REFERENCES

Adesina, A. A., Hudgins, R. R. and Silveston, P. L., “Fischer-Tropsch synthesis under
periodic operation”, Catal. Today, 1995, 25, 127-144.
Aida, T. and Kawakami, R., “Periodic operation effects in selective catalytic

reduction of nitrogen monoxide with propane over alumina”, J. Chem. Eng.

Japan, 1997, 30, 321-327.
Aida, T., Na-Ranong, D., Kobayash and Niiyama, H., “Effect of diffusion and
I% ion performance of NO-CO reaction

over supported nol atalys Eng. Sci., 1999, 54, 4449-4457.
Amariglio, H., Paréja, P. igli : riodic operation of a catalyst as a
means of overc o8 sthe dy '-cEsJ;raint. The case of methane

homologation ongfetals’, Caral " , 113-125.

adsorption-desorption

: e troscopic characterization
of silicalite-k-dnd titanium silicalit 1995, 157, 482-500.
Bengoa, J. F., Gallegm N.G., M , A. M., Cagnoli, M. V. and

Yeramia™n, A. A.=Influence of @S-1 stru ’Tlﬁ operties and operation

il ) B LI ‘idﬂﬂv

Mater., %98 24,163-172. ¢

Y RO T T Tt Th—
silicalite molecular sieves under solvent-free conditions: 1. Direct
hydroxylation of benzene”, J. Catal., 1998, 178, 101-107.

Boelhouwer, J. G., Piepers, H. W. and Drinkenburg, A. A. H., “The induction of

", Micropor. Mesopor.

pulses in trickle-bed reactors by cycling the liquid feed”, Chem. Eng. Sci.,
2001, 56, 2605-2614.



56

Centi, G., Cavani, F. and Trifiro, F., “Selective oxidation in the liquid phase with
solid micro- or Mesoporous materials”, Selective Oxidation by Heterogeneous
Catalysis, Plenum Pub Corp, 2001, 287-299.

Clerici, M. G., “Oxidation of saturated hydrocarbons with hydrogen peroxide,
catalysed by titanium silicalite”, Appl. Catal. A, 1991a, 68, 249-261.

Clerici, M. G., Bellussi, G. and Romano, U., “Synthesis of propylene oxide from
propylene and hydrogen peroxide catalyzed by titanium silicalite”, J. Catal.,
1991b, 129, 159-167.

Clerici, M. G. and Ingallina, P.,
Catal. Today, 1998,41, 3

Creaser, D., Andersson, BeHudgins, R. Rﬁmton P. L., “Cyclic operation of

‘ em. Eng. Sci., 1999, 54, 4437-

the oxidative dé

4448.
Farrauto, R. J. and : H., “C aterials”, Fundamentals of
industrial catalyti Blatkie . em professional, an imprint of

Gulari, E., Zhou, X. an E o e o\ ion of carbon monoxide under

periodic and transient opetati , 1995, 25, 145-157.
#f aradnaid r
Gutsche, R., Lange, R. and \%E’T ' fect of process nonlinearities on the

et |--'|_..l"..l ..-"fl -.f-{v

performance:gf a periodically op

Eng. Sci., 2003, 58, 5055-5068. X
Huybrechts, D. R. C.,Baése : acobs @ A., “Factors influencing the
catalytic act1v1ty‘of titanium sﬂlcavs in selective oxidations”, Catal. Lett.,

oo SR TN YN TN

Khadikar, M. Rl, Al-Bahhan, M. }I and Dudukov1c M. P, “Parametnc study of

iES mn T ﬂmfn; T ﬁ'afﬂ Ehem. Eng. Sei,

Khouw, C. B., Dartt, C. B., Labinger, J. A. and Davis, M. E., “Studies on the
Catalytic-Oxidation of Alkanes and Alkenes by Titanium Silicates”, J. Catal.,
1994, 149, 195-205.

Kraushaar-Czarnetzki, B. and van Hooff, J. H. C., “A test reaction for titanium

silicalite catalysts”, Catal. Lett., 1989, 2, 43-48.



57

Kumar, R., Mukherjee, P. and Bhaumik, A., “Enhancement in the reaction rates in the
hydroxylation of aromatics over TS-1/H,O, under solvent-free triphase
conditions”, Catal. Today, 1999, 49, 185-191.

Lange, R., Gutsche, R. and Hanika, J., “Forced periodic operation of a trickle-bed
reactor”, Chem. Eng. Sci., 1999, 54, 2569-2573.

Li, G., Wang, X., Guo, X,, Liu, S., Zhao, Q., Bao, X. and Lin, L., “Titanum species in
titanium silicalite TS-1 prepared by hydrothermal method”, Mater. Chem.
Phys, 2001, 71, 195-201.

Martens, J. A., Buskens, Ph., J\a\‘: , van der Pol, A., van Hooff, J. H. C,,

Ferrini, C., Kouw : N .’%ﬂan, P. J. and van Bekkum, H.,

“Hydroxylation &xid&: on EUROTS-1 catalyst”,

-le with H,O, Catalyzed by

and Ultrastable Zeolites”,

h 171, 1976, 285-331.

Monnerat, B., Kiwi-Min Fand Reénken: \ drogen production by catalytic
& X

Appl. Catal. A,
Maspero, F. and R
Titanium Sili
McDanial, C. V. a

cracking of metha over mickel gauze under periodic reactor operation”,

Chem. Eng. Sci., 2001, @%3—’
- "'r". j." g e

Morrison, R. T. alﬂ Boyd, R. N, “i’ " Chemistry, Prentice Hall

Nieken, U. and WatzeBJerge Tation @ the Deacon process”, Chem.

Eng. Sci., 1999, §4 619-2626.

Notari, B., ﬁ Fﬁ ﬂn&} %%@ Wﬂm’}ﬂcitammg zeolites”, Stud.

Surf. SchilCatal., 1989, 37, 4‘1,3-425 . oy

Opoktﬁ)wﬂ'l(@\l %‘ljn ﬁd}ﬂﬂ W‘mnaogycle parameters
oRn perio ly operated fluidised bed reactor for CH, autoreforming”, Catal.
Today, 2000, 63, 507-515.

Perego, G., Bellussi, G., Corno, C., Taramasso, M., Buonomo, F. and Esposito, A.,
“Titanium-silicalite: a noval derivative in the pentasil family”, Stud. Surf. Sci.
Catal., 1986, 28, 129-136.

Reddy, J. S., Kumar, R. and Ratnasamy, P., “Titanium silicalite-2: Synthesis,
characterization and catalytic properties”, Appl. Catal. A, 1990, 58, L1-14.



58

Romano, U., Esposito, A., Maspero, F., Neri, C. and Clerici, M. G., Chim. Ind.
(Milan), 1990, 72, 610.

Sheldon, R. A., “Synthetic and mechanistic aspects of metal-catalysed epoxidations
with hydroperoxides”, J. Mol. Cat., 1980, 7, 107-126.

Sheldon, R. A. and van Bekkum, H., “Reactors”, Fine Chemicals through
Heterogeneous Catalysis, Vch Verlagsgesellschaft Mbh, 2001, 45-60.

Silveston, P. L., Hudgins, R. R. and Renken, A., “Periodic operation of catalytic
reactors-introduction and overv)ew”, Catal. Today, 1995, 25,91-112.

Stradiotto, D. A., Hudgins, / ilveston, P. L., “Hydrogenation of
' ption in a trickle bed”, Chem. Eng.

ion of porous crystalline synthetic

crotonaldehyde und
Sci., 1999, 54, Zﬁz

material compri ' itanium. oxides”, United States Patent,

Tatsumi, T., Yuasa, K. aga, H. ylation of benzene and hexane by

oxygen and hy rer pall: ! titanium silicates”, J. Chem.

ndr: , P. V., Naik, R. V. and Kulkarni, B.
h— . .
D “Hydroxylatlon of _pig;}v_:j} te d benzenes: development of artificial
- ..-‘,.f ."" \,,- b= P

neural- netwgﬁ-based process identi: d. )model predictive control
strategies forsa pilot plant scal 1. Eng. Chem. Res., 1998, 37,
2081-2085. j
Thangaraj, A., Kumar, #Resand Ratnasam i “Direct Catalytic Hydroxylation of

N LT T TS T AT Ot i

Catal. A¥1990, 57, L1-13. ,

miney R RN s 5 B0 6 B

Thangardj, A., Sivasanker, S. and Ratnasamy, P., J. Catal., 1991b, 131, 394.
The JCPDS., Inorganic Phases Alphabetical Index, 1996.

Tuel, A. and Ben Taarit, Y., “Comparison between TS-1 and TS-2 in the
hydroxylation of phenol with hydrogen peroxide”, Appl. Catal. A, 1993, 102,
69-77.

Tuka¢, V., Hanika, J. and Chyba, V., “Periodic state of wet oxidation in trickie-bed
reactor”, Catal. Today, 2003, 79-80, 427-431.



59

Turco, F., Hudgins, R. R., Silveston, P. L., Sicardi, S., Manna, L. and Banchero, M.,
“Investigation of periodic operation of a trickle-bed reactor”, Chem. Eng. Sci.,
2001, 56, 1429-1434.

Tvaruzkova, Z. and Zilkov4, N., “Incorporation of titanium into the framework sites
of Na-zeolites using TiCL,: Catalytic activity in the ammoximation of
cyclohexanone to cyclohexanone oxime”, Appl. Catal. A, 1993, 103, L1-14.

van der Pol, A. J. H. P., Verduyn, A. J. and van Hooff, J. H. C., “Why are some
titanium silicalite-1 samples active and others not?”, Appl. Catal. A, 1992, 92,
113-130.

Vaughan, D. E. W., “The sy
1988, 84, 25.

Weitkamp, J., Emnst,

aciure of zeolites”, Chem. Eng. Progr.,

‘The modified hydrophobicity

index as a nove e surface properties of titanium
silicalites”, Stid.
Yamada, H. and G6to P ] 71 dic .operation trickle bed reactor for
hydrogenolysis i . idsligu N\ ases”, J. Chem. Eng. Japan,
1997, 30, 478-483f [ #EE AR

ﬂUEJ’J‘/lEJVlﬁWEJ’]ﬂ‘i
Q‘W']Mﬂ‘iiu UA1AINYAY



AULINENINeINg
MIANTAUNNIING A Y



APPENDIX A
CALCULATION FOR CATALYST PREPARATION

Calculation of Si/Ti Atomic Ration for TS-1

The calculation is based on weight of Sodium Silicalite (Na,0'SiO,H,0) in
B1 and B2 solutions (Topic 4.1.2).

Molecular Weight of Si = 28.0855
Molecular Weight 60.0843
Weight percent 28.5

Using Sodium Silicate 1 utlon

AW of81) N (1 mole)
f Si0,) (M.W.of Si)

mole of Si used

60.0843)

Molecular Wejght oF THO(CHR)AC 134036

Weight percelﬂ)un y O
Si/Ti atomic ratio = 52 ‘a

e e e Eﬂﬂﬁ NE3AT

= 6 29 x 107 mole

RIPVAAFYEE 317113 PRI oo

which used in A1 and A2 solutions.



APPENDIX B
CALCULATION OF SPECIFIC SURFACE AREA

From Brunauer-Emmett-Teller (BET) equation (Anderson et al., 1985)
p _ 1 (C-p

n(l-p) n,C n,C Rl
Where, p =Relative partial pressure of adsorbed gas, P/P,
Py = 1 vapor pressure of adsorbed gas in the condensed
al temperature, atm
P f adsorbed gas, atm
n : ed at pressure Pymil. at the NTP/g of sample
1 Ot OEAAE & ORI Millhat the NTP/g of sample

N

. b d gas on all other layers

H, 3 0 : -1 ‘ - tlayer
3

,,1 \\

For the single “poi ap ust pass through the origin.

L

Therefore, the value of C mustbea 3 € infinity.

& n(1 p) (B2)

The sﬂce area, S, of the cat:nt is glvenEJ I] ﬂ ‘j
AMIANTAULHIANYEY =

From the gas law

= (B4)

Where, P, =Pressure at 0°C
P, =Pressure at t°C
Ty, =Temperature at 0°C =273.15K
Ty =Temperature at t°C =273.15+tK



V = Constant volume
Then, Py =(273.15/T) xP;, =1atm

Partial pressure

[Flow of (He+ N, )—Flow of He]
Flow of (He+N,)

(BS)

= (0.3 atm

For nitrogen gas, the saturated vapor pressure equals to

=
.'I 'I!ilr
N, 1 ml/1 atm at roo Desorption of N, area

tem &&re area

’J‘I’IEWI?WEI’]ﬂ‘i

82 ﬁloﬂsatal yst (B6)

“ —2
W @m TR eNEREE

S, = Desorption of N, area

W = Sample weight, g

T  =Room temperature, K
Therefore,
. _S 1 »273'15x(1—p)

63
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Yl 27';'15 %0.7272 B2.1)

n, =—*
s, W

Whereas, the surface area of nitrogen gas from literature equal to

S =4.373 m*ml of nitrogen gas

Then,

X = ‘ «0.7272x 4.343
1/

(B7)
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APPENDIX C
CALIBRATION CURVES

This appendix shows the calibration curves for calculation of composition of

reactant and products in hydroxylation of benzene reaction. The reactant is benzene

and the main product is phenol.

The flame ionization detec omatography Shimadzu model 9A was
used to analyze the concentr. henol by using GP 10% SP-2100
column.

Mole of reag i€ And 2 \\;\k gas chromatography in x-axis

are exhibited in the es of benzene and phenol are

illustrated in the followi

1.4E-06 :
kN T R S—— 4 el ialy N e
g 1.0E-06 +------ » B 3 SR
E 8.0E-07 4 --------- e Pommm e
- : . |
h g | |
C 60E074---25----- ‘> i‘f R O S i o s
e : !
s | UL IMENINY I
aoE074- W ________ A B e S
= : ¥ o, \ x - 1E-06
AR TN INY T
20E-024L 3 1R N1} R B R PELE
0.0E+00 : : ;
8000000 9000000 10000000 11000000 12000000

Area of peak

Figure C.1 The calibration curve of benzene.



66

S
“ : " b &
LTS
...... TR TS
“ ! " D E !
...... PNl e o
N | ™
T e e — X
T C =
|||||| »"||x|||m|»||||”|||||| H ﬁﬁla
e =
...... S A = ~ =
- = =
...... o tm
! ! | = re
...... o <
A £ ol o
(SN (NS (N S . - S = &
I ] 1 I I O 4
I - ==
SRR W IR SNNIS SENN WVR
N (=) [—) (—] [—] —3 [(—]
- - @0 ° v ~ M o
€

dUIZUI( JO _me

9



APPENDIX D
CALCULATION OF BENZENE CONVERSION

The catalyst performance for the hydroxylation of benzene was evaluated in

terms of activity for benzene conversion.

Activity of the catalyst performed in term of benzene conversion. Benzene

benzene conversion (%)=100 f?; LLANENEELN! during cycle period (DD
Qve 2ne passed through
1g cycle period
where mole of phenol cafi b red 81 loying he calibration curve of phenol in
Figure C.2, Appendix C.,i €., [ - oy \
mole of phenol = ((dfea GF phenc] peak from i tegrator plot on GC-9A)

x 105 -’L' ;.-: - (D2)

2

o tlmcalibration curve of benzene

-

where mole of benzene

in Figure C.1, Appendix C.,i.e.,

mole of n@y EJ(Q: ?f},gm j:lmoﬂr:lggoilm on GC-9A)
Pasisalfiangdy  ©



Table E1 Data of Figure 5.4

APPENDIX E
DATA OF EXPERIMENTS

Reaction time (min)

Benzene conversion (%)

Co-current operation

5
30
55
80
105
130
133
180

205
230
235
280

Table E2 Data of Figure 5. 54

Y

Cycle period 1

Reaction
time (min)

il
Ben@]xe
conversign

5

531 " ﬁ@ﬂﬁmﬂv

80
95
110
125
140
155
170

Il dobs

Y 0.0362

0.0612
0.0782
0.0329
0.0578
0.0911
0.0796
0.0554
0.0677

Reaction

time (min)

105
125
145
165
185
205
225

Periodic operation
0.0112
0.0179
0.0655
0.0969
0.1197
0.1302
0.1642
0.1616
0.1322
0.1785
0.2024
0.2197
Cycle period 25 min
enzen ; Benzene
conversion fReactan conversion
Y el )
[ 4 5 0.0138
()&(1206 i(‘)’ 0.0191
f]ﬂ'am E f] @E‘l 0.0358
0.0495 . 0.0558
0.0443 0.0928
0.0796 130 0.1195
0.0819 155 0.1240
0.1127 180 0.1001
0.0874 205 0.1344
0.0956 230 0.1903
0.1090 233 0.1692
0.0863 280 0.1899
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Cycle period 15 min Cycle period 20 min Cycle period 25 min
Reaction Benzer}e Reaction BenzeI?e Reaction Benzer'le
T conversion fistes (i) conversion | . (it} conversion

(%) (%) (%)
185 0.0595 245 0.0826
200 0.0569 265 0.1258
215 0.0727 285 0.0647
230 0.0543
245 0.0668
260 0.0687
275 0.1685
290 0.0522

ene conversion (%)

Reaction time Benzene
(min) concentration ;
=2.38 mol / m
5 0.0112
30 F 0.0179
55 4 ! 0.0655
0.0557 0:0558 as  0.0969
‘W i | “10.0928 * 0.1197
g aﬁmmm%maa e
155 0.1014 0.1240 0.1642
180 0.0955 0.1001 0.1616
205 0.0782 0.1344 0.1322
230 0.1351 0.1903 0.1785
255 0.1556 0.1692 0.2024
280 0.1708 0.1899 0.2197




Table ES Data of Figure 5.8
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Benzene concentration (mol / m3)

Benzene conversion (%)

1.94
2,07
2.38

0.0940
0.1132
0.1364

Table E6 Data of Figure 5.9

Reaction time (min)

3 S— 0.
30
55
80
105
130
155
180
205
230
255 A

280

cataly

e conversion (%)

2 g catalyst

D — 0.0088

0.0141
0.0283
0.0540
0.1075
0.0963
0.1278
0.1326
0.1222
0.1233
0.1533
0.1855
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APPENDIX F
MATERIAL SAFETY DATA SHEET OF
BENZENE AND HYDROGENPEROXIDE

Benzene

Safety data for benzene

General

Specific gravity: 0.87 = A

N,
Flash point: - ; :
P i ﬁ
Explosion limits: 1.3 % - 8 %

RETIMETI NN
RN IUANINY 1A Y

Stable. Substances to be avoided include strong oxidizing agents, sulphuric

Vapourpr 4.6 i g al ““‘—w“

acid, nitric acid. Highly flammable.

Toxicology

This material is a known carcinogen. The risks of using it in the laboratory

must be fully assessed before work begins. TLV 10 ppm. Short-term exposure may



12

cause a variety of effects, including nausea, vomiting, dizziness, narcosis, reduction in
blood pressure, CNS depression. Skin contact may lead to dermatitis. Long-term

exposure may lead to irreversible effects. Severe eye irritant. Skin and respiratory
irritant.

Personal protection

Safety glasses, gloves, good ventilation. Thought should be given to using an

alternative, safer product. ’ ’y/
.—‘
—

Hydrogen Peroxide, 3

Safety data for hydrogen | | ,' Hor

General

Synonyms: albo 35, albone 50, albone 70, albone 35cg, albone
50cg, albone 70cg, inter ] 30, perone 35, perone 50. Data also

applies to solutlons of simila ALSEE r% th-

Note: Typica .._-_____-_;: 35%. Solutions of much
. A i .
higher concentrati -“(’5-_ : ‘5‘- cantly increased risks, and

[
should not be used u 1' ss such strength 1s ab solutely e o ntial.

Phys-cmdauﬂuﬂ?ﬂﬂﬂﬁ‘ifﬂﬂ']ﬂ‘i
amaamwduwnwmaﬂ

eltmg point: ca. -28 °C
Boiling point: ca. 114 °C
Specific gravity: typically near 1.19
Vapour pressure: 23.3 at 30 °C
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Stability

Unstable - readily decomposes to water and oxygen. Light sensitive. May
develop pressure in the bottle - take care when opening. Forms potentially explosive
compounds with ketones, ethers, alcohols, hydrazine, glycerine, aniline, sodium
borate, urea, sodium carbonate, triethylamine, sodium fluoride, sodium pyrophosphate
and carboxylic acid anhydrides. Materials to avoid include combustibles, strong

reducing agents, most common metals, organic materials, metallic salts, alkali, porous

Toxicology

Toxic. Corrosi 5 Serious burns. € contact can cause serious
injury, possibly blindngss. ‘ nhalation, ingestion and skin contact. Typical
OEL 1 ppm. | \

Personal protection

ventilation. (v Y

Safety glagses ssential; acid 0 PS are suggested. Suitable

lj ]
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