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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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Figure Al T o lu e n e  c o n v e r s io n  a s  a  f u n c t io n  o f  T O S  o v e r  v a r io u s  S iC V A b C b  m o la r  
r a t i o s  o f  H Z S M - 5 ;  r e a c t io n  t e m p e r a tu r e  3 5 0  ๐c ,  to lu e n e  to  e th a n o l  m o la r  r a t io  o f  3 , 
W H S V  =  2 0  h "1.

H Z S M -5  (23 ) 

H Z S M -5  (80 ) 

H Z S M -5  (19 5 ) 

H Z S M -5  (28 0 )

Figure A2 p - E T  s e l e c t iv i ty  in  p r o d u c t s  a s  a  f u n c t io n  o f  T O S  o v e r  v a r i o u s  
SKD2/A I 2O 3 m o l a r  r a t io s  o f  H Z S M - 5 ;  r e a c t i o n  t e m p e r a tu r e  3 5 0  ° C ,  t o l u e n e  t o  e t h a n o l  
m o la r  r a t io  o f  3 , W H S V  =  2 0  h '1.
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T able  A l  P r o d u c t  s e l e c t iv i ty  o f  t h e  l iq u id  s a m p le  t e s t in g  o v e r  H Z S M - 5  w i th  v a r io u s  
S iC h /A b C b  m o l a r  ra t io  a t  3 5 0  ๐c ,  to lu e n e  to  e th a n o l  m o la r  r a t io  o f  3 , W H S V  =  2 0  
h"1, T O S  3 9 0  m in

S iC h /A h C b  m o la r L iq u id  p r o d u c t  s e l e c t iv i ty  ( w t  % )

ra t io O -E T P -  E T m- E T X y le n e s E B B e n z e n e O th e r s *
2 3 2 .4 7 2 7 .7 7 6 1 .5 3 1 .4 8 1 .1 7 0 .3 5 5 .2 3
8 0 4 .2 2 3 0 .9 8 6 1 .6 7 0 .4 5 0 .4 0 .0 9 2 .1 9
195 0 .0 9 6 8 .7 2 2 7 .5 4 0 .5 8 0 .4 5 0 .2 5 2 .3 6
2 8 0 0 .1 1 7 1 .6 2 7 .0 7 0 .2 5 0 .1 3 0 .0 6 0 .7 9

* F o r  in s ta n c e ;  e t h y le n e ,  t r im e t h y l b e n z e n e ,  a n d  h e a v y  a r o m a t i c s
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Figure A3 T o lu e n e  c o n v e r s io n  a s  a  f u n c t io n  o f  T O S  in  o v e r  H Z S M - 5  w i th  
S iC b /A b C b  m o la r  r a t io  o f  2 8 0  a t  v a r io u s  r e a c t io n  t e m p e r a tu r e ;  to lu e n e  to  e th a n o l  
m o l a r  r a t io  o f  3 , W H S V  =  2 0  h '1.
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400 ° c  
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Figure A4 p - E T  in  p r o d u c t s  a s  a  f u n c t io n  o f  T O S  o v e r  H Z S M - 5  w i th  S i 0 2 / A E 0 3  

m o l a r  r a t io  o f  2 8 0  a t  v a r io u s  r e a c t i o n  t e m p e r a tu r e ;  to lu e n e  to  e th a n o l  m o l a r  r a t io  o f  
3 , W H S V  =  2 0  h 1.
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Table A 2  P r o d u c t  s e l e c t iv i ty  o f  t h e  l iq u id  s a m p l e  t e s t in g  o v e r  H Z S M - 5  w i th  

S iC h /A h C b  m o la r  r a t io  o f  2 8 0  a t  v a r io u s  r e a c t i o n  t e m p e r a tu r e ,  to lu e n e  t o  e th a n o l  
m o l a r  r a t io  o f  3 , W H S V  =  10 h"1, T O S  3 9 0  m in

R e a c t io n L iq u id  p r o d u c t  s e l e c t iv i ty  ( w t  % )
te m p e r a tu r e  ( ° C ) O -E T P - E T m- E T X y le n e s E B B e n z e n e O th e r s *

3 0 0 0 .2 1 6 9 .6 9 2 6 .1 0 .4 0 .1 6 0 .0 4 3 .4
3 5 0 0.1 6 6 .5 8 3 1 .9 5 0 .2 4 0 .1 3 0 .0 2 0 .9 8
4 0 0 0 .1 6 6 2 .4 6 3 5 .7 2 0 .3 5 0 .1 9 0 .0 7 1 .0 5
4 5 0 0 .2 6 5 7 .3 3 3 8 .3 3 1 .2 5 0 .3 5 0 .2 9 2 .1 9
5 0 0 0 .2 6 5 2 .1 9 3 6 .0 8 3 .9 4 0 .8 9 2 .8 6 3 .7 7

* For instance; e thy lene, trim ethy lbenzene, and heavy  arom atics
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Figure A 5  p - E T  in  p r o d u c t s  a s  a  f u n c t io n  o f  T O S  o v e r  H Z S M - 5  w i th  S iC h /A b C E  
m o la r  r a t io  o f  2 8 0  a t  v a r io u s  W H S V ;  r e a c t io n  t e m p e r a tu r e  3 5 0  °c, to lu e n e  to  e th a n o l  

m o la r  r a t i o  o f  3.
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Figure A 6  T o lu e n e  c o n v e r s io n  a s  a  f u n c t io n  o f  T O S  o v e r  H Z S M - 5  w i th  S i 0 2 / A h 0 3  
m o la r  r a t i o  o f 2 8 0  a t  v a r io u s  W H S V ;  r e a c t io n  t e m p e r a tu r e  3 5 0  °c, to lu e n e  t o  e th a n o l
m o la r  r a t i o  o f  3 .
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Table A3 Product selectivity of the liquid sample testing over HZSM-5 with 
SiCh/AbCb molar ratio of 280 at various WHSV, 350 °c  , toluene to ethanol molar 
ratio of 3, TOS 390 min

WHSV (h-1) Liquid product selectivity (wt %)
O-ET P -  ET W-ET Xylenes EB Benzene Others*

5 0.2 58.57 39.65 0.27 0.18 0.12 1.01
10 0.1 66.58 31.95 0.24 0.13 0.02 0.98
15 0.12 68.66 29.65 0.25 0.21 0.06 1.05
20 0.11 71.6 27.07 0.25 0.13 0.06 0.79

* For instance; ethylene, trim ethy lbenzene , and heavy  arom atics
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Figure A7 p -ET in products as a function of TOS over HZSM-5 with SiCh/AhCb 
molar ratio of 280 at various toluene to ethanol molar ratios; reaction temperature 
350 ๐c, WHSV 20 h'1.

—A—2:1

- 0 - 4:1 
— •— 5:1

Figure A8 Toluene conversion as a function of TOS over HZSM-5 with Si0 2 /Ah0 3  

molar ratio of 280 at various toluene to ethanol molar ratios; reaction temperature 
350 °c, WHSV 20 h '.
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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 ๐c, 
WHSV = 20 h'1, TOS 390 min

Toluene to 
ethanol molar 

ratio

Liquid product selectivity (wt %)

O-ET P -  ET m -ET Xylenes EB Benzene Others*

1 0.1 68.04 28.75 0.77 0.28 0.05 2.01
2 0.14 71.73 25.82 0.39 0.16 0 1.77
3 0.11 71.6 27.07 0.25 0.13 0.06 0.79
4 0.1 70.98 27.77 0.31 0.15 0.04 0.64
5 0.16 72.36 26.17 0.28 0.17 0.16 0.7

* For instance; ethylene, trimethylbenzene, and heavy aromatics
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Table A5 Catalytic activity testing over CLD treated HZSM-5 (SiCb/AbCb molar 
ratio of 280) at 350 ๐c, at toluene to ethanol molar ratio of 3, WHSV = 20 h'1, 60-80
mesh

Catalyst Toluene conversion (%)
CLD

treatment
(cycle)

Amount of 
TEOS 

(ml/gof 
catalyst)

30 min 120 min 210 min 300 min 390 min

- - 14.69 14.28 14.29 13.36 13.15
1 0.2 12.71 12.13 12.43 13.05 13.06
1 0.6 12.67 12.11 12.55 12.46 12.76
1 1 12.45 12.58 11.57 11.64 12.57
1 2 12.99 12.18 12.29 12.24 11.90
2 1 9.53 10.43 9.76 10.35 9.86

Table A6 Product selectivity of the liquid sample testing over CLD treated HZSM-5 
(SiCL/AbCh molar ratio of 280) at 350 ๐c , at toluene to ethanol molar ratio of 3,
WHSV = 20 h-\ TOS 390 min, 60-80 mesh

Catalyst Liquid product selectivity (wt %)
CLD

treatment
(cycle)

Amount
ofTEOS
(ml/gof
catalyst)

O-ET p -  ET เท-ET Xylenes EB Benzene Others*

- - 0.18 69.67 28.05 0.4 0.22 0.04 1.44
1 0.2 0.05 79.36 19.14 0.3 0.17 0.05 0.94
1 0.6 0.04 82.45 15.94 0.31 0.19 0.04 1.03
1 1 0.03 85.13 13.33 0.32 0.17 0.04 0.98
1 2 0.02 80.08 17.75 0.45 0.22 0.04 1.43
2 1 0.01 89.05 8.98 0.37 0.16 0.02 1.42

* For instance; ethylene, trimethylbenzene, and heavy aromatics
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Table A7 Catalytic activity testing of o-xylene isomerization over unmodified and 
CLD treated HZSM-5 (SiCh/AhCb molar ratio of 280) at 350 ๐c, at toluene to 
ethanol molar ratio of 3, WHSV = 20 h'1, 60-80 mesh

Compound Composition (พt%)
o-Xylene 97.75
/7-Xylene 0.41
777-Xylene 0.02

Others 1.82

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

Catalyst o-Xylene Composition in liquid products (wt %)
Conversion o-Xylene /7-Xylene 771-Xylene Others*

HZSM-5 (280) 9.37 88.38 3.46 3.92 4.24
HZSM-5 CLD1 4.99 92.76 2.68 1.49 3.06
HZSM-5 CLD2 3.83 93.92 2.43 1.49 2.16

* For instance; benzene, toluene and other aromatics
Reaction temperature 350 °c, WHSV = 20 hf1, particle size 60-80 mesh, and TOS = 
120 min.
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Appendix B Other Catalyst Characterization

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure B1 T P O  p r o f i le s  o f  s p e n t  H Z S M - 5  a t  3 5 0  ๐C a n d  5 0 0  °c  (Si02/Ah03 m o la r  
r a t io  o f  2 8 0 , t o lu e n e  to  e th a n o l  m o la r  r a t io  o f  3 , W H S V  =  10 h '1, T O S  3 9 0  m in ) .

H Z S M - 5  195  H Z S M - 5  2 8 0

Figure B2 S E M  im a g e s  o f  t h e  u n m o d if ie d  c o m m e r c ia l  a n d  s y n th e s i z e d  H Z S M - 5 .
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CLD-HZSM-5 (0.2 ml/g of catalyst) CLD-HZSM-5 (0.6 ml/g of catalyst)

CLD-HZSM-5 (1 ml/g of catalyst) CLD-HZSM-5 (2 ml/g of catalyst)

2 cycle CLD-HZSM-5 
(1 ml/g of catalyst)

Figure B3 SEM images of the various CLD treated HZSM-5.
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Figure B4 N H 3- T P D  Profile of the catalyst studied.
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Appendix c  Calculation of Si/Al Ratio and Theoretical Acidity

F r o m  th e  c h e m ic a l  c o m p o s i t io n  d e t e r m i n e d  b y  X R F  m e th o d ,  t h e  S i /A l  r a t io  
is  c a l c u l a t e d  a s  f o l lo w s :

T h e  g e n e r a l  f o r m u la  o f Z S M - 5  is N a nA ln S i96-n O i92 

In  t h e  c a s e  o f  c o m m e r c ia l  F 1 Z S M -5  S iC b /A h C b  =  2 3 ,
F r o m  X R F

S i 0 2 =  9 2 .8 1  w t%
S i =  1 .5 4 4 7  m o l
S i / A l  =  1 0 .9 5 2 4

F r o m  A lnSi96-nOi92,
S i / A l 1 0 .9 5 2 4
1 1 ,9 5 2 4 n 9 6

ท = 8 .0 3 1 9
S i 8 7 .9 6 8 1
A1 8 .0 3 1 9

F r o m  th e  c h e m ic a l  c o m p o s i t i o n  d e t e r m i n e d  b y  X R F  m e th o d ,  t h e  th e o r e t i c a l  
a c id i ty  o f  z e o l i t e  is c a l c u l a t e d  a s  f o l lo w s :

T h e  g e n e r a l  f o r m u la  o f  H Z S M - 5  is H nA lnSi96-nO i92 
In  t h e  c a s e  o f  H Z S M - 5  ( B l )  w i th ,

S i =  8 7 .9 6 8 1
A1 =  8 .0 3 1 9
F r o m  th e  a b o v e ,  th e  g e n e r a l  f o r m u l a  o f  H Z S M - 5  is

H s03i86A l8  03i86Sis7 968i40 i92 . T h e  w e i g h t  o f  u n i t  c e l l  o f  H Z S M - 5  ( บ )  is
ข  =  8 .0 3 1 8 ( 1  ) + 8 .0 3 1 8 ( 2 6 .9 8 ) + 8 7 .9 6 8 1 ( 2 8 .0 9 ) + l  9 2 ( 1 6 .0 0 )
บ  =  5 7 6 7 .7 5 6 5  g
T h e  t h e o r e t i c a l  a c i d i ty  ( [ H +])  o f  H Z S M - 5  ( B l )  is
[ H +] =  8 .0 3 1 9 /5 7 6 7 .7 5 6 5
[ H +] =  1 .3 9 3  m m o l /g

A I 2O 3 =  7 .1 9  w t%
A1 =  0 .1 4 1 0  m o l
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Appendix D Calculation of the minimum ratio the bed length to the particle
size

X> p^in(T^i)
Lb= le n g th  o f  b e d  
dp =  d ia m e t e r  o f  p a r t ic le  
P e  =  P e c le t  n u m b e r  
ท =  o r d e r  o f  r e a c t io n  

X  =  c o n v e r s io n  o f  r e a c t io n

T a k in g  P e p =  0 .5  f o r  th e  lo w  R e y n o ld s  r e g i o n  o f  i n t e r e s t  f o r  l a b o r a t o r y -  
s c a le  o p e r a t io n  .

T a k in g  dp =  0 .0 5  c m  f o r  th e  p a r t i c le  s ie v e  a t  m e s h  2 0 - 4 0  
A s s u m e  ท =  1 
I f  X  =  0 .4

L b  8  1 r  1  ไ
ÔÔ5 Ô5 T - 0 . T

Lb =  0 .0 4  c m

I f  X  =  0 .5

Lb 8  1 r  1 ไ
005 Ô5 4 - 0 . 5 J

Lb =  0 .5 5  c m
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