 0.03
100 101.00

56

1,
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Table E6 catalytic activity testing on different WHSV for HZSM-5 (A), BIE = 1, T

=300 c.

Component

Benzene

Ethanol

WHSV (h1

5
8
10
12
14
20
5
8
10
12
14
20

1h
64.46
59.39
58.15
45.82
46.19
16.01
97.74
96.93
99.62
99.00
99.45
95.38

2h
65.61
61.67
58.52
5241
45.01
13.47
98.01
98.75
98.62
98.91
99.76
94.75

Conversion (%)

3h
68.72
64.05
55.86
49.18
47.64
11.48
99.49
99.34
99.63
99.38
98.35
95.87

4h
67.97
64.73
52.84
49.04
40.68
10.58
98.62
98.75
99.41
99.64
91.73
94.74

5h
70.53
64.73
53.23
41.07
36.96
12.65
98.07
98.75
99.52
98.82
99.52
96.27

6h
68.25
62.40
50.82
40.45
36.59
14.08
99.23
95.95
97.76
99.32
99.40
95.85
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Table E7 product distribution of liquid sample at different WHSV over HZSM-5

(A), T=2300 ¢, B/E=1and Time on stream =6 h

Component

ethylene

methanol

toluene

EB

xylenes

cumene
propyl-benzene

p-ethyl toluene

0-ethyl toluene
1,2,3-trimethylbenzene
(2-methylpropyl)-benzene
(L-methylpropy!)-benzene
indane

1-propenyl benzene
1,4-diethylbenzene
1,3-diethylbenzene
1,2-diethylbenzene
2-butenylbenzene
1-butenylbenzene
m-ethylcumene
p-ethylcumene

1-Methyl-4-sec-hutylbenzene

1-butynyl-benzene
1-methyl-1H-Indene
1,2-dihydro-Naphthalene

1,2,3,4-tetrahydronaphthalene

naphthalene

(L-ethyl-1-propeny 1)-Benzene

2-methyl-Naphthalene
Total

5h'l
0.00
0.03
131
43.83
1.86
17
2.15
252-
0.20
0.33
0.22

026 .

0.90

0.22.

23.34
1412
1.06
0.19
0.65
0.51
0.24
0.77
0.42
0.26
0.27
0.31
0.46
0.53
0.71

product distribution (wt%)

8h'l
0.00

0.06

1.10
47.75
147

3.02

3.28

2.21

0.12

0.30

0.28

0.49

0.2

0.19
21.02
12.50
1.05

0.14

0.40

0.51

0.32

0.81

0.48

0.22

0.27

0.27

0.18

0.44

0.40

100.00 100.00

10h1

0.00
0.08
1.29
53.13
143
2.36
2.85
1.86
0.11
0.25
0.23
0.38
0.58
0.18
18.92
11.74
0.85
0.12
0.33
0.41
0.27
0.69
0.41
0.18
0.24
0.20
0.20
0.37
0.33

100.00

12h1

0.00
0.08
0.84
54.61
1.05
4.49
2.56
1.68
0.08
0.22
0.22
0.47
0.33
0.11
18.61
10.85
0.78
0.03
0.24
0.37
0.27
0.62
0.38
0.11
0.18
0.16
0.12
0.32
0.22

14h'1

0.00
0.08
0.77
58.29
0.96
4.13
2.35
1.54
0.08
0.20
0.20
043
0.30
0.10
17.10
9.97
0.2
0.07
0.22
0.34
0.25
0.57
0.35
0.10
0.16
0.15
0.06
0.29
0.21

20h'l

0.00
0.15
0.50

69.20

0.89
112
1.18
0.88
0.04
0.12
0.06
0.31
0.35
0.09
13.78
8.94
0.92
0.04
0.10
0.15
0.10
0.26
0.17
0.07
0.09
0.07
0.12
0.15
0.17

100.00 100.00 100.00
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Table E§ Product distribution of gas sample at different WHSV over HZSM-5 (A),
T =300 C, B/E = 1,and Time on stream = 6 h

Component

ethylene

methanol

toluene

EB

xylenes

cumene

propyl-benzene

p-ethyl toluene

0-ethyl toluene
1,2,3-trimethylbenzene
(2-methylpropyl)-benzene
(1-methylpropyI)-benzene
indane

1-propenyl benzene
1,4-diethylbenzene
1,3-diethylbenzene
1,2-diethylbenzene
2-butenylbenzene
1-butenylbenzene
m-ethylcumene
p-ethylcumene
1-Methyl-4-sec-hutylbenzene
1-butynyl-benzene
1-methyl-1H-Indene
1,2-dihydro-Naphthalene
1,2,3,4-tetrahydronaphthalene
naphthalene
(L-ethyl-1-propenyl)-Benzene
2-methy 1-Naphthalene

Total

5
0.45
0.34
1.86
65.16
4.14
1.59
L
171
0.19
0.24
0.11
0.21
0.32
0.08
1.52
4.36
1.30
0.11
0.41
0.27
0.13
0.35
0.17
0.11
0.14
0.12
0.23
0.26
0.34

100.00  100.00

product distribution (wt%)

8
2.66
0.28
3.21
69.33
3.68
231
1.88
137
0.13
0.18
0.11
0.26
0.20
0.06
6.86
4.30
0.95
0.07
0.30
0.23
0.13
0.40
0.20
0.10
0.13
0.10
0.13
0.16
0.20

10
2.46
1.95
5.70

59.83
491
2.46
2.06
1.70
0.24
0.29
0.14
0.32
0.27
0.08
1.39
4.83
L7
0.13
0.51
0.38
0.20
0.59
0.30
0.19
0.26
0.41
0.21
041
0.40

100.00

12
2.90
0.38
2.68

10.54

3.69
2.85
1:93
1.37
0.17
0.22
0.12
0.26
0.21
0.07
6.09
3.72
101
0.08
031
0.22
0.11
0.24
0.10
0.08
0.10
0.11
0.12
0.06
0.27

14
4.17
1.00
2.21

50.41
513
2.12
191
1.72
0.23
0.27
0.12
0.33
0.35
0.09
8.53
6.10
2.30
0.17
0.62
042
0.23
0.62
0.33
0.20
0.24
0.28
0.18
0.33
0.38

20
9.40
343
2.58
1541
4.39
0.66
0.28
0.40
0.03
0.06
0.03
0.14
0.08
0.02

1.38

1.16
0.33
0.02
0.07
0.04
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01

100.00  100.00 100.00
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Table E9 Catalytic activity testing on different feed ratio for HZSM-5 (A), WHSV =

8 h", T=2300 c.

Component

Benzene

Ethanol

BIE
(mol/mol)

=S OO s BN

1h
59.39
51.05
47.67
45.29
96.93
98.40
93.37
91.22

2h
61.67
50.76
47.03
45.99
98.75
96.81
94.88
89.44

Conversion (%)

3h
64.05
52.03
49.52
45.13
99.34
98.31
94.73
92.38

4h
64.73
54.09
51.22
45.03
98.75
99.04
93.18
91.56

5h
64.73
52.71
50.12
45.30
98.75
97.84
93.93
89.26

6h
62.40
53.51
49.87
46.07
95.95
99.51
93.25
90.46
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Table E10 Product distribution of liquid sample at different feed ratio for HZSM-5

0
(A), WHSV =8h', T = 300 C, and Time on Stream = 6 h

Component

ethylene

methanol

toluene

EB

xylenes

cumene

propyl-benzene

p-ethyl toluene

0-ethyl toluene
1,2,3-trimethylbenzene
(2-methylpropyl)-benzene
(1-methylpropyI)-benzene
indane

1-propenyl benzene
1,4-diethylbenzene
1,3-diethylbenzene
1,2-diethylbenzene
2-butenylbenzene
1-butenylbenzene
m-ethylcumene
p-ethylcumene
1-Methyl-4-sec-butylbenzene
1-butyny 1-henzene
1-methyl-1H-Indene
1,2-dihydro-Naphthalene
1.2,3,4-tetrahydronaphthalene
naphthalene
(1-ethyl-1-propenyl)-Benzene
2-methy 1-Naphthalene

Total

1
0.00
0.06
1.10

41.75
147
3.02
3.28
2.21
0.12
0.30
0.28
0.49
0.2
0.19

21.02
12.50
1.05
0.14
0.40
0.51
0.32
0.81
0.48
0.22
0.27
0.27
0.18
0.44
0.40

100.00

product distribution (wt%"

2
0.00
0.01
231
60.46
113
1.62
2.28
1.66
0.11
0.14
0.18
0.22
0.77
0.17
15.80
9.16
0.62
0.14
0.39
0.28
0.13
0.42
0.24
0.18
0.18
0.21
0.34
0.33
0.51

100.00

3
0.00
0.01
1.67

65.93
0.85
175
2.67
117
0.06
0.09
0.21
0.23
0.53
0.13
1475
1.21
0.50
0.08
0.25
0.22
0.12
0.35
0.19
0.13
0.15
0.13
0.16
0.23
0.25

100.00

4
0.00
0.01
151

12.69
0.97
1.16
2.04
0.86
0.07
0.07
0.13
013
0.84
0.16
1141
5.28
0.76
0.09
0.21
0.18
0.07
0.22
0.12
0.13
013
0.14
0.17
0.20
0.24

100.00
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Table E 11 Product distribution of gas sample at different feed ratio for HZSM-5 (A),

WHSV =8h'L T=2300 c, and Time on stream =6 h

Component

ethylene

methanol

toluene

EB

xylenes

cumene

propyl-benzene

p-ethyl toluene

0-ethyl toluene
1,2,3-trimethylbenzene
(2-methylpropyl)-benzene
(1-methy Ipropyl)-benzene
indane

1-propenyl benzene
1,4-diethylbenzene
1,3-diethylbenzene
1,2-diethylbenzene
2-butenylbenzene
1-butenylbenzene
m-ethylcumene
p-ethylcumene

1-Methy 1-4-sec-butylbenzene
1-butynyl-benzene
1-methyl-1H-Indene
1,2-dihydro-Naphthalene
1,2,3,4-tetrahydronaphthalene
naphthalene
(L-ethyl-1-propeny 1)-Benzene
2-methy 1-Naphthalene

Total

1
2.66
0.28
3.21
69.33
3.68
2.31
1.88
1.37
0.13
0.18
0.11
0.26
0.20
0.06
6.86
430
0.95
0.07
0.30
0.23
0.13
0.40
0.20
0.10
0.13
0.10
0.13
0.16
0.20

100.00

product distribution (wt%

2
0.98
0.22
8.15
16.77
4.60
1.40
1.16
0.90
0.12
0.10
0.06
0.11
0.13
0.03
2.64
173
0.46
0.03
0.11
0.06
0.03
0.03
0.02
0.02
0.02
0.03
0.04
0.03
0.02

100.00

3
0.17
0.14
6.93
79.88
4.88
151
1.29
0.70
0.11
0.10
0.06
0.11
0.13
0.03
2.06
1.19
0.36
0.03
0.08
0.05
0.02
0.04
0.01
0.02
0.02
0.02
0.02
0.02
0.02

100.00

4
0.08
0.08
4.65
85.09
532
0.86
0.70
0.39
0.07
0.05
0.03
0.04
0.12
0.02
1.32
0.76
0.26
0.02
0.04
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01

100.00
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Table E12 Stability test over HZSM-5 (A), T = 300 °c, WHSV = 8 h'1, and BJE =
2.

Time (h)  Benzene conversion (%)  Ethanol conversion (%)  EB selectivity (%)

1 47.89 91.91 51.56
2 48.96 98.21 61.01
3 49.04 98.33 58.76
4 48.02 95.18 60.43
5 46.28 98.82 60.32
6 41.25 96.11 61.51
1 45.84 95.57 59.33
8 44.76 97.93 62.24
9 41.69 95.81 59.48
10 43.91 94.17 62.52
n 45.44 97.60 62.75
12 41.60 98.29 60.36
13 41.42 95.91 62.93
14 43.02 94.07 62.49
15 40.60 95.91 63.07
16 39.62 94.90 62.49
17 39.75 97.24 61.56
18 42.22 94.85 59.52
19 40.75 92:94 63.42
20 40.14 91.82 64.56
2 41.12 9481 64.50
22 41.56 95.08 63.19
25 41.79 95.42 64.66
28 38.37 89.12 62.57
30 38.92 91.93 58.96
34 22.67 84.55 46.09
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