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A P P E N D IC E S

A p p en d ix  A S can n in g  E lec tro n  M icroscopy  M ic ro g ra p h s

F ig u re  Al SEM image of HZ5 (10.0 kv 8.7mm x30.0k)
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F ig ure  A2 SEM image of 2PHZ5 (10.0 kv 8.7mm x30.0k).

F ig u re  A3 SEM image of 2SbHZ5 (10.0 kv 8.7mm x30.Ok).
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F ig u re  A4 SEM image of 2BiHZ5 (10.0 kv 8.7mm x30.0k)



๒
te

ns
itv

 
2

 
Int

en
sit

y
A p p e n d ix  B  R a m a n  S p e c tra
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Raman Shift/cm-1

Raman spectrum of HZ5 catalyst in the 200-1000 cm"1.
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F ig u re  B2 Raman spectrum of 2GaIIZ5 catalyst in the 200-1000 cm"1.
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F ig u re  B3 Raman spectrum of 1PHZ5 catalyst in the 200-1000 cm'1.
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F ig u re  B4 Raman spectrum of 4PHZ5 catalyst in the 200-1000 cm'1.
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1.6

Raman Shift/cm-1

B5 Raman spectrum of !SbHZ5 catalyst in the 200-1000 cm'1.

Raman Shift/cm-1

Figure B6 Raman spectrum of 4SbHZ5 catalyst in the 200-1000 cm'1.
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L8 r

1000 800 600 4 00  200
R a m a n  S h i f t / c m - 1

F ig u re  B7 Raman spectrum  o f  !B iH Z5 catalyst in the 200-1000 cm ’1.

1.8

1000 800 600 400  200
R a m a n  S h i f t / c m - 1

F ig u re  B8 Ram an spectrum  o f  4BHIZ5 catalyst in the 200-1000 c m '1.
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A p p en d ix  c  P ro d u c t D is trib u tio n  a n d  P ro d u c t Y ield  C a lc u la tio n

Total weight of any products 
Yield (wt /o) j otaj weight of converted bioethanol X  1 0 0

T ab le  C l  Product distribution and product yields from  the tw o consecutive layers o f  
catalysts

C a ta ly s t 2 G aH Z 5 2 G a IIZ 5 :X 2 G a H Z 5 :Y 2 G aH Z 5 :p
Ethanol conversion (w t %) 96.5 96.0 96.1 96.1

Feed ethanol (m l/h) 2.00 4.00 4.00 4.00
Feed ethanol (m l) 16.0 32.0 32.0 32.0
Feed e thano l(g )* 12.6 25.2 25.2 25.2

C onverted ethanol (g) 12.2 24.2 24.3 24.3

Product distribution  (g)
Oil 0.85 1.26 1.48 1.15
Gas 6.48 13.0 12.9 13.3

W ater 4.86 9.94 9.85 9.83
Other** 0.45 1.02 0.98 0.98

Product yield (w t %)
Oil 6.95 5.19 6.09 4.76
Gas 53.2 53.8 53.3 54.8

W ater 39.9 41.0 40.6 40.5

*Ethanol concentration is 99.5 v/v %
**U nconverted bio-ethanol
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T a b le  C 2  P ro d u c t d is tr ib u tio n  and  p ro d u c t y ie ld s  from  H Z 5 , 1P H Z 5, 2 P H Z 5 ,
3 P H Z 5 , and  4 P H Z 5  c a ta ly s ts

C a ta ly s t H Z 5 1PH Z 5 2 P H Z 5 3P H Z 5 4 P IIZ 5
Ethanol conversion (w t %) 97.0 97.0 97.0 96.9 96.9

Feed ethanol (m l/h) 2.00 2.00 2.00 2.00 2.00
Feed ethanol (ml) 16.0 16.0 16.0 16.0 16.0
Feed ethano l(g )* 12.6 12.6 12.6 12.6 12.6

C onverted ethanol (g) 12.2 12.2 12.2 12.2 12.2

Product distribution (g)
Oil 0.75 0.87 0.71 0.53 0.35
Gas 6.41 6.55 6.64 6.82 7.27

W ater 5.08 4.82 4.88 4.88 4.61
Other** 0.38 0.38 0.38 0.39 0.39

Product yield (wt %)
Oil 6.13 7.07 5.80 4.35 2.88
Gas 52.4 53.5 54.3 55.8 59.5

W ater 41.5 39.4 39.9 39.9 37.7

*E th an o l co n cen tra tio n  is 99 .5  v /v  %
* * U n co n v e rted  b io -e th an o l
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T a b le  C 3  P ro d u c t d is tr ib u tio n  and  p ro d u c t y ie ld s  fro m  H Z 5, lS b H Z 5 , 2S b H Z 5 ,
3 S b H Z 5 , an d  4 S b H Z 5  ca ta ly s ts

C a ta ly s t H Z5 lS b H Z 5 2S bH Z 5 3 S b H Z 5 4S bH Z 5
Ethanol conversion (พ t %) 97.0 96.2 96.2 96.1 96.2

Feed ethanol (m l/h) 2.00 2.00 2.00 2.00 2.00
Feed ethanol (ml) 16.0 16.0 16.0 16.0 16.0
Feed ethanol (g)* 12.6 12.6 12.6 12.6 12.6

C onverted ethanol (g) 12.2 12.1 12.1 12.1 12.1

Product d istribution (g)
Oil 0.75 0.84 0.95 0.79 0.74
Gas 6.41 6.54 6.41 6.55 6.70

W ater 5.08 4.76 4 78 4.80 4.70
Other** 0.38 0.47 0.48 0.49 0.48

Product yield (wt %)
Oil 6.13 6.94 7.87 6.48 6.06
Gas 52.4 53.9 52.8 54.0 55.2

W ater 41.5 39.2 39.3 39.6 38.7

* E th an o l co n cen tra tio n  is 99 .5  v /v  %
* * U n co n v e rted  b io -e th an o l
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T a b le  C 4  P ro d u c t d is tr ib u tio n  and  p ro d u c t y ie ld s  fro m  H Z 5, lB iH Z 5 , 2B iH Z 5 ,
3 B iH Z 5 , an d  4 B iH Z 5  c a ta ly s ts

C a ta ly s t H Z 5 lB iH Z 5 2B iH Z 5 3B ÎH Z 5 4B iH Z 5
Ethanol conversion (wt %) 97.0 96.2 96.1 96.2 96.2

Feed ethanol (ml/h) 2.00 2.00 2.00 2.00 2.00
Feed ethanol (ml) 16.0 16.0 16.0 16.0 16.0
Feed ethanol (g)* 12.6 12.6 12.6 12.6 12.6

C onverted ethanol (g) 12.2 12.1 12.1 12.1 12.1

Product d istribution (g)
Oil 0.75 0.79 0.81 0.76 0.76
Gas 6.41 6.55 6.54 6.60 6.63

W ater 5.08 4.80 4.79 4.78 4.76
Other** 0.38 0.49 0.49 0.49 0.47

Product yield (wt %)
Oil 6.13 6.50 6.66 6.29 6.23
Gas 52.4 54.0 53.9 54.3 54.6

W ater 41.5 39.5 39.4 39.4 39.2

* E th an o l co n cen tra tio n  is 99 .5  v /v  %
* * U n c o n v e rte d  b io -e th an o l
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A p p en d ix  D C o m p o sitio n s in G as P ro d u c ts

T ab le  D1 Gas com position as a function o f  tim e on stream  for 2G aH Z5 catalyst

C o m p o n en t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 46.1 44.5 43.0 48.3 40.1 35.5 33.9 34.5
C 0 2 12.4 12.7 13.5 16.5 14.2 12.0 12.0 21.2

E th y len e 4.86 4.92 5.32 5.61 6.03 6.84 7.37 8.49
E th a n e 15.2 15.1 14.9 14.1 14.6 14.1 14.0 12.2

P ro p y len e 0.00 0.00 0.00 0.00 0.00 2.70 3.02 3.51
P ro p a n e 21.5 22.7 23.3 15.5 25.1 28.9 29.7 20.1
B uty lene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

100 100 100 100 100 100 100 100

T a b le  D2 Gas com position as a function o f  tim e on stream  for 2G aH Z 5:X  catalyst

C o m p o n en t
C om p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 39.3 37.0 33.0 30.0 30.2 26.0 27.0 25.2
C 0 2 10.3 9.55 8.37 7.75 7.82 7.69 7.55 7.65

E th y len e 0.00 0.00 2.21 2.98 3.58 3.87 3.92 4.21
E th a n e 15.2 15.3 14.6 14.6 15.1 15.1 14.4 15.9

P ro p y len e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P ro p a n e 35.1 38.1 41.8 44.7 43.2 47.3 47.1 47.0
B uty lene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

I 100 100 100 100 100 100 100 100
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T a b le  D 3  G as c o m p o sitio n  as  a fu n c tio n  o f  tim e  on  s tream  fo r 2 G aH Z 5 :Y  ca ta ly st

C o m p o n e n t
C om p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300-
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 35.1 35.2 32.8 33.1 32.2 32.5 29.9 29.9
C 0 2 10.1 9.97 10.2 9.84 9.65 10.3 9.24 9.87

E th y len e 5.44 5.95 5.44 5.92 6.86 7.39 7.32 7.73
E th a n e 14.5 15.0 14.1 13.5 14.7 14.4 14.2 14.5

P ro p y len e 0.00 0.00 0.00 0.00 0.00 2.86 3.07 3.59
P ro p a n e 34.8 33.8 37.4 37.7 36.6 32.6 36.3 34.5
B uty lene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

I I 100 100 100 100 100 100 100 100

T a b le  D4 Gas com position as a function o f tim e on stream  for 2G aH Z5:P catalyst

C o m p o n e n t
C o m position  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 36.5 36.2 35.8 35.6 35.5 33.2 30.4 31.0
C 0 2 7.96 8.01 8.24 8.17 8.10 8.00 8.85 9.08

E th y len e 2.93 3.05 3.14 3.23 3.45 4.06 4.86 5.29
E th a n e 14.1 14.1 14.1 14.1 14.1 14.0 13.9 14.3

P ro p y len e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P ro p a n e 38.5 38.6 38.7 38.9 38.9 40.8 41.9 40.4
B u ty lene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u ta n e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

z 100 100 100 100 100 100 100 100
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T a b le  D 5  G as co m p o sitio n  as a  fu n c tio n  o f  tim e  on  s tream  fo r H Z 5 c a ta ly s t

C o m p o n e n t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 4.72 3.47 3.17 3.23 3.63 2.89 2.65 2.48
C 0 2 2.21 1.43 1.41 1.47 1.71 1.42 1.36 1.32

E th y len e 12.3 13.6 14.6 15.6 16.3 17.3 18.1 20.5
E th a n e 4.09 3.38 3.30 3.45 3.82 3.32 3.24 3.16

P ro p y len e 65.9 66.2 65.0 64.2 62.2 62.7 62.3 60.1
P ro p a n e 0.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B uty lene 5.66 6.65 7.05 6.97 7.13 7.21 7.19 7.26
B u tan e 4.42 5.23 5.52 5.08 5.19 5.14 5.22 5.22

I 100 100 100 100 100 100 100 100

T a b le  1)6 Gas com position as a function o f  tim e on stream  for 1PHZ5 catalyst

C o m p o sitio n  (m ol % )
C o m p o n e n t @ 60 @ 120 @ 180 @ 240 @ 300 @ 360 @ 420 @ 480

m in m in m in m in m in m in m in m in
C H 4 18.3 18.9 14.7 13.9 13.4 13.6 13.5 13.7
C 0 2 4.40 4.51 3.85 3.90 4.32 4.40 3.80 4.33

E th y len e 17.5 17.2 17.0 16.7 16.8 17.7 17.9 19.4
E th a n e 2.06 1.69 1.96 1.99 2.08 2.25 2.08 1.27

P ro p y len e 55.6 56.7 60.3 61.0 60.8 59.9 60.9 59.4
P ro p a n e 1.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u ty len e 0.70 1.02 2.19 2.48 2.59 2.10 1.80 1.97
B u ta n e 0.00 0 00 0.00 0 00 0.00 0.00 0.00 0.00

I 100 100 100 100 100 100 100 100
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T a b le  D 7  G as c o m p o sitio n  as a fu n c tio n  o f  tim e  on  s tream  fo r 2 P H Z 5 c a ta ly s t

C o m p o n en t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 25.7 30.6 25.8 21.9 19.0 19.0 16.0 15.1
C 0 2 13.8 13.6 12.6 11.6 10.9 10.8 10.1 9.67

E th y len e 20.9 22.4 22.6 23.2 23.6 24.7 23.6 23.4
E th a n e 4.65 4.62 4.64 4.70 4.78 5.05 4.89 4.90

P ro p y len e 27.9 24.6 28.7 32.5 35.0 34.2 37.1 38.0
P ro p a n e 1.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B uty lene 3.33 1.85 3.60 3.92 4.33 4.09 4.52 4.80
B u tan e 2.01 2.24 2.00 2.16 2.41 2.19 3.78 4.20

Ë 100 100 100 100 100 100 100 100

T ab le  D8 Gas com position as a function o f  tim e on stream  for 3PHZ5 catalyst

C o m p o n e n t
I

C o m p o sitio n  (m ol % )
@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 1.64 1.60 2.91 4.41 4.95 9.72 15.38 12.13
C 0 2 1.57 1.39 1 67 2.36 2.60 2.17 3.10 2.71

E th y len e 52.7 53.3 53.7 52.9 54.9 52.2 49.2 50.1
E th a n e 1.90 1.14 0.88 1.01 0.92 0.72 0.00 0.71

P ro p y len e 39.7 36.4 34.0 35.1 32.0 30.3 31.5 30.4
P ro p a n e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B uty lene 2.45 3.50 3.58 3.12 3.47 3.48 0.85 2.84
B u tan e 0.00 2.66 3.23 1.11 1.25 1.32 0.00 1.04

I 100 100 100 100 100 100 100 100
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T a b le  D 9  G as c o m p o sitio n  as a fu n c tio n  o f  tim e  o n  s tream  fo r  4 P H Z 5 c a ta ly s t

C o m p o n e n t
C om position  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 16.8 16.7 17.7 16.2 17.3 16.9 18.0 19.1
C 0 2 4.81 5.47 5.72 4.96 8.64 7.76 7.77 7.00

E th y len e 52.3 51.4 47.4 47.7 45.3 45.0 43.6 42.0
E th a n e 1.56 1.46 1.51 1.35 1.66 1.73 1.68 1.69

P ro p y len e 24.5 24.9 27.6 29.8 27.1 28.6 29.0 30.1
P ro p a n e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B uty len e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

_____________ 100 100 100 100 100 100 100 100

T ab le  DIO Gas com position as a function o f  tim e on stream  for !SbH Z 5 catalyst

C o m p o n e n t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 27.2 28.0 26.9 25.1 19.4 18.3 17.7 16.3
C 0 2 7.16 6.44 6.42 7.93 6 70 7.00 7.22 6.94

E th y len e 7.74 8.94 9.07 9.29 10.6 12.4 12.7 14.2
E th a n e 17.2 17.2 16.0 16.0 15.0 15.6 15.2 15.1

P ro p y len e 3.59 3.27 3.81 4.01 3.53 4.21 4.61 4.34
P ro p a n e 37.2 36.1 37.8 37.7 44.8 42.5 42.6 43.2
B u ty len e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u ta n e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

X 100 100 100 100 100 100 100 100
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T a b le  D I  1 G as c o m p o sitio n  as a fu n c tio n  o f  tim e on  s tream  fo r 2 S b H Z 5  ca ta ly s t

C o m p o n en t
C o m position  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 30.0 24.1 24.2 23.8 21.4 22.6 23.2 26.4
C 0 2 13.1 8.78 9.91 9.14 8.67 8.86 9.35 12.1

E th y len e 9.18 9.53 8.87 10.3 11.0 11.4 11.3 11.5
E th a n e 21.2 17.6 17.6 17.3 16.4 16.5 19.2 18.2

P ro p y len e 3.65 3.63 4.23 4.27 4.36 4.56 4 9 4 5.08
P ro p a n e 22.8 36.4 35.1 35.2 38.2 36.0 32.0 26.7
B u ty lene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

z 100 100 100 100 100 100 100 100

T ab le  D12 Gas com position as a function o f  time on stream  for 3SbHZ5 catalyst

โ
1 C o m p o n en t

C o m position  (m ol % )
@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 28.6 29.4 30.2 32.4 31.6 29.7 29.2 25.8
C 0 2 10.8 10 5 10.0 9.1 12.5 11.8 11.1 13.0

E th y len e 8.02 7.88 7.76 8.04 7.89 8.46 8.68 9.24
E th n a e 20.6 20.0 19.7 18.6 20.8 20.1 18.9 19.6

P ro p y len e 3.09 3.04 2.91 3.19 3.28 3.49 3.80 4.24
P ro p a n e 28.9 29.1 29.4 28.8 23.9 26.4 28.3 28.1
B uty lene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

I 100 100 100 100 100 100 100 100
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T a b le  D 1 3  G as c o m p o s itio n  as a function  o f  tim e on  s tream  fo r 4 S b H Z 5  ca ta ly st

C o m p o n en t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 29.4 29.6 30.2 28.7 28.2 30.5 31.0 31.0
C 0 2 11.1 10.9 10.6 10.6 10.7 10.3 10.4 10.6

E thy lene 5.73 5.70 5.86 5.96 5.97 6.24 6.33 6.16
E th a n e 21.2 21.1 19.2 18.3 18.2 17.8 18.1 17.7

P ro p y len e 2.98 3.11 3.40 3.20 3.22 3.41 3.37 3.41
P ro p an e 29.6 29.6 30.7 33.2 33.7 31.7 30.8 31.2
B utylene 0.00 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

E 100 100 100 100 100 100 100 100

T ab le  D14 Gas com position as a function o f  tim e on stream  for lB iH Z 5 catalyst

1

C o m p o n en t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
min

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 35.5 23.9 19.1 23.3 22.7 20.9 21.2 20.2
C 0 2 29.3 11.1 8.2 12.3 12.4 11.2 10.8 10.4

E th y len e 12.4 11.6 9.37 9.40 9.85 9.75 7.84 8.39
E th an e 9.70 10.9 15.9 12.9 12.6 12.6 13.8 12.8

P ropy lene 5.75 3.98 4.89 3.92 5.41 5.76 3.59 3.81
P ro p a n e 0.00 24.0 38.9 34.5 32.5 35.9 38.6 43.5
B uty lene 7.32 14.6 3.60 3.59 4.64 3.97 4.28 0.95
B u th an e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

_ z 100 100 100 100 100 100 100 100
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T a b le  D 1 5  G as c o m p o sitio n  as a  function  o f  tim e  on  s tream  fo r 2 B iH Z 5  ca ta ly s t

C o m p o n e n t
C om p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
m in

@ 360
m in

@ 420
m in

@ 480
m in

C H 4 38.8 28.9 24.2 22.3 18.4 17.0 13.5 11.6
C 0 2 10.7 10.2 8.50 9.38 8.28 7.37 6.57 5.92

E th y len e 7.03 9.33 11.2 11.7 13.9 16.2 18.6 20.0
E th n a e 17.6 16.6 15.7 16.7 16.1 15.8 15.1 14.2

P ro p y len e 3.81 3.54 4.29 4.44 5.39 6.32 7.38 8.96
P ro p a n e 22.0 31.5 34.4 33.9 35.3 34.1 35.0 34.5
B uty lene 0.00 0.00 1.69 1.59 2.56 3.24 3.98 4.76
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

z 100 100 100 100 100 100 100 100

T a b le  1)16 Gas com position as a function o f  tim e on stream  for 3BiHZ5 catalyst

r
C o m p o n e n t

C o m p o sitio n  (m ol % )
@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
min

@ 360
m in

@ 420
m in

@ 480
min

C H 4 28.6 21.3 17.7 14.7 11.7 10.8 10.0 10.0
C 0 2 9.97 7.91 7.30 6.43 5.63 5.38 4.86 6.19

E th y len e 10.0 12.0 14.0 16.0 18.5 20.2 22.6 23.1
E th a n e 16.9 15.6 15.2 14.7 13.9 14.0 13.5 13.5

P ro p y len e 4.19 5.12 6.05 6.76 7.68 9.08 11.38 14.64
P ro p a n e 30.2 35.9 36.7 37.6 37.8 35.5 32.5 27.6
B uty lene 0.00 2.12 2.96 3.82 4.81 5.03 5.18 5.01
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

z 100 100 100 100 100 100 100 100



T a b le  D17 Gas com position as a function o f  tim e on stream  for 4BiH Z5 catalyst

C o m p o n en t
C o m p o sitio n  (m ol % )

@ 60
m in

@ 120
m in

@ 180
m in

@ 240
m in

@ 300
min

@ 360
m in

@ 420
m in

@ 480
min

C H 4 40.6 33.1 27.8 18.3 12.6 8.08 6.00 6.13
C 0 2 16.7 14.2 14.4 11.5 9.52 7.24 6.04 5.99

E th y len e 6.18 9.36 13.3 19.8 26.5 32.9 38.0 41.6
E th a n e 22.3 19.6 17.2 13.5 10.8 8.57 7.29 7.19

P ro p y len e 4.24 4.70 4.89 8.61 13.3 17.9 21.3 22.3
P ro p a n e 10.0 19.0 22.4 25.9 24.1 21.7 17.9 13.9
B uty lene 0.00 0 0 0 0.00 2.38 3.18 3.62 3.43 2.92
B u tan e 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ร 100 100 100 100 100 100 100 100
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A p p en d ix  E  C o m p o sitio n s in L iq u id  P ro d u c ts

T ab le  E l  Oil com position from the two consecutive layers o f  catalysts

C o m p o n en t C o m p o sitio n  (\v t% )
2G aH Z 5 2 G aH Z 5 :X 2 G aH Z 5 :Y 2 G aH Z 5 :p

N on-arom atic 0.94 1.97 2.08 2.01
Benzene 14.79 8.04 11.75 9.49
Toluene 19.78 15.68 17.65 14.62

O-Xylene 0.00 0.00 0.00 0.00
m -X ylene 28.49 14.93 24.22 20.11
p-X ylene 11.82 7.07 12.59 9.35

Ethylbenzene 1.92 4.73 3.44 1.70
C9 5.45 9.08 9.07 8.73

C10+ 16.82 38.49 19.20 33.99
1 0 0 1 0 0 1 0 0 1 0 0

B TEX /total arom atics 0.77 0.50 0.70 0.55
p-X ylene/total arom atics 0.12 0.07 0.13 0.09

T ab le  E2 Oil com position from HZ5, 1PHZ5, 2PH Z5, 3PH Z5, and 4PH Z5 catalysts

C o m p o n en t C o m p o sitio n  (w t % )
H Z 5 1PH Z 5 2P H Z 5 3 P H Z 5 4P H Z 5

N on-arom atic 1.92 1.37 1.15 0.96 1.22
Benzene 14.26 7.46 9.46 8.15 6.55
Toluene 28.19 9.87 12.82 16.88 13.04

o-X ylene 0.00 0.00 0.00 0.00 0.00
m -X ylene 25.01 13.46 16.53 21.56 15.33
p-X ylene 10.84 11.37 13.38 13.39 11.81

Ethylbenzene 2.11 5.27 4.68 3.84 3.77
C9 5.15 19.56 16.76 12.30 12.78

C10+ 12.52 31.64 25.22 22.90 35.50
1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

B TEX /total arom atics 0.80 0.47 0.57 0.64 0.51
p-X ylene/total arom atics 0.11 0.11 0.13 0.13 0.12



8 4

T ab le  E3 Oil com position from HZ5, lSbH Z 5, 2SbH Z5, 3SbH Z5, and 4SbHZ5 
catalysts

C o m p o n en t C o m position (vvt°/o)
H Z5 lS b H Z 5 2S bH Z 5 3 S b H Z 5 4S bH Z 5

N on-arom atic 1.92 1.44 0.93 1.17 0.97
Benzene 1426 6.16 8.54 7.63 8.08
Toluene 28.19 20.86 15.61 12.82 14.44

O-Xylene 0.00 0.00 0.00 0.00 0.00
m -X ylene 25.01 26.00 16.34 18.53 17.49
p-X ylene 10.84 7.96 10.64 10.11 9.85

Ethylbenzene 2.11 4.25 2.75 2.84 2.09
C9 5.15 13.23 10.34 9.95 6.99

C10+ 12.52 20.10 34.85 36.95 40.07
1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

B TEX /total arom atics 0.80 0.65 0.54 0.52 0.52
p-X ylene/total arom atics 0.11 0.08 0.11 0.10 0.10

T ab le  E4 Oil com position from HZ5, lB iH Z 5, 2BiH Z5, 3B iH Z5, and 4BiHZ5 
catalysts

C o m p o n en t C o m p o sitio n (wt°/o)
H Z5 1BÎHZ5 2B iH Z 5 3B iH Z 5 4B iH Z 5

N on-arom atic 1.92 0.98 1.12 0.86 0.94
Benzene 1426 8.38 8.46 11.55 7.36
Toluene 28.19 19.93 13.07 16.93 14.33

o-X ylene 0.00 0.00 0.00 0.00 0.00
m -X ylene 25.01 22.43 16.86 17.18 21.88
p-X ylene 10.84 9.20 7.56 6.57 7.75

Ethylbenzene 2.11 4.00 1.49 1.04 1.29
C9 5.15 8.92 5.90 6.00 6.08

C10+ 12.52 26.16 45.54 39.88 40.37
1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

B TEX /total arom atics 0.80 0.64 0.47 0.53 0.53
p-X ylene/total arom atics 0.11 0.09 0.08 0.07 0.08
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A p p en d ix  F  T ru e  B oiling  P o in t C u rv es

T ab le  F I  T rue boiling point curves from  the two consecutive layers o f  catalysts

%  O F F B oiling  p o in t (๐C )
2 G aH Z 5 2 G aH Z 5 :X 2 G aH Z 5 :Y 2 G aH Z 5 :p

0 62.8 61.3 61.2 61.0
5 71.3 72.0 71.6 71.1
10 71.8 72.6 72.1 71.6
15 72.3 73.6 72.7 72.1
20 76.2 98.5 74.8 72.7
25 98.7 98.8 98.5 75.4
30 99.0 99.0 98.7 98.1
35 99.2 99.2 98.9 98.3
40 99.4 99.4 99.1 98.7
45 99.6 99.6 99.5 99.1
50 99.8 99.8 100.1 99.3
55 100.0 100.2 122.4 99.5
60 122.3 124.0 125.1 123.5
65 126.1 127.2 125.7 124.5
70 126.4 145.4 128.5 128.3
75 145.3 148.3 145.8 190.5
80 148.9 169.3 163.8 191.6
85 179.3 173.6 191.4 210.7
90 220.8 210.0 213.0 233.1
95 342.2 228.9 233.0 269.4
100 411.0 390.5 372.3 377.3
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Table FI True boiling point curves from the two consecutive layers of catalysts
(Continue)

1 0 0
9 0
8 0
7 0

fa 6 0
fa
0 5 0
£ 4 0

3 0
2 0
10

0
0 1 0 0  2 0 0  3 0 0  4 0 0

“ 2 G a H Z 5  

- B - 2 G a H Z 5 : X  

- ' * - 2 G a H Z 5 : Y  

2 G a H Z 5 : p

5 0 0
Temperature (๐C)

Table F2 P e t r o l e u m  c u t s  o b t a i n e d  f r o m  t h e  tw o  c o n s e c u t i v e  l a y e r s  c a t a l y t i c  s y s t e m s

Fraction Boiling point
(°C)

wt %
2GaHZ5 2GaHZ5:X 2GaHZ5:Y 2GaHZ5:p

G a s o l i n e < 1 4 9 8 0 .0 7 5 .2 7 5 .9 7 1 .7
K e r o s e n e 1 4 9 - 2 3 2 1 0 .4 1 9 .9 1 8 .9 1 8 .1

G a s  o il 2 3 2 - 3 4 3 4 .6 0 3 .4 3 4 .2 0 8 .6 6
LVGO 3 4 3 - 3 7 1 2 .0 3 0 .8 7 1 01 1 .3 0
H V G O > 3 7 1 2 .9 1 0 .6 0 0 .0 5 0 .2 9
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Table F3 True boiling point curves from HZ5, 1PHZ5, 2PHZ5, 3PHZ5, and 4PHZ5
catalysts

% OFF Boiling point 1ะ0 C )
HZ5 1PHZ 2PHZ5 3PHZ5 4PHZ5

0 5 9 .1 7 7 .5 5 8 .1 5 5 .0 5 2 .8
5 7 8 .5 7 8 .5 7 1 .9 5 5 .8 5 3 .3
1 0 8 3 .1 7 9 .2 7 6 .8 5 6 .7 5 3 .8
15 1 0 7 .5 1 0 7 .1 9 9 .4 5 7 .9 5 4 .4
2 0 1 0 7 .8 1 0 7 .7 9 9 .7 5 9 .7 5 4 .9
2 5 1 0 8 .1 1 0 8 .0 9 9 .5 6 1 .2 5 5 .4
3 0 1 0 8 .3 1 0 8 .1 1 0 0 .1 6 3 .1 5 5 .9
3 5 1 0 8 .5 1 0 8 .3 1 0 0 .3 7 3 .0 5 6 .5
4 0 1 0 8 .6 1 0 8 .5 1 0 0 .5 7 5 .0 5 7 .0
4 5 1 0 8 .8 1 0 8 .7 1 1 1 .0 9 5 .3 5 8 .7
5 0 1 3 2 .9 1 0 8 .9 1 1 6 .7 9 6 .4 6 0 .5
5 5 1 3 4 .9 1 3 3 .0 1 2 4 .2 1 0 1 .4 6 3 .9
6 0 1 3 5 .2 1 3 5 .0 1 2 7 .4 1 0 1 .5 6 9 .1
6 5 1 3 5 .5 1 3 5 .3 1 2 7 .5 1 0 1 .7 7 4 .6
7 0 1 3 5 .7 1 3 5 .5 1 3 0 .5 1 0 2 .0 9 2 .7
7 5 1 3 5 .9 1 3 9 .2 1 3 7 .2 1 0 7 .3 1 0 0 .7
8 0 1 4 0 .4 1 4 0 .7 1 3 8 .8 1 3 0 .4 1 0 2 .3
8 5 1 5 0 .8 1 6 8 .3 1 4 8 .7 1 4 7 .7 1 3 3 .5
9 0 1 6 8 .3 2 0 4 .2 2 1 2 .4 2 3 1 .4 1 7 6 .6
9 5 2 0 6 .8 2 2 6 .0 3 6 6 .2 3 5 6 .2 5 2 4 .3
1 0 0 5 2 7 .9 5 0 5 .5 5 3 3 .1 5 4 3 .1 5 6 4 .4
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Table F3 True boiling point curves from HZ5, 1PHZ5, 2PHZ5, 3PHZ5, and 4PHZ5
catalysts (Continue)

tou<
๐
0s

100
9 0
80
70
60
50
4 0
3 0
2 0
10

0

Table F4 P e t r o l e u m  c u t s  o b t a i n e d  f r o m  H Z 5 ,  1 P H Z 5 ,  2 P H Z 5 ,  3 P H Z 5 ,  a n d  4 P H Z 5  

c a t a l y s t s

Fraction Boiling point
( ° C )

w t  %
HZ5 1PHZ5 2PHZ5 3PHZ5 4PHZ5

G a s o l i n e < 1 4 9 8 4 .1 8 1 .5 8 5 .0 8 5 .1 8 6 .8
K e r o s e n e 1 4 9 - 2 3 2 1 1 .3 1 3 .6 5 .6 1 4 .9 5 4 .0 0

G a s  o i l 2 3 2 - 3 4 3 1 .7 3 1 .9 9 3 .6 1 4 .4 5 1 .6 0
L V G O 3 4 3 - 3 7 1 0 .4 4 0 .5 0 0 .9 0 0 .9 2 0 .4 0
H V G O > 3 7 1 2 .4 4 2 .4 1 4 .8 6 4 .6 0 7 .2 0
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Table F5 True boiling point curves from HZ5, lSbHZ5, 2SbHZ5, 3SbHZ5, and
4SbHZ5 catalysts

% OFF Boiling point ( ° C )
HZ5 lSbHZ5 2SbHZ5 3SbHZ5 4SbHZ5

0 5 9 .1 6 1 .0 5 7 .4 5 9 .9 6 0 .1
5 7 8 .5 7 4 .4 5 9 .5 7 4 .0 7 1 .7
10 8 3 .1 7 5 .5 6 1 .9 7 4 .7 7 2 .2
15 1 0 7 .5 1 0 1 .3 7 2 .6 7 5 .2 7 6 .3
2 0 1 0 7 .8 1 0 1 .6 7 3 .2 1 0 1 .1 9 8 .8
2 5 1 0 8 .1 1 0 1 .8 1 0 0 .4 1 0 1 .4 9 9 .1
3 0 1 0 8 .3 1 0 2 .0 1 0 0 .7 1 0 1 .6 9 9 .3
3 5 1 0 8 .5 1 0 2 .2 1 0 0 .9 1 0 1 .8 9 9 .5
4 0 1 0 8 .6 1 0 2 .4 1 0 1 .0 1 0 2 .0 9 9 .7
4 5 1 0 8 .8 1 0 2 .6 1 0 1 .2 1 0 2  2 9 9 .9
5 0 1 3 2 .9 1 0 2 .7 1 0 1 .4 1 0 2 .4 1 0 0 .0
5 5 1 3 4 .9 1 2 7 .1 1 0 2 .0 1 0 2 .6 1 2 5 .3
6 0 1 3 5 .2 1 2 8 .5 1 2 7 .7 1 2 8 .2 1 2 6 .1
6 5 1 3 5 .5 1 2 8 .7 1 2 8 .0 1 2 8 .5 1 2 6 .3
7 0 1 3 5 .7 1 2 8 .9 1 2 8 .1 1 2 8 .7 1 2 9 .2
7 5 1 3 5 .9 1 2 9 .1 1 2 8 .6 1 3 2 .1 1 4 8 .9
8 0 1 4 0 .4 1 3 2 .4 1 3 2 .0 1 5 2 .7 1 9 2 .0
8 5 1 5 0 .8 1 5 4  5 1 5 7 .5 1 9 5 .9 2 1 1 .0
9 0 1 6 8 .3 1 9 5 .6 1 8 5 .6 2 1 4 .9 2 1 1 .9
9 5 2 0 6 .8 2 1 4 .8 2 1 7 .4 2 1 7 .9 2 3 4 .4
1 0 0 5 2 7 .9 5 0 2 .3 5 0 1 .8 5 2 9 .8 5 1 2 .6
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Table F5 True boiling point curves from HZ5, lSbHZ5, 2SbHZ5, 3SbHZ5, and
4SbHZ5 catalysts (Continue)

100
9 0
80
70

fe  60
๐  50  
^  4 0  

3 0  
2 0  
10 

0

Temperature (°C)

Table F6  P e t r o l e u m  c u t s  o b t a i n e d  f r o m  H Z 5 ,  l S b H Z 5 ,  2 S b H Z 5 ,  3 S b H Z 5 ,  a n d  

4 S b H Z 5  c a t a l y s t s

Fraction Boiling point
( ° C )

wt %
HZ5 lSbHZ5 2SbHZ5 3SbHZ5 4SbHZ5

G a s o l i n e < 1 4 9 8 4 .1 8 3 .8 8 3 .3 7 9 .1 7 5 .0
K e r o s e n e 1 4 9 - 2 3 2 1 1 .3 1 1 .5 1 1 .9 1 6 .1 1 9 .5

G a s  o i l 2 3 2 - 3 4 3 1 .7 3 1 .9 3 1 .9 5 1 .7 8 2 .4 9
L V G O 3 4 3 - 3 7 1 0 .4 4 0 .4 9 0 .4 9 0 .4 5 0 .5 0
H V G O > 3 7 1 2 .4 4 2 .2 8 2 .3 0 2 .5 5 2 .5 4
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Table F7 True boiling point curves from HZ5, lBiHZ5, 2BiHZ5, 3BiHZ5, and
4BiHZ5 catalysts

% OFF Boiling point ( ° C )
HZ5 1BÎHZ5 2BiHZ5 3BiHZ5 4BiHZ5

0 5 9 .1 5 6 .8 7 1 .8 7 1 .6 7 0 .9
5 7 8 .5 5 9 .4 7 2 .9 7 2 .7 7 2 .1
10 8 3 .1 6 0 .2 7 4 .3 7 3 .2 9 9 .1
15 1 0 7 .5 6 1 .1 1 0 0 .1 7 8 .4 9 9 .7
2 0 1 0 7 .8 6 1 .9 1 0 0 .4 8 0 .0 9 9 .9
2 5 1 0 8 .1 6 3 .4 1 0 0 .6 9 0 .2 1 0 0 .0
3 0 1 0 8 .3 6 6 .3 1 0 0 .8 1 0 0 .4 1 0 0 .2
3 5 1 0 8 .5 7 3 .8 1 0 1 .0 1 0 0 .6 1 0 0 .4
4 0 1 0 8 .6 1 0 0 .5 1 0 1 .2 1 0 0 .8 1 0 0 .6
4 5 1 0 8 .8 1 0 0 .9 1 0 1 .4 1 0 1 .0 1 0 0 .8
5 0 1 3 2 .9 1 0 1 .4 1 2 7 .1 1 0 8 .4 1 2 5 .0
5 5 1 3 4 .9 1 2 7 .6 1 2 7 .5 1 1 7 .6 1 2 6 .9
6 0 1 3 5 .2 1 2 8 .1 1 2 7 .7 1 2 8 .1 1 2 7 .2
6 5 1 3 5  5 1 3 2 .4 1 3 0 .7 1 3 2 .4 1 2 7 .4
7 0 1 3 5 .7 1 5 3 .3 1 4 9 .6 1 4 9 .3 1 3 0 .6
7 5 1 3 5 .9 1 6 4 .3 1 7 6 .9 1 7 8 .6 1 5 8 .1
8 0 1 4 0 .4 1 7 8 .3 1 9 4 .7 1 8 4 .9 1 8 8 .8
8 5 1 5 0 .8 1 9 6 .2 2 0 5 .5 2 1 5 .7 1 9 4 .2
9 0 1 6 8 .3 2 1 9 .9 2 1 3 .9 2 1 8 .4 2 1 3 .1
9 5 2 0 6 .8 2 4 6 .7 2 3 4 .7 2 4 4 .6 2 1 5 .3

1 0 0 5 2 7 .9 4 2 3 .9 4 4 0 .2 4 4 4 .3 4 4 8 .4
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Table F7 True boiling point curves from HZ5, lBiHZ5, 2BiHZ5, 3BiHZ5, and
4BiHZ5 catalysts (Continue)

Temperature ( ° C )

Table F8  P e t r o l e u m  c u t s  o b t a i n e d  f r o m  H Z 5 ,  l B i H Z 5 ,  2 B Ü T Z 5 , 3 B i H Z 5 ,  a n d  

4 B i H Z 5  c a t a l y s t s

Fraction Boiling point
( ๐C )

wt %

HZ5 lBiHZ5 2BiHZ5 3BiHZ5 4BÎHZ5
G a s o l i n e < 1 4 9 8 4 .1 6 9 .0 6 9 .8 6 9 .9 7 3 .3
K e r o s e n e 1 4 9 - 2 3 2 1 1 .3 2 3 .3 2 4 .5 2 2 .7 2 2 .0

G a s  o il 2 3 2 - 3 4 3 1 .7 3 5 .4 6 3 .2 8 4 .8 7 2 .3 8
L V G O 3 4 3 - 3 7 1 0 .4 4 0 .7 9 0 .6 8 0 .7 0 0 .6 0

H Y G O > 3 7 1 2 .4 4 1 .4 9 1 .6 8 1 .8 4 1 .6 6
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