REFERENCES

Akiya, N. and Savage, PE. (2000). Kenetics and mechanism of cyclohexanol
dehydration in high temperature. Industrial & Engineering Chemistry
Research. 39,4441-4448,

Chin, Y.R. and Lee, C.C., Cyclohexanol from benzene by Asahi chemical, PEP
Review. (November 1998) : 87-3-3

Claus, P., Benat, H,, Mohr, c., Radnik, J., Shin, EJ,, and Keane, MA. (2000
Pa/MgO catalyst characterization and phenol hydrogenation. Journal of
Catalysis. 192, 88-97.

Cronstect, AF. (1756). Kongligar Svenska Vetenskaps Akademeins  Stockholm:
Hanglingar.

Davis, DD. and Kemp, DR. (1990). Ktrk-Othmer Encyclopedia of Inustrial
Chemistry Newyork: Jonn Wiley.

Frick, J. and Traub, H.s. (2001). Ulimann’s Encyclopedia of Industrial Chemistry
Germany. Wiley-VCH Verlag GmbH.

Fukuoka, Y., Nagahara, H., Ono, M., and Konishi, M. (1997) Partial hydrogenation
of benzene to cyclohexene. Applied Surface Science. 121,448-451.
Inorganic and Material Chemistry Laboratory (2002).  Synthesis of ZSM-5 a
size/shape-selective zeolite catalyst for xylene isomerization.  www.
chemistry.hinghamton.edu] Newyork : Binghamton University, Department

of Chemistry.

Ishida, H. (1997). Liquic-phase hydration process of cyclohexene with zeolite.
Catalysis Survey from Japan, 1,241-246.

Ishii, Y., Iwahama, T., Sakakuchi, ., Nakahama, K., and Nishiyama, Y. (1996).
Alkane oxidation with molecular oxygen using a new efficient catalytic
system: n-hydroxyphthalimide (NHPI) ombined with Co(acac)n ( =2 or 3)+
Journal of Organic Chemistry. 61,4520-4526.

Kucera, M., Kralik, M., Matas, M., Hudec, p. and Hronec, M. (1995). Hydration of
cyclohexene catalysted by zeolites. Collection of Czechoslovak Chemical
Communication, 60(3), 498-504,



Kulprathipanja, ., and Rekoske, J., Complete Conversion of Cyclohexene to
Cyclohexnol in a Chromatographic Reactor, Paper Presented at UOP LLC,
Illinois, USA. November 1998. (Unpublished paper).

Mitsui, O, Ishida, H, and Fukyoka, Y. (1994). Liquic-phase hydration of
cyclohexene with highly silicious zeolite. ~Studies in Surfactant Science
Catalysis. 83,473-480.

[Rohm & Hass], 1995 : ER 215-537-4157.

Ruthven, D.M. (1998). Priciples of Adsorption and Adsorption Process New
Brunswick: Wiley.

Shirafuji, T. and Kawata, 1. (1978) Method for producing cycloalkanols.
Patent 4 691 064,

Shirafuji, T, Kawata, I, and Hirose, K (1978). Method for producing
cycloalkanols. . . Patent 4 716 253

Shirauji, T., Sakai, K, and Kawata;, I. (1978h) Method for producing alicyclic
alcohol. . . Patent 4 670 612



APPENDIX

. Adsorption and Desorption of Cyclohexene and Cyclohexanol on
Z5M-5 and Amberlyst-15

In the Chromatographic Reactor

The experiments were carried out to study the adsorption of cyclohexene,
cyclohexanol and n-hexane on ZSM-5 and Amberlyst-15. The adsorption selectivity
and capacity of cyclohexene and cyclohexanol were calculated from the experimental
results. N-hexane and cyclohexane were used as the tracer to determine the void
volume of the catalyst bed in the reactor. The experimental set-up is shown in Figure
2

Adsorption on ZSM-5

The concentration of cyclohexene, cyclohexanol, and n-hexane
in the eluted solution is illustrated In Figure A.l. The experimental conditions are
listed in Table A L1 The results in the figure show that cyclohexene elutes from the
reactor before cyclohexanol and n-hexane that almost simultaneously elutes. These
results indicate that cyclohexanol is strongly adsorbed on ZSM-5 than cyclohexene
and n-hexane. That also implies that n-hexane is not a suitable tracer for the void
volume determination in the system because it is adsorbed more strongly than
cyclohexene.

Adsorption on Amberlyst-15
Figure A2 shows the concentration of cyclohexene,
cyclohexanol and n-hexane in the eluted solution with the reaction conditions
according to Table A 12 The results are approximately the same with those on
ZSM-5. That is cyclohexanol is strongly adsorbed on Amberlyst-15 than cyclohexene
and n-hexane is not a suitable tracer for the void volume determination.
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Table A.I' The adsorption experiment conditions in the chromatographic system

Feed

. Desor- Concentration (wt%)

Experiment Tracer Catalyst dnt Cyclohe-  Cyclohex-
Tracer
Xene anol

1 /SM-5 Weter

: ' 10 5

> hexane Acetone

Amberlst
4 45 Methanol
5 Cyclo Water 50 10 40

hexane
Al experiments inthis table were carried out & 120 C.

Table A2 The feed composition used for equilibrium the adsorption study in the
batch system

Concentration ( wt%)

Experiment Cyclohexene Cyclohexanol n-hexane
1 5 5 0
2 10 10 80
e 2 2 60
4 30 ) 40
5 4 2 40
6 10 5 40
/ 0 2 &0
8 2 0 &0

Al experiments inthis table were carried out at 120 °C
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Using cyclohexane as a tracer with Amberlyst-15
The experiments were carried out with conditions from Table
A 15. The results in Figure A.3 indicate that cyclohexane is also not a suitable tracer
because it has the same adsorption behavior as cyclohexene.

In the Batch Reactor System

The batch adsorption experiments were performed to determine the exact
adsorption capacity and selectivity of cyclohexene and cyclohexanol on Amberlyst-
15. Table A.3 shows the concentration of each component in the feed compared those
after the equilibrium was reached. From Experiment No. 7 in the table, it was clearly
seen that cyclohexanol was converted to cyclohexene under the experimental
condition in Table A.2. To confirm the conversion of cyclohexanol to cyclohexene,
the amount of water in the solution was determined. The water in the batch solution
of Experiment No. 7 was about 04 %, so it also confirms that cyclohexanol was
converted to cyclohexene and water. Elowever, the result in Experiment No. 8 shows
that cyclohexene was not converted to cyclohexanol under this condition (without
water). Because cyclohexene can be converted to cyclohexanol at 120 °c. The
conversion of cyclohxene to cyclohexanol makes the error on cyclohexene and
cyclohexanol concentration in the batch solution of Experiments No. 1to 6, so the
results could not be used for adsorption calculation.
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Table A3 The results of equilibrium adsorption in the batch reactor

Experiment Fee Results
p Cyclohex Cyclonex Cyclohex- Cyclohex-
n-hexane n-hexane
ene  -anol ene anol

5.00 500 9000 000 0.00 100.00
1000 1000 8000 1681 0.00 83.17
2000 2000 6000 3549 0.00 63.94
3000 3000 4000 ~ 58.26 166 38.56
4000 2000 4000  58.23 0.75 41.01
1000 5000 4000 3392 248 4147
000 2000 8000 1589 0.00 84.10
2000 000 8000 000 0.00 96.62

O —J O U1l B W N

Table A4 The results, of the chromatographic adsorption with acetone as a
desorbent

Concentration ( %)

" Time _
" (min)  Cyclohexene Cyclohexanol Unknowns  Acetone
hexane
1 0 29.83 1397 0.7 - 26.46
2 18 25.32 380 0.38 - 1298
3 170 30.78 0.00 0.00 2821 4094
4 362 0.00 0.00 0.00 2602 1397
5 389 0.00 0.00 0.00 2309 7690
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2. The Effect of Desorbents on Cyclohexene Hydration in a
Chromatographic Reactor

To solve the desorption-limiting step of cyclohexanol, a suitable desorbent
for the cyclohexanol desorption from Amberlyst-15 were carried out. The
experiments were performed under the same condition of the cyclohexene hydration
in the chromatographic reactor. Acetone or methanol was used as a desorbent
because each of them can solubilize cyclohexanol.

Acetone

The concentration of the each component in the eluted solution from the
reactor that uses acetone as the desorbent is shows in Table A4 with the
experimental conditions in Table A.13. A large fraction of unknown products were
detected. That may result from reactions between the either cyclohexene or
cyclohexanol with acetone. As a result, acetone is not a suitable desorbent for the
cyclohexene hydration.,

Methanol

Figure A.4 shows the concentration in the each component of the eluted
solution following the condition in Table A 14. These results also indicate that
methanol is not a suitable desorbent for the cyclohexene hydration because large
amount of the unknown products were detected. That may result from reaction
among cyclohexene or cyclohexanol with methanol.

3. Effects of the Operation Modes

Amberlyst-15 Saturated with Cyclohexene or Cyclohexanol

The cyclohexanol concentration from the cyclohexene with Amberlyst-15
saturated with cyclohexene or cyclohexanol is shown in Figure A.5. The experiments
were carried out according to Tables A.12, A.18, and A 19. The cyclohexanol
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concentration decreases when Amberlyst-15 is saturated with cyclohexanol before
the reaction; however, it increases when Amberlyst-15 is saturated with cyclohexene.
The average cyclohexanol concentration with fresh Amberlyst-15, Amberlyst-15
saturated with cyclohexanol, and Amberlyst-15 saturated with cyclohexene is 0.75,
048, and 0.92 respectively. The results imply that Amberlyst-15 saturated with
cyclohexanol has the effect on the thermodynamic equilibrium of the cyclohexene
hydration. In addition, it can be further said that cyclohexanol is strongly adsorbed on
Amberlyst-15 and that reduces the active size in the pore of Amberlyst-15.
Moreover, the cyclohexanol concentration increases when Amberlyst-15 saturated
with cyclohexene, imply that the active size of Amberlyst-15 could be lost by the
internal diffusion step.
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Figure A.l The equilibrium adsorption of cyclohexene and cyclohexaol on ZSM-5 using n-hexane as a tracer at 120 °c
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Figure A.2 the equilibrium adsorption of cyclohexene and cyclohexanol on Amberlyst-15 using n-hexane as atracer at 120 ¢
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Figure A.3 The equilibrium adsorption of cyclohexene and cyclohexanol on Amberlyst-15 using cyclohexene as a tracer at 120 i



120

Cyclohexene
0 rrerrrrr —o  Cyclohexanol
- —v  N-Hexane
80 —  Methanol
=i knowns
60
40
20
vvwwl | TVYLLT wwwerrrrryrid
0 a”aVa

40 60 80 100 120 140

_ _ Total Eluted Solution (g) _ ,
|u?1 adsorption of cyclohexene, cyclohexanol, and n-héxane on Amberlyst-15 in the chromatographic reactor
en



Cyclohexene Concentration (wt%)

Unsaturated
Saturated with Cyclohexanol
Saturated with Cvclohexene

i

Total Eluted Solution (g)

Figure A5 The effect of cyclohexene and cyclohexanol loaded on Amberkyst-15 on the cyclohexene hydration in the
chromatographic reactor
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