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APPENDICES

Appendix A Experimental Data of Catalytic Activity Test for Ethylation of
Toluene with Ethanol over synthesized HZSM-5 Catalyst
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FigureAI Toluene conversion as a function of TOS over various SiICVABCb molar
ratios of HZSM-5; reaction temperature 350 c, toluene to ethanol molar ratio of 3,
WHSV =20 h"L
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Figure A2 P-ET selectivity in products as a function of TOS over various
SKD2/A 1203 molar ratios of HZSM-5; reaction temperature 350 °C, toluene to ethanol
molar ratio of3, WHSV =20 h'L
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Table Al Product selectivity ofthe liquid sample testing over HZSM -5 with various
SiCh/AbCh molar ratio at 350 ¢, toluene to ethanol molar ratio of 3, WHSV = 20
h"L, TOS 390 min

SiCh/AhCb molar Liquid product selectivity (wt %)
ratio 0-ET ?-ET IM-ET Xylenes EB Benzene Others*
23 247 27797 6153 1.48 117 035 5.23
80 422 3098 61.67 0.45 0.4 0.09 2.19
195 0.09 6872 2754 058 045  0.25 2.36
280 0.11 716 27.07 025 013  0.06 0.79

* For instance; ethylene, trimethylbenzene, and heavy aromatics
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Figure A3 Toluene conversion as a function of TOS in over HZSM-5 with
SiCb/AbCh molar ratio of 280 at various reaction temperature; toluene to ethanol
molar ratio of 3, WHSV = 20 h'L
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Figure A4 p-ET in products as a function of TOS over HZSM-5 with Sio2/AEos
molar ratio of 280 at various reaction temperature; toluene to ethanol molar ratio of
3, WHSV =20 h L
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Table A2 Product selectivity of the liquid sample testing over HZSM-5 with

SiCh/AhCb molar ratio of 280 at various reaction temperature, toluene to ethanol
molar ratio of 3, WHSV = 10 h",, TOS 390 min

Reaction
temperature (°C)

300
350
400
450
500

Liquid product selectivity (wt %)
O-ET P-ET  M-ET Xylenes EB Benzene Others*

0.21  69.69  26.1 0.4 0.16 0.04 3.4
0.1 66.58  31.95 024 013 0.02 0.98
016 6246 35.72 035  0.19 0.07 1.05
026 57.33 3833 125 035 0.29 2.19
026  52.19  36.08 3.94  0.89 2.86 3.11

* For instance; ethylene, trimethylbenzene, and heavy aromatics
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Figure A5 p-ET inproducts as a function of TOS over HZSM-5 with SiCh/AbCE
molar ratio 0f280 at various WHSV; reaction temperature 350 °C, toluene to ethanol

molar ratio of 3.
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Figure A6 Toluene conversion as a function of TOS over HZSM-5 with Si02/Ah03
molar ratio 0f280 at various WHSV; reaction temperature 350 °C, toluene to ethanol

molar ratio of 3.
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Table A3 Product selectivity of the liquid sample testing over HZSM-5 with

SiCh/AbCh molar ratio of 280 at various WHSV, 350 °c , toluene to ethanol molar
ratio 0f 3, TOS 390 min

_ Liquid product selectivity (wt %)
WHSV (-] OET ».ET WET Xylenes EB Benzene Others*
5 02 5857 3965 027 018 012 101
10 01 6658 3195 024 013 002 09
15 012 6866 2965 025 02 006 105
20 011 716 2707 025 013 006 079

* For instance; ethylene, trimethylbenzene, and heavy aromatics
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Figure A7 p-ET in products as a function of TOS over HZSM-5 with SiCh/AhCh
molar ratio of 280 at various toluene to ethanol molar ratios; reaction temperature
350 ¢, WHSV 20 h'l
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Figure A8 Toluene conversion as a function of TOS over HZSM-5 with Sio2/Ahos

molar ratio of 280 at various toluene to ethanol molar ratios; reaction temperature
350 °c, WHSV 20 ",
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Table A4 Product selectivity of the liquid sample testing over HZSM-5 with
SICT/ABCh molar ratio of 280 at various toluene to ethanol molar ratios, 350 c,

WHSV =20 h'1 TOS 390 min

Toluene to Liquid product selectivity (wt %)

ethanol molar

ratlo
1 01 6804 2875 077 028
2 014 7173 258 039 016
3 011 716 2107 02 013
4 01 7098 2177 031 015
5 016 7236 2617 028 017

* For instance; ethylene, trimethyibenzene, and heavy aromatics

0.05
0
0.06
0.04
0.16

OET ».ET m-ET Xylenes EB Benzene Others*

201
LT
0.79
0.64
0.7
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Table A5 Catalytic activity testing over CLD treated HZSM-5 (SiCh/AbCh molar
ratio 0f 280) at 350 ¢, at toluene to ethanol molar ratio of 3, WHSV =20 h'1, 60-80
mesh

Catalyst f Toluene conversion (%)
oD mount 0

TEOS . . . . .
treatment (mligof 0min 120 min 210 min 300 min 390 min

(cyele) catalyst)
| 1469 1428 1429  B¥H B
0.2 7 1B 1248 1306 1306
0.6 1261 UL 1255 146 1276
| 1245 1258 1157 1164 1257
2 1299 1218 1229 1224 1190
1 9.53 10.43 9.76 10.35 9.86

e, —_m

Table A6 Product selectivity of the liquid sample testing over CLD treated HZSM-5
(SICL/AbCh molar ratio of 280) at 350 ¢, at toluene to ethanol molar ratio of 3,
WHSV = 20 h-\ TOS 390 min, 60-80 mesh

Catalyst Liquid product selectivity (wt %)
Amount
L of TEOS
treatment (mligof OET p-ET  -ET Xylenes EB Benzene Others*
(cyele) catalyst)

- 018 6967 2805 04 022 004 144
02 005 7936 194 03 017 005 0%
06 004 8245 1594 031 019 004 103
1 003 &.13 1333 032 017 004 098
2 002 8.08 1.5 045 02 004 143
_ 1 001 8905 898 037 016 002 14
* For instance; ethylene, trimethylbenzene, and heavy aromatics

N
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Table A7 Catalytic activity testing of o-xylene isomerization over unmodified and
CLD treated HZSM-5 (SiCh/AhCh molar ratio of 280) at 350 c, at toluene to
ethanol molar ratio of 3, WHSV =20 h'1, 60-80 mesh

Compound Composition ( t%)
0-Xylene 97.75
[T-Xylene 041
TTT-Xylene 0.02

Others 182

Table A8 Composition in liquid products and o-xylene conversion in o-xylene

isomerization

0-Xylene Composition in liquid products (wt %)

Conversion ~ o-Xylene  /7-Xylene  771-Xylene ~ Others*
HZSM-5 (280) 9.37 88.38 346 392 4.24
HZSM-5 CLD1 4.99 92.76 2.68 149 3.06
HZSM-5 CLD2 383 93.92 243 149 2.16

* For instance; henzene, toluene and other aromatics

Reaction temperature 350 °c, WHSV =20 hfl, particle size 60-80 mesh, and TOS =
120 min,

Catalyst
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Appendix B Other Catalyst Characterization
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Figure BL TPO profiles of spent HZSM -5 at 350 Cand 500 °C (Si02/Ah03 molar
ratio 0f 280, toluene to ethanol molar ratio of 3, WHSV = 10 h'L, TOS 390 min).
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Figure B2 sem images ofthe unmodified commercial and synthesized HZSM -5.
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Figure B3 SEM images of the various CLD treated HZSM-5.
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Figure B4 nH.-TpD Profile ofthe catalyst studied.
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Appendix ¢ 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 0fZSM -5 isNanAlnSiss-nQiez
In the case of commercial F1ZSM-5 SiCb/AhCb = 23,

From XRF
Si02 = 92.81 wt% Al.0s = 7.19 wt%
Si = 15447 mol Al = 0.1410 mol
SilAl = 10.9524
From AInSi96-n0i92,
SilAl 10.9524
11,9524n 96
= 8.0319
Si 87.9681
Al 8.0319

From the chemical composition determined by XRF method, the theoretical
acidity ofzeolite is calculated as follows:
The general formula of HZSM -5 is HnAInSi96-n0i92
In the case of HZSM-5 (B 1) with,

Si 87.9681

Al 8.0319

From  the above, the general formula of HZSM-5 s
Hs03i86A18 03i86Sis7 968i40i92. The weight of unit cell of HZSM-5 () is

= 8.0318(1)+8.0318(26.98)+87.9681(28.09)+192(16.00)

= 5767.7565 ¢
The theoretical acidity ([H+]) of HZSM-5 (B1) is
[H¥] =  8.0319/5767.7565

[HY = 1393 mmollg
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Appendix D Calculation of the minimum ratio the bed length to the particle

Size
X%A'r(rAi)
Lbzlength ofbed

dp = diameter ofparticle
Pe = Peclet number
= order of reaction
x = conversion of reaction
Taking Pep = 0.5 for the low Reynolds region of interest for laboratory-
scale operation .
Taking dp = 0.05 cm for the particle sieve at mesh 20-40

Assume =1
If x=10.4
ALb el 1
005 05 T-0.T
Lb=0.04 cm
If x=05

b g1r 1
005 05 4-0.5)
b= 055 cm
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