SYNTHESIS OF FINE CHEMICALS USING
HETEROGENEOUS CATALYSTS

SUMAN KUMAR JANA

AUGUST, 2001



SYNTHESISOF FINE CHEMICALSUSING
HETEROGENEOUS CATALYSTS

THESS
SUBMITTED TO THE
UNIVERSTY OF PUNE
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN
CHEMISTRY

BY

SUMAN KUMAR JANA, M. sc.

CHEMICAL ENGINEERING DIVISION
NATIONAL CHEMICAL LABORATORY
PUNE-411 008
INDIA

AUGUST, 2001



DEDICATED
T0
MY PARENTS

ACKNOWLEDGEMENT

| take this opportunity to express my gratitude to Dr. Vasant R. Choudhary,
my research supervisor, mentor, for his invaluable guidance, teaching, support and
advice throughout the course of this investigation. It is only because of him that my



carrier has been escalated to a height where | stand today. | have learnt from him to
interpret, concise and correct my approach to science from formulation to the
presentation of results. Although this eulogy is insufficient, my sincere regards and
reverence are for him, forever.

My sincere thanks are due to Dr. S. G. Pataskar, Dr. S. D. Sansare, Dr. A. S.
Mamman, Dr. A. G. Gaikwad, Dr. A. M. Rajput, Dr. (Mrs.) S. Mayadevi and Dr. V.
H. Rane for their helpful discussions, encouragement, friendship and cheerful
company over these years. | am also grateful to Dr. B. S. Rao for his subtle
suggestions, which have been highly beneficial to me.

| appreciate and acknowledge the help and co-operation of my seniors, Dr.
Mulla, Dr. Uphade, Dr. Devadas, Dr. Sivadinarayana and Dr. Kinage. The help
extended by Mr. V. L. Rajput, Mr. V. L. Chandekar and Mr. B. G. Pingale is also duly
acknowledged.

Association with my colleagues Mantri and Subho are greatly appreciated
and | am indebted to them for their company, discussions and help throughout the
course of the work. They have been a constant source of information and inspiration.
Special thanks are for Mahesh, Nilesh, Narkhede, Jayant, Sachin, Deepa, Kailash,
Pankaj, Joshi and Rajamani for their zestful assistance. My association with Kiran,
Tushar and Abhijit have immensely bolstered the efforts.

The invaluable help | received from Mr. Mandale for XPS, Mrs. Maitra for
XRD (SIL), Mr. Bhujang for drawing/tracing of figures (PD), and staff of electrical
section (CE) is also appreciated.

I would like to thank my friends Bhunia, Sujit, Anirbanda, Raja, Laha,
Gourda, Annyt, Chitta, Karuna, Tapanda, Mannada and Boudi, Majida, Manasda
and Boudi, Suryada, Santida, Aditya, Priya, Aditya, Koushik, Sumit, Babu, Subhas,
Tarun, Anuradha, Somnath, Hazra, Dinu, Anilda, Tapasda, Subarna, Saptarshi,
Mahua, Bivas, Debdut, Utpal, Bikash, Smritilekha, Ghota, Prabal, Dilip and all
others, who’s kind company | have been in.

It gives me great pleasure to thank my parents and my brothers Sandeep and
Sudip, for their love, patience and encouragement during the years of study. They
have been a constant source of strength and have brought a great deal of happiness
in my life.

Special thanks, are for my wife, Chandana. The work would not received this

dimension, had it not been enfolded without her support and constant
encouragement. The text of the thesis has been carefully checked by her.

| am indebted to Dr. B. D. Kulkarni, Head, Chemical Engineering Division for
allowing me to use the facilities in the division. | would like to thank all other
scientific and nonscientific staff in the Chemical Engineering Division, NCL, for their
help and cooperation given to me in completing my research work successfully.



Finally, my thanks are due to the Council of Scientific & Industrial Research,
New Delhi, for awarding me research fellowship and to Dr. P. Ratnasamy, Director,
National Chemical Laboratory, Pune, for allowing me to carry out my research and
extending all the possible infrastructure facilities.

(Suman Kumar Jana)
PUNE
August, 200122



CERTIFICATE AS PER FORM ‘A’

Certified that the work incorporated in the thesis
“Synthesis of Fine Chemicals using Heterogeneous Catalysts”
submitted by Mr. Suman Kumar Jana was carried out by the
candidate under my guidance. Such material as has been

obtained from other sources has been duly acknowledged in the

thesis.

(Dr. Vasant R. Choudhary)

Research Guide

vi



LIST OF CONTENTS

vii



LIST OF CONTENTS

SUMMARY AND CONCLUSIONS Xiv
CHAPTER-1 INTRODUCTION-OBJECTIVE AND SCOPE 1

1.1 WHAT ARE FINE CHEMICALS? 2

1.2 ENVIRONMENTAL FACTOR 2

1.3 DEVELOPMENT OF ORGANIC SYNTHESIS AND 3
CATALYSIS

14 WHY HETEROGENEOUS CATALYSIS?

15 HETEROGENEOUSLY CATALYZED 4
REACTIONS FOR THE SYNTHESIS OF FINE
CHEMICALS

15.1 FriedetCrafts type alkylation and 4
acylation reactions
1.5.1.1 Friedel-Crafts type dkylation reactions
1.5.1.2 Friedel-Crafts type acylation reactions
1.5.1.3 Polycondensation of benzyl chloride 22
1.5.1.4 Ederification of tert-butanol 22
1.6 OBJECTIVE AND SCOPE 22
1.7 REFERENCES 23
CHAPTER-2 EXPERIMENTAL 29
2.1 GASES AND CHEMICALS 30
2.2 CATALYST PREPARATION 32
2.2.1 HZSM5 32
2.2.2 H-FeMFl and HFeAIMFI 32
2.2.3 H-GaMFI and H-GaAIMFI 32
2.2.4 StMCM41 33
2.2.5 Al-Si-MCM41 33
2.2.6 Supported metal oxide catalysts 33
2.2.7 Supported metal chloride catalysts 34
2.2.8 Mg-Ga hydrotalcite 34
2.3 CATALYST CHARACTERIZATION 34
2.3.1 X-ray diffraction (XRD) 34
2.3.2 Surface area 35

viii



CHAPTER-3

CHAPTER-4

2.3.3 Scanning electron microscopy (SEM)
2.3.4 Infrared spectroscopy (FTIR)
2.3.5 X-ray photoelectron spectroscopy (XPS)
2.3.6 Measurement of acidity

24 CATALYTIC REACTIONS
2.4.1 Benzylation and acylation reactions
2.4.2 Polycondensation reaction
2.4.3 Esterification reaction
2.4.4 References

BENZYLATION OF BENZENE BY BENZYL
CHLORIDE OVER Fe-, Zn-, Ga- AND In-MODIFIED
ZSM-5TYPE ZEOLITE CATALYSTS

3.1 EARLIER LITERATURE AND OBJECTIVE OF
PRESENT WORK

3.2 RESULTS AND DISCUSSION
3.2.1 Composition and properties  of

modified ZSM-5 type zeolite catalysts

3.2.2 Comparison of the modified ZSM-5
zeolite catalysts for benzene benzylation

3.2.3 Effect of moisture on the
catalytic  activity/reaction induction period

3.2.4 Effect of catalyst pretreatment by HCI
3.2.5 Reusability of the catalysts
3.2.6 Reaction kinetics
3.2.7 Reaction mechanism
3.3 CONCLUSIONS
34 REFERENCES

BENZYLATION AND ACYLATION OF BENZENE OR

OTHER AROMATIC COMPOUNDS OVER GaCls AND

InCl; SUPPORTED ON COMMERCIAL CLAYS AND Si-

MCM -41

4.1 BENZYLATION OF BENZENE AND SUBSTITUTED
BENZENES BY BENZYL CHLORIDE OVER InCls,
GaCl;, FeCls AND ZnCl. SUPPORTED ON CLAYS
AND Si-MCM41

35
35
35
36
37
37
39
40
40

42

43
43

43

48

49
50
52
53
54
55

56

57



CHAPTER-5

4.2

BENZYLATION AND BENZOYLATION OF BENZENE
AND OTHER AROMATIC COMPOUNDS OVER

SUPPORTED G&0s; AND 1,03 CATALYSTS IN THE

4.1.1 Earlier literature and objective of present
work

4.1.2 Results and discussion

4.1.2.1 Comparison of supported meta chloride
cadyds for benzene benzylaion

4.1.2.2 Effect of metd chloride loading
4.1.2.3 Effect of solvent
4.1.2 4 Effect of moisture

4.1.2.5 Effect of dectron donating subgtituent
group(s)
4.1.2.6 Reaction mechaniam
4.1.3 Conclusions
4.1.4 References

ACYLATION OF BENZENE OVER CLAY
AND MESOPOROUS Si-MCM41 SUPPORTED
INCk, GaCk AND ZnCl, CATALYSTS

4.2.1 Earlier literature and objective of present
work

4.2.2 Results and discussion

4.2.3 References

PRESENCE OR ABSENCE OF MOISTURE

5.1

5.2

BENZYLATION OF BENZENE AND OTHER
AROMATIC COMPOUNDS BY BENZYL CHLORIDE
OVER GayO3z AND In,O3 CATALYSTS

5.1.1 Earlier literature and objective of present
work

5.1.2 Results and discussion

5.1.3 References

BENZOYLATION OF BENZENE AND
SUBSTITUTED BENZENES BY BENZOYL

CHLORIDE OVER In203 (OR Gaz03)/Si-MCM41
CATALYST

5.2.1 Earlier literature and objective  of present
work

5.2.2 Results and discussion

58

58
58

63
64
64
65

66
67
68
70

70

70
75

77

77

77
83

84

84

84



CHAPTER-6

5221 Compaison of the supported metd oxide
catayssfor benzene benzoylation

5.2.2.2 Effect of metd oxideloading
5.2.2.3 Effect of solvent
5.2.24 Effect of moisture on the cataytic activity

5225 Effect of edectron donaing subdituent
group(s)
5.2.2.6 Reaction mechanism
5.2.3 Conclusions

5.2.4 References

HIGHLY ACTIVE AND LOW MOISTURE SENSITIVE
SUPPORTED THALLIUM OXIDE CATALYSTS FOR
FRIEDEL-CRAFTS  TYPE BENZYLATION AND
ACYLATION REACTIONS: STRONG THALLIUM
OXIDE-SUPPORT INTERACTIONS

6.1 EARLIER LITERATURE AND OBJECTIVE OF
PRESENT WORK

6.2 RESULTS
6.2.1 Catalyst characterization
6.2.1.1 Color and surfece area of catalysts
6.2.1.2 XRD
6.21.3FTIR
6.2.1.4 XPS
6.2.2 Benzylation reactions
6.2.3 Acylation reactions
6.3 DISCUSSION

6.3.1 Influence of catalyst support: Strong TIOx
support interactions

6.3.2 Effect of moisture and HCI
pretreatment on reaction induction period

6.3.3 Effect o electron donating substituent groups
6.3.4 Reaction mechanism

6.4 CONCLUSIONS

6.5 REFERENCES

84

85
86
87
88

88
90
91

93

94
94
94
94
98
98
08
104
105
105

108

109
109
110
111

Xi



CHAPTER-7

CHAPTER-8

HIGHLY ACTIVE, REUSABLE AND MOISTURE
INSENSITIVE CATALYST OBTAINED FROM BASC
GaMg-HYDROTALCITE  ANIONIC  CLAY FOR
FRIEDEL-CRAFTS TYPE BENZYLATION AND
ACYLATION REACTIONS

7.1 EARLIER LITERATURE AND OBJECTIVE OF
PRESENT WORK

7.2 RESULTS AND DISCUSSION

7.2.1 Composition and properties of the Ga-Mg
hydrotalcite catalysts

7.2.2 Benzylation and acylation reactions

7.2.3 Effect of moisture and HCI
pretreatment on the catalytic
activity/Reaction induction period

7.2.4. Reaction mechanism
7.3 CONCLUSIONS
7.3 REFERENCES

POLYCONDENSATION OF BENZYL CHLORIDE
OVER Fe-, Ga AND [InCONTAINING SOLID
CATALYSTS

8.1 POLYCONDENSATION OF BENZYL CHLORIDE
OVER Fe-CONTAINING MICRO-, MESO- AND
MACROPOROUS SOLID CATALYSTS

8.1.1 Earlier literature and objective of present work
8.1.2 Results and discussion

8.1.2.1 Comparison of catalysts
for polycondensation of benzyl chloride

8.1.2.2 Effect of solvent on polycondensation

8.1.2.3Kinetics and mechanism of
polycondensation reaction

8.1.24 Reection induction period
8.1.2.5 Characterization of polymer
8.1.3 Conclusions

8.1.4 References

113

114

115
115

116
118

120
121
121

123

124

124
124
124

128
129

131
131
131
132

Xi



8.2 POLYCONDENSATION OF BENZYL CHLORIDE 134
OVER Ga- AND In-MODIFIED ZSM-5 TYPE
ZEOLITES AND SEFMCM41 OR
MONTMORILLONITE-K10 SUPPORTED GaCls
AND InCE CATALYSTS

8.2.1 Earlier literature and objective of present work 134
8.2.2 Results and discussion 134

8.2.2.1 Comparison of cadysts for 134
polycondensation of benzyl chloride

8.2.2.2 Effect of solvent on polycondensation 137

8223 Kinetics and mechanism of 137
polycondensation reaction

8.2.2.4 Reaction induction period 140

8.2.2.5 Characterization of polymer 140

8.2.3 Conclusions 141

8.2.4 References 142

CHAPTER-9  SELECTIVE ESTERIFICATION OF TERT-BUTANOL 143
BY ACETIC ACID ANHYDRIDE OVER CLAY
SUPPORTED  InCl;, GaCls, FeClz AND ZnCl,

CATALYSTS

9.1 EARLIER LITERATURE AND OBJECTIVE OF 144
PRESENT WORK

9.2 RESULTS AND DISCUSSION 144

9.3 REFERENCES 144

LIST OF PUBLICATIONS & PATENTS 150

Xiii



SUMMARY AND CONCLUSIONS

SUMMARY AND CONCLUSIONS

Synthesis of fine chemicds usng homogeneous cadyss posss severd
problems such as dfficulty in its separaion and recovery, disposa of spent cadys,
formation of undesrable and/or toxic wadtes, etc. Worldwide efforts have been made
for replacing homogeneous cadyss by reussble, essly separable heterogeneous solid
catalysts for the synthesis of fine chemicals.
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Ligud phase benzylaion or acyldion of aomdic compounds usng
homogeneous Lewis acid cadyds, is commonly practiced Friedd-Crafts type reaction
in organic synthess. However, the commonly used homogeneous acid cadyd, AlCl3
poses seved problems, such as reguirement of more than goichiometric amourt,
difficulty in separation and recovery, digposa of spent cadyd, corroson, high toxidity,
eic. Moreover, it is highly moisure sendtive and hence demands moisturefree solvent
and reactants and anhydrous cadys, and dso dry amosphere for cadys handling.
Devdopment of reussble solid acid catdyss having high activity and litle or no
moigure sengtivity for the liquid phase FrieddCrafts reections is, therefore, of great
practicd importance. The benzylation or acyldion of aromaic compound containing
eectrondonating group (eg. dkyl, adkoxy, OH, etc) can be accomplished with ease but
it is difficult in the absence of such aomatic ring-activating group (eg. benzene).
Hence, worldwide efforts have been made for the benzylation or acylation of benzene
and other aomatic compounds, usng a number of <olid add cadyds such as
heteropolyacids, sulfated ZrO; or FeOs, NéefionH, Fe-contaning MCM-41, ion-
exchanged days and dayzic for benzylaion of benzene, HY, H-beta and H-ZSM-5
zeolites for benzyldion of toluene, and heteropolyacids, H-beta, H-ZSM-5 and sulfated
ZrQ for benzoylation of aromaic compounds. However, these cadyss show low to
moderate activity and/or poor selectivity in these reactions.

Benzyl chloride is a commonly used benzylding agent for the benzylaion of
aomatic compounds. However, in the presence of many Lewis acid cadyds benzyl
chloride undergoes a sdf-condensation reection to form polybenzyl, which can be an
undesirable dsde reaction in the benzylation of aromatic compounds. It is, therefore,
interesting to study the polycondensation of benzyl chloride over the solid cadyds to
be used in the benzylaion reactions Ealier sudies reported on the polycondensation
of benzyl chloride are heterogeneous ferrous sulfate and iron oxide catdyds.

Synthess of tert-butyl ester from tert-butanol using acid catdys poses a very
serious problem of the dehydration of tetbutanol to isobutylene and dso the
hydrolyss of tetbutyl eder leading to caboxylic adid and isobutylene. Hence,
devedopment of a reusable nonacidic or mildly adidic solid caaysi(s) having both high
activity and high sdectivity for the ederification of tert-butanol is of great practicd
importance. A few dudies have been reported for the edterification of tert-butenol by
different acyl chlorides over basc dumina and sSlica gd. However, these cadyds



show vey poor ectivity and dso there is a problem of HCl evoved (which is
undesirable) in the reaction.

The present work for the Ph. D. thess was undertaken as a pat of the
comprehensve R & D programme in our laboratory for replacing homogeneous
cadyss by novd, reussble and highly active/sdective heterogeneous solid catdyds
for the synthesis of fine chemicals.

The thesis has been divided into nine chapters.

CHAPTER-1 INTRODUCTION-OBJECTIVES AND SCOPE
In this chapter, abrief literature survey on the following reections:
- benzylation of benzene and other aromatic compounds,
- acylation of benzene and other aromatic compounds,
- polycondensation of benzyl chloride, and
- ederification of tert-butanal
has been presented dong with the objectives and scope of the present work.
CHAPTER-2 EXPERIMENT AL
In this chepter, preparation of the following catdyds
- Fe-, Zn-, Ga- and Inmodified ZSM-5 type zeolite cataydts,
- GaCl;, InCk and other metd chlorides supported on commercid days and S-
MCM-41,
- GO KO3 and TIO supported on micro, meso- and macro-porous catayst
cariers and
- Ga-Mg-hydrotdcite anionic day,
characterization of the catalysts for their
- crysdline phases (by XRD),
- surface area (using a Surface Area Andyzer),
- crysta sze and morphology (by SEM),
- surface hydroxyls (by FTIR),
- surface compodgtion (by XPS),
- srong acid Stes, measured in terms of the pyridine chemisorbed at 40dC,
and procedures for carrying out the reections:
- benzylation of benzene and other aromatic compounds,
- acylation of benzene and other aromatic compounds,
- polycondensation of benzyl chloride, and



- esterification of tert-butanol by acetic anhydride
have been described.

CHAPTER-3 BENZYLATION OF BENZENE BY BENZYL CHLORIDE OVER
Fe-, Zn-, Ga AND In-MODIFIED ZSM-5 TYPE ZEOLITE

CATALYSTS.
Liquid phese benzyldion of benzene by benzyl chloride to diphenylmethane

over H-ZSM-5 H-gdloslicaie (MH), H-gdlodumincslicate (MF), H-ferroslicate
(MFI), H-{ferodumincslicaie (MFI), Fe20s/H-ZSM-5, ZnO/H-ZSM-5, GapOs/H-ZSM-
5 and InOyH-ZSM-5 zedlites (& 60°C and 80FC) has been investigated. A complete or
patid subditution of Al in H-ZSM-5 zedlite by Fe or Ga or an impregnaion of the
zeolite by FeO; ZnO, GaOs; or InO; mekes the zeolite highly active in the
benzylation process. The redox function created due to the modification of the HZSM-
5 zedlite by Fe, Zn, Ga or In ssems to play very important role in the benzylaion
process. However, dl these cadyss show a ggnificant induction period for the
reection. The GaxOyH-ZSM-5 cadys showed high benzene benzylation activity even
in the presence of moisture in the catdyst and/or in the substrate. However, the reaction
induction period is increesed markedly with increesng the moisure and it is reduced
by removing the moidure from the catdys by refluxing with moisure-free benzene. It
is ds0 reduced by the HCl gas pretrestment to the caidys before the benzylation
reection. The GaOiH-ZSM-5 and InpOs/H-ZSM-5 cadyss showed excdlent
reussbility in the benzene benzyldion. Kingics of the benzene benzyidion (usng an
excess of benzene) over the H-GaMFI, H-GaAIMF, HFeMH, GaO4H-ZSM-5 and
InOs/H-ZSM-5 cadyds has dso been thoroughly invedigated. A plausble reaction
mechanism for the reaction over the modified ZSM -5 zeolite cataystsis proposed

CHAPTER-4 BENZYLATION AND ACYLATION OF BENZENE OR OTHER
AROMATIC COMPOUNDS OVER GaClz AND InCl3
SUPPORTED ON COMMERCIAL CLAYS AND Si-MCM -41.

Liguid phase benzylation of benzene by benzyl chloride to diphenyl methane

over InCk, G&ls FeClzs and ZnClz supported on commecdd days (viz
Montmorillonite- K10, Montmorillonite KSF and  Kaolin) or on high dglica mesoporous
MCM-41 (a 60°, 70 and 80°C) has been investigated. The supported InCls, GaCls and
FeCl; showed high activity for the benzylaion of berzene. The redox function created

due to the impregnation of the days or S-MCM-41 by InCl;, GaCls, FeCls or ZnCl.
seems to play a very important role in the benzylation process. Among the catdyds, the
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INCk/Mont-K10 showed both high adtivity and high sdectivity for the benzylation.
The activity of this cadys for the benzylaion of different aromaic compounds is in
the following order: benzene > toluene > medtylene > anisdle The InCl; (or
GaClz)/Mont.-K10 (or S-MCM-41) cadys showed high benzere benzyldion activity
even in the presence of moisture in the reaction mixture. The catalyst can dso be reused
in the benzylaion for severd times Kinetics of the benzene benzylation (usng excess
of benzene) over the supported med chloride caldyss has dso been thoroughly
invesigated. A plausble reaction mechanism for the benzylaion over the supported
metd chloride catdydsis proposed.

Liquid phese acylation of benzene by acyl chloride (eg. benzoyl chloride
butyryl chloride or phenyl acetyl chloride) over InCls, GaCk and ZnChk supported on
commerdd days (viz  Montmoarillonitee K10, Montmorillonite KSF and  Keolin)  or
high sllica mesoporous MCM-41 a 8F°C has been investigated. The Mont-K10 and S-
MCM-41 supported InClz and GaClz catdysts showed high activity in the acydion of
benzene by benzoyl chloride even in the presence of moigture in the reaction mixture.
The redox function of the supported InCl;, GaCl; or ZnCl, cadyss seems to play a
very important role in the acylaion process

CHAPTER-5 BENZYLATION AND BENZOYLATION OF BENZENE AND
OTHER AROMATIC COMPOUNDS OVER SUPPORTED G&O3
AND In,O3 CATALYSTS IN THE PRESENCE OR ABSENCE OF
MOISTURE.
Benzylation of benzene by benzyl chloride over 1nO; and Ga,O; supported on

micro-, meso- and macro-porous cadyst cariers a 80°C has been invedtigated. The
supported IOz and GaeOs showed high activity for the benzylaion of benzene The
redox function and activaion of aromatic subgtrate by the supported InO; or Ga03
seem to play a very impatant role in the benzylaion process. Among the cadyds, the
IOy/S-MCM-41 showed the highest activity for the benzylaion of benzene and dso
for the benzylation of other aromatic compounds. The supported IO o GaxO3
cadys showed high benzene benzylaion activity even in the presence of moidure in
the reection mixture A plausble redox mechanism for the benzylation over the
supported Ga,0; and InO; cataystsis proposed.

Liquid phase benzoylaion of benzene by benzoyl chloride over 1nOs, GaxOs
and ZnO  supported on high slica mesoporous MCM-41 a 80°C has been investigated.
The supported InO; GaO; and ZnO cadyss showed high ectivity for the
benzoylaion of benzene. The redox function and ectivation of aomatic subdrae by
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the supported InO; Ga,O3 or ZnO seem to play a vey important role in the
benzoylation process. Among the catdyds the INOYS-MCM-41 showed the highest
adivity for the benzoyldion of benzenee  The activity of this cadys for the
benzoylaion of benzene and subdituted benzenes is in the following order: anisdle >
mestylene > p-xylene > toluene > benzene. The InOs (or Gay03)/S-MCM-41 showed
high benzene benzoylation activity even in the presence of moidure in the reaction
mixture. A plausble redox mechanism for the benzoyldion over the supported meta
oxide caidydsis proposed.
CHAPTER-6 HIGHLY ACTIVE AND LOW MOISTURE SENSITIVE
SUPPORTED THALLIUM OXIDE CATALYSTS FOR FRIEDEL-
CRAFTS TYPE BENZYLATION AND ACYLATION
REACTIONS: STRONG THALLIUM OXIDE-SUPPORT

INTERACTIONS.
Liquid phase benzylaion of benzene by benzyl chloride (& 80°C) over basic

TIO« (without support) and supported TIOx prepared usng different low and high
surface area commonly used catdyst cariers has been investigated. The catdysts have
been characterized for their surface area and dso by XRD, FTIR and XPS. Strong TIO,
- support interactions (which are chemica in nature) have been obsarved for the
caadysts prepaed usng high surface area supports, such as S-MCM-41, dlica gd
(HS), dlicadumina (HS), dumina (HS) and zrconia (HS), which have surface
hydroxyl groups. Thee cadyss are found to be inactive for the benzene benzylation
or benzoylaion reection. However, the TIO« supported on sntered low surfece area
macroporaus cadyst cariers [viz. zirconia (LS), slica (LS) and slicadumina (L),
which have no surface hydroxyl groups showed high benzene benzyldion activity. The
TIO, / zrconia (LS) is a highly promisng cadys for both the benzylation and
acylation of benzene and other aromatic compounds and it shows high activity even in
the presence of moisure. The activity of this cadys for the benzylation of benzene
and subdituted benzenes is in the following order: benzene > toluene > p-xylene >
anisole. The induction period for the benzylation and acyldion reections over the
cadyd, however, depends drongly on the moisture present in the catdys and/or in the
reection mixture. The induction period is dradicdly reduced by the HCl ges
pretrestment to the cadys before the benzylation or acylation reaction. Only the
cadys, which contans TI,O; shows activity for the benzylaion and acyldion
reections. A redox mechanism for these reactions over the supported TIOx catalysts has

been proposed.
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CHAPTER-7 HIGHLY ACTIVE, REUSABLE AND MOISTURE INSENSITIVE
CATALYST OBTAINED FROM BASIC GaMg-HYDROTALCITE
ANIONIC CLAY FOR FRIEDEL-CRAFTS TYPE BENZYLATION
AND ACYLATION REACTIONS.

Liqud phese bezylaion (by benzyl chloride) and acylaion (by benzoyl
chloride) of benzene and toluene over a Ga-Mg hydrotacite (which is a basc anionic
clay) with or without HCl gas pretreetment and dso over the hydrotacite used earlier in
the toluene benzylation (at 110°C) have been investigated. The fresh, used and HCl gas
pretrested hydrotelcite cataysts were characterized for ther surface area, badcity,
cayddline gdructure and phases and dso for their surface compostion. The fresh
hydrotacite showed no cadytic activity for both the benzylaion and benzoylation
reactions for a long period. However, dter a long induction period (2.7 h), the cadys
showed a very high activity in the toluene benzylation (& 110°C). Wheress, the catdyst
after its use in the toluene benzylaion or after its HCl gas pretrestment showed very
high activity for both the reactions with a much <horter induction period. The
hydrotelcite-derived  catdys  condss  essatidly  highly  digpersed  gdlium  and
magnesum chlorides on MgO. The presence of moisure in the reaction mixture has
beneficial effects on the acylation reaections over the used catalyst.

CHAPTER-8 POLYCONDENSATION OF BENZYL CHLORIDE OVER Fe-,
Ga- AND In-CONTAINING SOLID CATALYSTS.
A number of Fecontaning <olid cadyss such as FeCl; depodted on

Montmoarillonite K10 day and mesoporous MCM-41 zedlite Fe,O; supported on
mecroporous commercid glicacdumina cadys carier or mesoporous MCM-41, ad
Femodified ZSM-5 type zedlites (viz. FeH-ZSM-5. H-FeMF, H-FAIMF and FelH-
GaAl MH), have been compared for their peformance in the polycondensation of
benzyl chloride Influence of solvent (viz. dichlorogthane, nhexane, noctane and
ethanol) and temperature on the rate of polycondensation of benzyl chloride over a
sected catdys has dso been dudied. All these Fe-contaning cadysts show high
activity in the polycondensation reection a the reection temperaure normaly
employed in the benzyldion of aromatiic compounds by benzyl chloride However, the
polycondensation is srongly influenced by solvent used as the reaction medium.

Performance of In and Ga-modified ZSM-5 type zedlites (viz. 1n,Os/H-ZSM-5,
GayO4/H-ZSM-5, H-GaMFl and HGaAIMFI) and InCls or GaCls supported on high
slica mesoporous MCM-41 or on Mont-K10 in the liquid phese polycondensation of
benzyl chloride to polybenzyl has been invedtigaed. Influence of solvent (viz
dichloroethane, n-heptane and ethanol) and temperaiure on the rate of polycondensation
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of benzyl chloride over the cadys (InCh/S-MCM-41) showing highest
polycondensation  activity has dso been dudied The In ad Ga-containing <olid
cadyss show modeae activity in the polycondensation reection a the reaction
conditions normdly employed in the benzylaion of aomaic compounds by benzyl
chloride. However, the polycondensation is srongly influenced by the solubility of the
polybenzyl polymer in the reection medium and consequently by the solvent used as
the reaction medium.

CHAPTER-9 SELECTIVE ESTERIFICATION OF TERT-BUTANOL BY
ACETIC ACID ANHYDRIDE OVER CLAY SUPPORTED InCls,

GaCls, FeClz AND ZnCl> CATALYSTS.
Ederification of tert-butanol by acetic anhydride over day (Kaeolin, Mont.-K10

and Mont-KSF) supported InCk, GaCls, FeCk and ZnCh catdyss (meta chloride
loading = 11 mmolg') have been investigated. All these cadysts showed high
Hectivity (¢ 98%) a high converson in the ederification of tert-butanol by acetic
anhydride to tert-butyl acetate and very low activity for the dehydration of tert-butanol
a £ 50°C. For dl the cadyds, Mont.-K10 is the best support and te order of their
esterification activity (a 26°C) is InCk/Mont-K10 (TOF = 0025 s) > GaClyMont.-
K10 (0023 s%) > FeClyMont-K10 (002 s?) 3 ZnCj/Mont-K10 (0019 sP).
INCk/Mont-K10 is found to be a highly active, sdective and reussble catayst for the
edterification.
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Chapter-1
INTRODUCTION-OBJECTIVES AND SCOPE

1.1  WHAT ARE FINE CHEMICALS?

Thee ae no univedly accepted definitions of bulk, fine and specidty
chemicds, there are no classfications based on any intrindc properties A substance that
is currently viewed as a bulk chemicd might well has been dassfied as a fine chemicd
a an ealier dage in its devdopment. A useful working definition of a fine chemicd is
one with a price of more than 10 US dollarskg” and a volume of less than 10,000 tons
per aanum on a worldwide basis. There is dmogt no difference between fine chemicas
that are often intermediates and specidty chemicas such as pharmaceuticas, pedticides,
flavorsand fragrances.

From a chemicd point of view, ‘Fne chemicds ae generdly complex,
multifunctiond molecules with low voldility and limited themd dability. This often
necesstates carrying out reections in the liquid phase & moderaie temperatures. Fine
chemicas manufacture often involves multtstep syntheses and is generdly peformed in
a multipurpose equipment. This contrasts with the manufecture of bulk chemicas, which
usudly involves continuous processing in dedicated plants Hence, the emphass in fine
chemicds manufacture is on the development of processes that have broad scope and can
be implemented in standard multipurpose equipment.

12 ENVIRONMENTAL FACTOR

It is now widdy accepted that there is an urgent need for more environmentaly
acceptable processss in the chemica indudry [1]. This trends towards what has become
known as ‘Green Chemidry’ [23] or sustainable technology necesstates a shift from
traditiona concepts of process efficiency, that focus excdusvey on chemicd yidd, to
one that asdgns economic vaue to diminaing wase and avoiding the use of toxic
and/or hazardous substances.

The sher magnitude of the waste problem in the manufecture of chemicds is
reedily gpparent from a condderation of the amount of waste poduced per kg of product,
the so-cdled ' E factor’ [4,5], in different segments of the chemicd industry (Table 1.1).



Tablel.1 E factorsin the chemicd industry.

Industry segment Product tonnage® E factor

(kg wastelkg product)
Bulk Chemicds <10*-10° <I® 5
Fine Chemicals 107 - 10¢ 5@ >50
Pharmeacevticals 10- 10° 25® >100

& Depending on the product this could be the capacity of a single plant or the world-
wide production.

These large quattities of wagte condst primarily of inorganic sdts, formed in the
reection or in subsequent neutrdization steps. The E factor incresses dramdicdly on
going downdream from bulk to fine chemicas and pharmeceuticals, patly because of
the use of doichiometric (inorganic) reegents rather than cadytic methodologies
Therefore, the need for greener, low-sdt technologies is dearly more urgent in fine
chemicals manufacture.

13 DEVELOPMENT OF ORGANIC SYNTHESIS AND CATALYSIS

The primary cause of waste production in the fine chemicds industry is the
widespread use of doichiometric resgents Classcd ‘soichiometric  technologies  that
generdte copious quantities of inorganic sdts are rampant in fine chemicads manufacture,
primaily the doman of the synthetic organic chemid. An example, which is widely
goplied in fine chemicds manufacture, is FriedeCrefts type dkylation and acylation
reactions with more than one equivaent of AlCk.

Because of the requirement of fine chemicas in smdler quantities, the need for a
reduction in waste in fine chemicas production was not fully gppreciated in the past. But
times ae changing. Under the mounting pressure of environmentd legidation the fine
chemicds indudry is forced to focus more atention on wade minimization and dso
avoiding the use of hazardous and/or toxic reagents. Hence, the time is ripe for the
widespread application of cataytic methodologies.

14  WHY HETEROGENEOUS CATALYSIS?
In the drive towards cdeanar methodologies the entire arsend of catdytic
methodologies — homogeneous and  heterogeneous catalyss will be brought to bear on



organic synthess. Both the gpproaches have ther advantages and limitations. The mgor
limitations in the homogeneoudy cadyzed reactions are no possble reuse, troublesome
work-up, disposd of spent cadyd, corroson, high toxicity and dso low product
sHectivity.

Heterogeneous solid catdysts have the advantages of ease of recovery and
recyding, sepaation of the cadys from the reactants and products involve smple
filtration or centrifugation and are environmentaly friendly.

The use of microporous and mesoporous olid catdysts has shape sdective
propeties, an additiond bendfits in fine chemicds synthess Furthemore, the
modification of the solid cadyss by meds having redox functions dong with their
acidic or badc propeties extends their cataytic scope to redox reactions. Hence, the
development of reussble solid catdyds having redox function dong with thelr acidity or
bescity for the liquid phese Friede Crafts akylation and acylation reactions and aso for
the edterification reections, useful for the preparation of fine chemicds is, therefore, of
great practica importance.

15 HETEROGENEOUSLY CATALYZED REACTIONS FOR THE
SYNTHESIS OF FINE CHEMICALS.

1.5.1 Friede-Crafts TypeAlkylation and Acylation Reactions

Friedel Crafts reections are characterized by an extremey broad and difficult to
define range of chemidries. One of the best definitions is given by Nobd Prize lauregte
G. A. Oah in the cdasscd series ‘Friedd-Crafts Related Resctions [6] in which he
defines these reactions ‘to be any subditution, isomerization, diminaion, cracking,
polymerization or addition reactions teking place under the catdytic effect of Lewis
acidic type acid hdides or protonic acids .

Friedel-Crafts reactions are dectrophilic in nature and can be divided into two
man caegories — dkylaions and acylations The essentid festure of the reection
congsts in the replacement of a hydrogen a@om of an aromatic compound by an dkyl or
acyl group deived from an dkylaing or acylaing agent in the presence of Lewis acids
(eg. AlCl; BFs FeCl; ZnCl,, etc.) or protonic acids (eg. H.SO,, HF, etc.). Among dl
the cadysts, AICk is commonly used for the Friede-Crafts type reactions. The overdl
reaction scheme for the aromatic akylations or acylationsis written as follows:

Cadys
AH+RX ———®» AR+HX (11)

4



[where ArH = aomatic compound; RX = dkylaing or acylaing agent, X = Cl, Br, |,
OH, COCl, COBr, COIl, COOH, O(C0),R]
The primary function of the cadys is to generate an dkyl or acyl carbocation. A
dissdvantage of cdasscd FrieddCrafts chemigry with Lewis acids (metd hdides) is
that the cadys coordinaies strongly to the basic compounds and eventudly becomes
exhaused and cannot reedily be regenerated. Other drawbacks are during akylations
svad reactions can take place concurrently (eg.  polymerizetion, polyakylation,
isomerization, transdkylation, cracking, etc) which reduce sdectivity for the dedred
compound.

Shape Hective 0lid catdyss are very capable of replacing traditiond  Friedet
Crefts cadyds Beddes providing an environmenta advantage, the higher sdectivity
can have economic advantages dso. Often separation of the desred product from the
product mixture is eeder, resulting in lower energy cods Solid acid cadyds in
heterogeneous Friedet Crafts reactions is rapidly expanding fidd for the synthesis of fine
chemicds.

1.5.1.1 Friedd-Crafts Type Alkylation Reactions

Friedel-Crafts dkylation of aromaic compounds is widdy usad in the large scde
gynthess of petrochemicds and a great variety of fine chemicds and intermediates.
Benzyldion is an important class of Friedd-Crafts type dkylation reection used for the
synthess of coametics, dyes, pharmaceuticdls and a vaiety of fine chemicds and
intermediates. Benzene and other aromatic compounds can be benzylated by different
benzyl derivatives (eg. benzyl chloride, bromide iodide or dcohol), however, benzyl
chloride is a commonly used benzylating agent for the benzylation reection. A number of
solid acid catdysts, such as heteropoly acids and therr sdts [#13], super acids [14-19),
zeolites [20-26], mesoporous MCM-41 type cadysts [27-31], metd chloride and day
based catdysts [32-60], metd oxides [61-63], spind [64], metd sulfates [65], dumina or
dlicadumina [66-68], cabon [69] and hydrotdcite [70] for the benzylaion of benzene
and other aromatic compounds by benzyl chloride are reported earlier. The benzyldion
of aomatic compounds containing eectron donating group (eg. dkyl, dkoxy, OH) can
be accomplished with ease, but in the dosence of such an aromatic ring activating group
(eg. benzene) is rddivdy difficult [6]. The rdaivdy smdl number of data of the
important cataysts for the benzylation of benzene by benzyl chloride (which is rdaivey
difficult to benzylate) is a reflection of the fact that the number of cadyds evduated so



far is limited. The dudies for the benzylation of benzene and other aromatic compounds
by benzyl chloride, reported so far, are summarized in Table 1.2,

1.5.1.2 Friedd-Crafts Type Acylation Reactions

FriedeCrafts type acylaion of aomatic compounds to aomdic ketones
(important intermediates for the production of fine chemicds) is one of the mogt
important  synthess methods in  organic chemidry. Benzene and other aomatic
compounds can be acylated by different carboxylic acid derivatives (eg. carboxylic acid
hdide, carboxylic acid anhydride, carboxylic acid), however, carboxylic acid chloride is
a commonly used acylating agent for the acylation reection. In the lagt 15 to 20 years,
worldwide €effots have been made to replace homogeneous acid cadysts by
heterogeneous s0lid acid cataysts, such as helropoly adids and ts [7,8,12,13,71],
resns [72], modified ZrO, [73-77], zeolites [7893], metd chloride and day based
cadyds [59,94-101], metd oxides [31,63], hydrotdcte [70], med ulfate [65] and
graphite [102] for the acylation of benzene and other aroméic compounds by different
acyl hdides The very smdl number of literature of the important catdyss for the
indudridly important acylation reactions, is largdy a reflection of the fact tha the
number of catdyss evduaied 0 far is very limited, the lig of active catdyds is likey to
grow as a result of the future research efforts. The studies for the acylation of aromatic
compounds by different acyl hdides, reported o far, are summarized in Table 1.3.



Tablel.2 Summary of work on the benzylation of aromatic compounds by benzyl chloride (BnCl).

Catalyst Reaction conditions Conversion | Remarks, if any Investigators | Ref.
of benzyl (Year)
Temp. | Reaction chloride (%)
mixture /Reaction
period (min)
I I 11 v \/ VI Vi
Heteropoly acids and their salts:
Cs, 5Hg 5sPW 12040, Reflux | Benzene (100 | 75(120) The selectivity for the magor mono-alkylated product of | lzumi e d| 7
Rb, 5Ho.5PW 12040, mmaol) + BnCl (5| 49(120) diphenyl methane (DPM) was 63 %. Dissolution of any active | (1992)
(NH_)2.5Ho.5PW 12040, mmol) + Catalyst | 53 (120) catalyst speciesfrom Cs; sHg sPW 1,040 Was not observed, since
K2.5Ho.5PW 12040, (0.02 mmol) 75 (120) the alkylation did not proceed if the solid catalyst was removed
Cs,HySW 15040, 99 (120) from the reactor on the way of the reaction.
R2H2SW 12040, 43 (120
(NH4)2H2SW 15040, 26 (120)
KoH2SW 1,04 72 (120)
H3PW 12049 Reflux | Benzene (100 | 41 (120) The salt catalyst was much more active than the free acid for | lzumi e ad| 8
Cs, 5sHo 5sPM 012040, mmol) + BnCl (5| 93(120) the benzylation with benzyl chloride and the salt catalysts | (1995)
HY, mmol) + Catalyst | 36(120) could be repeatedly used without deactivation.
LaYy (65 mg) 50 (120)
Nafion H 24 (120)
Zn-Mont. 100 (120)
CsyH3x(PW12040) (X =| - Benzene + BnCl + | - Immobilization of heteropoly acid on oxide support (especialy | Molnar et a | 9
20,25and 2.9) Catalyst SO, and Si-MCM-41) reduced the problem of dissolution into | (1998)
an aqueous phase.

H4SiM 01,049 - Anisole + BnCl +| - The reaction proceeds via carbocation-generation mechanism | Nomiya et a | 10

Catalyst brought about by the strong Bronsted acid. (1980)
Tetra-butyl ammonium | - Toluene + BnCl + | - Only tri-protonated forms of tetra-butyl ammonium cation- | Nomiya et a | 11
cation exchanged Catalyst exchanged H;SiM 0,049 showed activity comparable with that | (1980)
H4SiM015049 of the parent catalyst.




Table 1.2 (continued)

I [ 11 v \Y VI VIl
HsPMo01,0s0 (15 Wt%) | 80°C Benzene (100 | 72.2 (120) Supported heteropoly acids are highly active and reusable | lzumi e d | 12
/SilicaB, mmol) + BnCl (5 catalystsfor the benzylation reaction. (1987)
mmol) + Catalyst
g?_Pwézo40 (15 Wto%) / (a0 d):0_02 mmi’)ly 272 (120)
Icab, loading 15 wt%)
Super Acid Catalysts:
S0,%/Zr0,, - Toluene + BnCl + | - Benzyl chloride is more reactive than benzyl alcohol, in the | Yadav et a | 15
Filtro-24, Catalyst mixture benzyl alcohol reacts first and after it is completely | (1994)
Dodeca-tungsto consumed, BnCl begins to react, this is due to preferential
phosphoric acid adsorption of benzyl alcohol.
S0,%1Zr0,, 80°c, Toluene + BnCl + | - Alkylation of toluene with benzyl chloride and benzyl alcohol | Yadav et a | 17
30,7 /heteropoly acids 100°C Catalyst in the presence of different solid acid catalysts has been | (1996)
studied.
S0,%1Zr0,, 80’c Benzene + BnCl + | - Among the catalysts, SO,°/Fe,O; shows highest activity; | Koyande et al | 18
047 /Fe,0s, Catalyst however, SO,2/ZrO,-Fe,05 shows better reusability. (1998)
S0,7/ZrO,-Fe,05
|on-exchange resins | 80°C Benzene (a0 | - The yield of DPM was low when BnCl was used as| Marques da| 19
(Lewatit & Amberlist-15) mmol) + BnCl (1 benzylating agent instead of benzyl alcohol. Among the ion- | Silva et a
mmol) + Catalyst exchange resin Amberlyst-15 is most active catalyst. (1995)
Zeolites:
HSY type zeolite 80°C Toluene (355.5 g) | 100(-) 100% conversion with 95.4% selectivity. Under similar | Akatsu et al | 20
+ BnCl (66.2 g) + conditions NaY give 68.96% conversion with 81% selectivity. (1991)
Catalyst (20 g)
H-ZSM-5 (S/Al = 60) 110°C Toluene (25 mmol) | 50 (>1200) Protonic zeolites are active and regio-selective catalystsforthe | Coq e a | 21
H-Beta (Si/Al = 27.5) + BnCl (5 mmal) + | 50 (370) benzylation reaction. (1993)
HY, 5 (S/Al =2.5) Catalyst (0.59) 50 (1100)
HY10 (S/Al =10) 50 (370)

HY2o (S/A| = 20)

50 (42)




Table 1.2 (continued)

I [ 11 v \Y VI VIl
HY 50-100°C | Biphenyl + BnCl + | - Solvent effect studied. Mono-benzy! biphenyl with appreciable | Beltrame et a | 22
Catalyst quantity of di-benzyl derivatives was obtained. Within the | (1997)
mono-benzylated fraction 65-70% p-product is observed.
H-Beta, HY 40-70°C | Naphthalene + | - H-Beta shows high activity and selectivity towards 2benzyl | Bhattacharaya | 23
BnCl + Catalyst naphthal ene. et a (1998)
H-Beta a93’c O-Xylene + BnCl | 335 (60) H-Beta is recycled 4 times and a decrease in BnCl conversion | Singh et a | 24
+ Catalyst is observed after each cycle, which is related to the minor | (1998)
dealumination of zeolite catalyst by HCI formed during the
reaction.
H-AIMFI e Benzene (13 ml) + | 0(90) H-AIMFI zeolite (having high acidity) shows amost no| Choudhary et a | 25"
H-FeMFI BnCl (1 ml) + | 90(25) activity in the benzylation of benzene, but its benzylation | (1999)
H-FeAIMFI Catalyst (0.1 9) 90 (104) activity is increased drastically because of partial or complete
H-GaMFI 90(825) substitution of its framework Al by Fe or Ga.
H-GaAIMFI 90 (56.2)
ZnO/H-ZSM -5 80’c Benzene (13 ml) + | 50(183) The impregnation of the zeolite by Fe,Os, ZnO, Ga,O; and | Choudhary et al | 26"
Fe;O3/H-ZSM -5 BnCl (1 ml) +|[90(85) In,O3 makes the zeolite highly active for the benzylation | (1999)
Gap03/H-ZSM -5 Catalyst (0.1 9) 90 (17.6) reaction. The redox function created due to the modification of
IN,O3/H-ZSM -5 90(17.0) the H-ZSM -5 by Fe, Zn, Ga or In seems to play very important
rolein the benzylation process.
Mesoporous MCM -41 type Catalysts:
MCM-41 - Biphenyl + BnCl + | - The mesoporous MCM-41 are only slightly less stable than | Beltrame et a | 27
Catalyst amorphous silica-alumina and HY zeolite but are more active | (2000)
than them and about as selective as they are.
Fe-MCM-41, - Benzene + BnCl + | - Fe-Containing molecular sieve shows high activity and no | Caoetd (1998) | 28
Zn-MCM-41, Catalyst relationship between activity and acidity of different metal
Cr-MCM-41, containing (e.g. Zn, Cr, Ni, Al, Co) catalysts was found.
Ni-MCM-41,

Al-MCM-41




Table 1.2 (continued)

| I 11 1\ V VI VIl
Fe-S-MCM -41, 60°C Benzene + BnCl + | - Both Fe-S-MCM-41 and Fe/Si-MCM-41 show very high | Heeta (1998) 29
LaS-MCM-41, Catalyst activity with 100% selectivity of DPM. Temperature greatly
Al-S-MCM-41, influences the activity of Fe-containing zeolite samples. After
Fe/Si-MCM -41 H" is exchanged by Na*, the conversion of BnCl on Fe/Si-
MCM-41 is decreased, indicating H" may enhance the activity
of the Fe (I111) species deposited samples for the above reaction.

AISMCMA41, 60°C Benzene (20 moal) | 3(120) Fe-containing mesoporous materials are very active and | Heeta (1998) 30
LaSMCM-41, + BnCl (1 mol) + | 1(120) selective benzylation catalyst. Pore size is a critical function
S-MCM-41, Catalyst ( 60 mg) 0(120) influence the activity of the catalyst. Fe/KL and Fe/Y , which
Fe(6.2)/S-MCM -41, 91 (120) only show a pore size of 0.7 nm and a super cage of 1.36 nm
Fe-MCM-41 (7.7), 99 (120) diameter, respectively, exhibit little activity.
FeUSY (13), 90 (120)
Fe-Y (6), ~0(120)
FeKL (6.5) <1(120)
Ga,03/SI-MCM -41 8’c Benzene (13 ml) + | 90(7.8) Ga,O; and In,0; supported on Si-MCM-41 are highly active | Choudhary et al | 31"
IN,O3/SWi-MCM -41 BnCl (1 ml) +{ 90(7.5) and reusabl e catalysts for the benzylation reactions. (2000)

Catalyst (0.1 g)
Metal Chlorides and Clay based Catalysts:
ZnCl, (or NiCly)/Mont.- Benzene (1.6 mol) | 80(15) Mont.-K10 day supported ZnCl, and NiCl, are highly active | Clak e a | 33
K10 + BnCl (0.9 mal) + for Friedel-Crafts alkylation reaction. (1989)

Catalyst (8 g)
Zn, Ni, Al, Cu, Cd, Co or Benzene (140 ml) | 99(15) - Brown e a| 34
Mg deposited on clay or + Bnd (10 ml) + (1990)
hydrous silicate Catalyst (80)
ZnCl, (or CuCl, or|- Benzene (or| - The akylation of benzene with BnCl using ZnCl,/Mont.-K10 | Barlow et a | 35
MgCl;)/Mont.-K10 Chlorobenzene) + gave 80% DPM and chlorobenzene using CuCly/Mont.-K10 | (1991)

BnCl + Catalyst gave 2- and 4-chloro-diphenylmethane (30 : 70) in 70% yield.
Zn () substituted | - Benzene + BnCl + | - Maximum catalytic activity in the benzylation of benzenewas | Luca et a | 36
Smectite clay Catalyst achieved after 150°C activation. (1992)
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Table 1.2 (continued)

| I 11 1\ V VI il
ZnCl,/(acid treated | - Aromatic - Maximum activity is associated with long acid treatment times. | Rhodes et al | 37
Mont.-K10 or high compounds + BnCl After acid treatment there was a little residual clay structure in | (1992)
porosity silica) + Catalyst the most active supports. Hgh porosity silicas were more
active supports than acid treated clays. Porosimetry
measurements indicate that the presence of mesopores is
important for an effective ZnCl, catalyst supports.
Acid treated Kaolinite - Benzene + BnCl + | - Natural Kaolinitic clays having transition metals in their lattice | Sabu et a | 38
Catalyst possess disorder structure, acid activation results in the | (1993)
generation of larger amounts of relocable cations, higher
surface area and higher acidity compared to the ideal
Kaolinites. These acid treated Kaolinites show high catalytic
activity and selectivity for the conversion of BnCl to DPM.
Clayzic - Benzene (or| - Effect of activation of clayzic has been studied. There is an | Barlow e a | 39
hal obenzene) + optimum temperature for thermal activation in air at which | (1994)
BnCl + Catalyst point a rate enhancement, compared to unactivated clayzic, in
the benzylation of benzene of greater than 30 has been
achieved. Activation of clayzic is believed to reduce the polar
nature of the pores, so aiding partitioning of the substrate into
the catalyst.
Fe-Pillared clay - Aromatic - The high activity of the catalyst is attributed to the higher Fe** | Choudary et al | 40
hydrocarbons  + contentsin the catalyst and the pillaring effect. (1997)
BnCl + Catalyst
FeCls/Mont.-K10 - Benzene (or other [ 100 (15) in | Complete conversion of BnCl within 5 min. for benzene and | Pai et a (1997) 41
aromatics) ( 10 ml) | case of | toluene.
+ BnCl (2 mmol) + | benzene
Catalyst (0.19)
ZnCl, (or FeClz or MnCl, Benzene (2ml) + | 86(-) Ideal Kaolinites are ineffective as solid catalyst even after | Sukumar et a | 42
or SnCl, or BnCl (01 ml) + thermal and acid activation. It becomes activated after | (1998)
AlCl3)/Kaoline Catalyst impregnation with ZnCl,, FeClz, MnCl,, SnCl, or AlCl;. FeCl3

(FeCls/Kaoling, 0.1
9)

catalyst shows maximum activity. Supported AlCl; catalyst
proved to be the less effective for alkylation reaction.
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Table 1.2 (continued)

| I 11 1\ V VI VIl
ZnCl, |/ Mesoporous | - Benzene + BnCl + | - Incorporation of ZnCl, by sol-gel synthesis gives a range of | Miller et a | 43
Silica Catalyst mesoporous materials with significantly higher catalytic | (1998)
activity than the commercially available catalyst 'clayzic' in the
Friedel-Crafts benzylation of benzene.
H,S0, / Kaolinite, e Benzene (0.25 | 86.1(45) The acid treated clay was prepared by refluxing calcined clay | Sabu e a | 44
HNOs / Kaolinite, mol) + BnCl | 87 (30) (calcined at 550°C for 5 h) with 4 M acid in the solid/liquid wt. | (1999)
HCIO, / Kaolinite (0025 mol) +| 865(240) ratio 1 : 4 for 45 min. The samples were then washed
Catalyst (1 g) thoroughly with distilled water and then dried in air oven at
110°C for 12 h and then calcined at 400°C for 3 h.
Fe (n exchanged | 80°C Benzene (2 mol) + | - Modified Kaolinites containing Fe (I11) ions exchanged for the | Sukumar et a | 45
kaolinites BnCl (0.1 moal) + interstial cations are efficient catalysts for Friedel-Crafts | (1996)
Catalyst (2 g) benzene benzylation using BnCl give 80% conversion with
100% selectivity.
ZnCl; - Aluminosilicate Room Benzene (22 ml) + [ 97 (15) Zn-aluminosilicateis an effective Friedel-Crafts catal yst. Miller e a| 46
temp. BnCl (58 ml) + (1999)
Catalyst (0.59)
FeCls/Mont.-K10 80°C Benzene (10 ml) + [ 100(5) The maximum catalytic activity was associated with Mont.- | Pai et a (2000) 47
BnCl (023 ml), K10 modified by FeCl; in acetonitrile solution and activated at
Catalyst (0.1 g) 120°C.
ZnCl, [ Al,O3 Room Benzene (22 ml) + | 98(15) Alumina was synthesized by a sol-gel method using modifying | Miller et a | 48
temp. BnCl (68 ml) + agent such as 2,4-pentanedione, acetophenone, benzophenone | (2000)
Catalyst (0.50) and dibenzoyl methane. The acetophenone and benzophenone
modified alumina supported ZnCl, were found to be effective
catalyst for Friedel-Crafts alkylation.
Graphite-AlCl3 - Aromatics + BnCl | - Graphite-AlCl3 intercalated compound is an active catalyst for | Freeman et al | 49
intercal ation compound + Catalyst the benzylation reaction. (1974)
H,SO, (30%) treated clay | Room Benzene (0.2 mal) | 92(30) Optimum activity for the clay supported ZnCl; is achieved | Rhodes et a | 50
supported ZnCl, temp. + BnCl (0.01 mol) after 20 h acid treatment. (1991)

+ Catalyst (0.25 @)
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Table 1.2 (continued)

| I 11 1\ V VI VIl
Clayzic - Toluene (or| - Toluene is more reactive than mesitylene when they are | Cornelis et al | 51
Mesitylene) + benzylated separately but one-pot reactions favor mesitylene, | (1991)
BnCl + Catalyst with high intermolecular selectivity.
Clayzic - Toluene + BnCl + | - In the benzylation of toluene with clayzic, the conversion of | Davister et al | 52
Catalyst benzyl alcohol taking precedence over benzyl chloride. (1993)
Clayzic 40°c Aromatics + BnCl | - Thermal treatment of clayzic resultsin a steady increaseinthe | Clack e  a | 53
+ Catalyst surface area likely due to partly dehydration forming | (1994)
mesoporous materials in which Zn ions largely reside. The
high activity of clayzic may be due to the presence of high
local concentration of Znionsin the structural mesopores.
Zn () or Fe ()| 8fc Thiophene + BnCl | 80(5) 2-isomer isthe major mono-substituted product. Clak e d|54
modified Mont.-K10 clay + solvent (1994)
(nitrobenzene)  +
Catalyst
Acid treated clays - KSF, | - Toluene + BnCl + | - The Fe-containing clays show high activity in spite of theirlow | Cseri e a | 55
KSFO, KO, KP10, K10, Catalyst Lewis acidity. Amount of Fe** of the clay controlsthe activity. | (1995)
KS
AlCl;, FeCl; and ZnCl, | - Activated arenes + | - The doping of bentonite K10 with Lewis acids AICl3, FeCl; | Natekar et a | 56
doped Bentonite Clay BnCl + Catalyst and ZnCl, has been found to enhance the catalytic activity of | (1995)
clay remarkably.
CuCly/Alumina - Aromatics + BnCl | - Alumina supported CuCl, effectively catalyzed Friedel-Crafts | Kodamari et a | 57
+ Catalyst benzylation of aromatics with BnCl under mild condition. (1994)
Envirocrat EPZ 10 ao’c Biphenyl + BnCl + | >99(60) Ortho/para selectivity = 1/3 Calvert e a | 59
Catalyst (1992
GaCls/Mont.-K10 e Benzene (13 ml) + | 90(14.9) Mont.-K10 and Si-MCM-41 shows little or no activity in the | Choudhary et a | 60"
InCls/Mont.-K10 BnCl (1 ml) +|90(6.2 benzylation of benzene; Mont.-K10 and Si-MCM -41 supported | (2000)
GaCl3/Si-MCM -41 Catalyst (0.1 9) 90(26.8) GaCl; and InCl3 catalysts show very high benzylation activity.
InCl3/S-MCM -41 90(8.9) Supported AlCl3 shows poor catalytic activity.
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Table 1.2 (continued)

I [ 11 v \ VI VI
Metal Oxide Catalysts:
H,S0O, treated SnO, - Aromatics + BnCl | - The akylation activity of SnO, was improved by acid | Jogalekar et al | 61
+ Catalyst treatment. (1998)
Fe 03/ AlLO5 80°C Ethyl biphenyl + | - Fe;Os/Al,03 is an active solid catalyst for the benzylation | Nippon  Steel | 62
BnCl reaction. Corp. (1984)
TIO/silica-adumina(HS) 80°c Benzene (13 ml) + | 0(150) The supported TIO, prepared using high surface area supports | Choudhary et al | 63"
TIO/silica-dumina(LS) BnCl (1 ml) +{ 90(10) are inactive in the benzylation of benzene. In contrast, the | (2001)
TIO/SI-MCM-41 (HS) Catalyst (0.1 9) 0(150) TIO, supported on low surface area sintered macroporous
TIO/sllica(LS) 90(19) supports shows high benzene benzylation activity.
TIO/zirconia(HS) 0(150)
TIO/zirconia (LS) 90(8.2)
Spinel:
CuCr,.Fe,O4 - Benzene + BnCl + | - CuFe,0, gives the high benzene benzylation yield. The Lewis | Ghorpade et al | 64
Catalyst surface acidity of the catalysts was mainly responsible for the | (1998)
good catalytic performance.
Metal Sulfates:
FeSOy, Fex(SO4)3 45°C Toluene + BnCl + | - Both the catalysts calcined at 700°C showed meximum | Arata et a | 65
Catalyst catalytic activity . The catalysts calcined at 700°C containing | (1976)
0.15% sulfur.
Silica-alumina and alumina:
Amorphous Silica- | 80°C Biphenyl + BnCl + | - Amorphous silica-alumina catalyst was found to be less active | Beltrame et a | 66
aumina Catalyst than zeolites, however, it has the advantage of being stable and | (1998)

as a consequence, in some cases it could be more active than
zeolite catalyst in along reaction time.
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Table 1.2 (continued)

I [ 11 v \Y VI VIl
Silica-alumina 160°C Biphenyl + BnCl + | 15t0 16 (-) Silica-alumina shows high activity in the benzylation reaction. Sakura et a | 67
Catalyst (1991)
KF-Al,O3 160°C PhNH, + BnCl + | 884 (840) KF-Al,O3 isan active catalyst for the benzylation of aniline. Wang e a | 68
DMF + Catalyst (1992
Carbon Catalyst:
Carbon 170°C Naphthalene (1] 11.6(30) Selectivity of mono-benzyl naphthalene, di-benzyl naphthalene | Staeglich et a | 69
mol) + BnCl (I and tri-benzyl naphthalene were 46.5%, 29.4% and 6.8%, | (1992)
mol) + Catalyst respectively.
Hydrotalcite Catalysts:
Fresh Ga-Mg HT 110°C Toluene (13 ml) + | 90 (44) Ga-Mg HT (calcined at 200°C), a basic anionic clay, shows | Choudhary etal | 70"
HCI treated Ga-Mg HT BnCl (1 ml) +|90(575) very large induction period in the benzylation of toluene. But
Used Ga-Mg HT Catalyst (0.1 9) 90 (3.0 after its use in the reaction or HCI| pretreatment, the
hydrotalcite derived catalysts shows very high activity in the
benzylation of toluene, with a drastic reduction in the induction
period, even in the presence of moisture in the reaction
mixture.
"Present work.
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Table1.3 Summary of work on the acylation of aromatic compounds by acyl halides.

SilicaB

Catalyst (loading =
15 wit%, net
amount of
heteropoly acid =
0.01 mmol,
calcined at 300°C)

Catalyst Reaction conditions Conversion of acyl | Remarks, if any Investigators | Ref.
chloride (%) (year)
Temp. | Reaction mixture| /Reaction Period
(min)
I [ 11 v \ VI VII
Heteropoly Acids and Salts :
Cs;.5H0.5PW 1204, Reflux p-Xylene (100 | 57 (120 Dissolution of any active catalyst species from|lzumi e d|7
Rb2.5H0_5WV12040, mmOI) + PhCOCI | 64 (120) Cs;, 5Hg.5sPW 1504 Was not observed. (1992)
(NH.)2.5Ho.5PW 15040, 6 mmol) +| 46(120)
K2_5H0.5F\N12040, Catalyst (001 18 (120)
C82H2§W12040, mmol) 12 (120)
Rb,H,SW 15040, -
(NH4)2H2SW 12040, -
K2H2SW 1,040 -
H3PW 1,049 Reflux p-Xylene (100 | 39(120) The salt catalyst was much more active than the free acid. lzumi e d|8
Cs2.5Ho.5PM 012040, mmol) + PhCOC! | - (1995)
HY, (6  mmol) +| 9(120)
LaYy Catalyst (35 mg) 9(120)
Nafion H 48 (120)
Zn-Mont. (140mg) 35(120)
Tungstosilicic  acid / 138°C p-Xylene (30| 46(60) Supported acid proved to be effectively catalyze the acylation | lzumi e a | 12
SilicaB, mmol) + PhCOC as heterogeneous and insoluble catalysts particularly when | (1987)
Tungstophosphoric acid / 3 mmol) +| 33.2(60) calcined at 200-500°C.
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Table 1.3 (continued)

I I 11 v \% VI Vi
Resin Based Catalyst:

Silane modified | 140°C m-Xylene (21.2g) +| 99 (360) Surface modified catalyst and Nafion resin are very effective | Harmer e a | 72
perfluorosulfonic acid, PhCOCI (14g) + heterogeneous catalysts for Friedel-Crafts acylation. (1997)

Nafionresin Catalyst (19) 99 (360)

ZrO, based Catalysts :

Zrlcl [ZrOy( from | 140°C Anisole (12 ml) + | 0(420) Acylation of anisole over sulfated ZrO, prepared by different | Quaschning et | 73
ZrOCl,, 500°C)] PhCOCI  (0.00265 methods has been studied. a (1998)
ZrlamSOy[Zr/1, mol) + Catalyst| 76 (420)

(NH4)2S04] (0.2g)

Zr/SOCl; [Zr/1, SOCl,] 1(420)

Zr/SF, [Zr/1, SF4) 12 (420)

Alc [2rO,  aerogel, 0(420)

300°C]

A/c-SO4 [Alc-H,S04) 86 (420)

A/c-PO, [A/C-H3P04] 57 (420)

Zr/com [SO,%/ZrO,, 57 (420)

commer.]

b AlF; 0(420)

gAl,O5 2(420)

WQs/ZrO, 100°C Toluene (15 ml) +| 19(180) These catalysts show satisfactory resultsin the benzoylationof | Arata et a | 76
WOs/TiO, PhCOCI (0.281 g)| 20(180) toluene, one of the difficult acylation because of the difficulty | (2000)

WOs/Sn0; + Catalyst (0.50) 14 (180) in the formation of an intermediate acyl cation from benzoyl

WOs/Fe, 05 74 (180) chloride.

MoO4/ZrO, 18 (180)

SO0,-AlLOs 0(180)

Acidic zedlite 0(180)

Mordenite 1(180)
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Table 1.3 (continued)

I I 11 v VI VIl
Zeolite based Catalysts :
gaumina 130°C m-Xylene (0.1 mol) | 96 (360) Non-framework aluminain the zeolite Y is an active catalyst in | Fang et d (1995) | 78
Modified zeolite Y + PhCOClI (0.05| 94 (360) the acylation of m-xylene with PhCOCI.
Nafion mol) + solvent | 80(360)
(sulfolane = 20 ml)
+ Catalyst (1.0 9)
H-Al-Beta 8’c Benzene (0.1 mol) [ 54 (1080) A higher yield of benzophenone was obtained by increasingthe | Singh et al | 79
H-Ga-Beta +PhCOCI (0.02 | 32.8(1080) reaction temperature, catalyst concentration and mole ratios of | (1995)
H-Fe-Beta mol) + Catalyst| 19(1080) benzene/PhCOCI. The isomorphous substitution of Al by Ga or
0.939) Fe significantly decreases the yield of benzophenone probably
due to the decrease in the acid strength in the order: H-Al-Beta
> H-Ga-Beta> H-Fe-Beta.
HY - Thiophene +| - Thiophene is slightly more adsorbed than acetyl chloride on Finiels et a | 80
PhCOCI (or acetyl catalyst. Kinetics follows L angmuir-Hinshelwood mechanism. (1993)
chloride) + Catalyst
H-ZSM-5 120°C Activated arenes| 50 (300) in case d | Activated arenes underwent benzoylation efficiently and the | Paul et a (1994) 82
(bath (001 mol) +| anisole reaction is essentially regiospecific. Benzene, halo-benzenes
temp.) PhCOCI (0.01 mal) and naphthalene failed to undergo benzoylation under the
+ Ca. (01 g) + reaction conditions.
solvent (EDC = 25
ml)
H-ZSM-5 115°C Toluene (0.11 mol) | 4.2(1080) Acidic zeolites are active in the benzoylation of toluene with | Singh et al | 83
H-ZSM-12 + PhCOCI (0.022 | 41(1080) PhCOCI. H-beta shows high activity and selectivity among the | (1995)
H-Beta mol) + Catalyst| 83.4(1080) zeolite catalysts.
H-Mordenite (0.939g) 19.5(1080)
HY 18.8(1080)
NaYy 3.8 (1080)
NaREY 31.6 (1080)
HREY 61.7 (1080)
SO,-Al; 0 3.2(1080)
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Table 1.3 (continued)

I I 11 v \Y/ VI Vil
H-RE-Y 85°C Naphthalene (0.039| 7.2(1080) H-beta catalyzes the benzoylation of naphthalene with PhCOCI | Bhattacharya et al | 86
H-Beta mol) + PhCOCI| 17.6(1080) efficiently, which leads to the formation of 2-benzoyl | (1997)
(0.0195 moal), naphthalene in high selectivity.
Catayst (1.01 g) +
Dichloroethane
H-Beta 70°C Naphthalene (0.023| 30.3(-) The yield of benzyl naphthalene is decreased in case of In-H- | Chaterjee et a | 87
In-H-Beta mol) + PhCOCI| 254 (-) beta as compared to H-beta. (1998)
(0011 ma) +
Catalyst (1 g)
H-Beta Reflux Veratrole +| 678 (180) H-beta shows high activity in the acylation of veratrole. Myata e a| 89
Propionyl chloride| (isolated yield) (1992
+ Catalyst
UsyY, ZSM-5 - Anisole + Phenyl| - Zeolite catalysts are active in the acylation of anisole by phenyl | Harvey et al| 90
acetyl chloride + acetyl chloride. (1992
Catalyst
H-Beta 210°c Chlorobenzene  +| 5.6 (240) (isolated H-betais an active catalyst for the acylation reaction. Morimoto et a | 92
Propionyl chloride| yield) (1997)
+ Catalyst
Metal Chloride and Clay based Catalyst :
EPZG 130- Benzene + PhCOCI +| 66(1800) EPZG isan supported active catalyst for the acylation reaction. | Calvert (1992) | 59
140°C | Catalyst
Acid treated Mont.-FeCl3 | - Aromatics + Acyl chloride + | - Acid treated Mont.-FeCls is an active catalyst for the acylation | Bastock et al | 94
Catalyst of aromatics with acyl chlorides. (1994)
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Table 1.3 (continued)

I I 11 v \% VI VIl
FeCly/silicagel Reflux | Benzene (20 mmol) +| 72(240) Catalyst was prepared by co-grinding FeClz and silicagel in an | Khadilkar et a | 96
benzotrichloride (40 mmol) agate mortar and activating it at 80°C for 3 h. (1997)
+ Caayst (6 g +
Dichloroethane
K-10, KSF - Alcohol + Acylating agent + | - Mont.-K10 and KSF are good acylating catalyst for acohols, | Li et a (1998) 99
Catalyst phenols, thiols and amines with acetyl chloride and PhCOCI.
InCl3/Mont.-K10 80°C Benzene (13 ml) + PhCOCI | 50 (84) Mont.-K10 supported InCl; and GaCl; are highly active| Choudhary et 101"
GaClz/Mont.-K10 (1 ml) + Catalyst (0.4 g) 50 (102 catalysts for the acylation of benzene by acyl chlorides, evenin| a
ZnCl,/Mont.-K10 50 (438) the presence of moisture in the reaction mixture.
Metal Oxide Catalysts :
Ga,05/Si-MCM -41 110°C Toluene (13 ml) + PhCOCI | 80(182) Supported Ga,0s and In,O3 are highly active catalysts for the | Choudhary et 31
IN,03/Si-MCM -41 (1 ml) + Catalyst (0.4 g) 80(130) benzoylation reactions. a (2000)
TIO, (20)/zirconia (LS) 80’c Benzene (13 ml) + PhCOCI | 50(158) TIO, supported on low surface area sintered macroporous | Choudhary et 63"
TIO, (20)/zirconia (HS) (1 ml) + Catalyst (0.4 g) 0(150) catalyst carriers are active catalysts for the acylation reaction a (2001)
TIO, (40)/zirconia (HS) 50 (196)
Hydrotalcite Catalyst :
Fresh Ga-Mg HT 110°C Toluene (13 ml) + PhCOCI | 0(120) Ga-Mg HT, a basic anionic clay is inactive in the acylation | Choudhary et 70°
HCI treated Ga-Mg HT (1 ml) + Catayst (0.4 g) 90 (208) reaction. But after its use in the toluene benzylation or HCl | al
Used Ga-Mg HT 90 (165) pretreatment, the HT derived catalyst showed very high
activity in the acylation reaction.
Metal Sulfate Catalyst :
FeSO, (700°C) 110°C | 50 ml of 0.5 M PhCOCI in | 7.7 (") Conversion of PhCOCI is calculated on the basis of initial rate | Arata et a | 65
Fex(SO4); (700°C) Toluene + Catalyst 101(-) x 10° (mol/l.min.g) (1976)
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Table 1.3 (continued)

I I 11 v V VI Vi
Graphite Catalyst :
Graphite 120°C Anisole (2 mmol) + PhCOCI | 85 (480) Graphite was shown to have remarkably high acylation | Kodamari et | 102
(3 mmal) + Catalyst (1 g) + | isolatedyield | activity, without any environmental disadvantages of using | d (1997)
Chlorobenzene toxic homogeneous catalyst such as AlCls.
"Present work.
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1.5.1.3 Polycondensation of Benzyl Chloride

Benzyl chloride is a commonly used benzylaing agent for the benzylation of
aomatic compounds. However, in the pressnce of many Lewis acid cadyds, benzyl
chloride undergoes a sdf-condensation reection to form polybenzyl [(n+1)CsHsCHC ®
CsHsCH,(CsH4CH)Cl + nHCI], which can be a predominat side reection in the
benzyldion of aomaic compounds. It is therefore, interesting to sudy the
polycondensation of benzyl chloride over the solid catdyss to be used in the benzylation
reections. Heterogeneous solid catdyss, such as ferous sulfae [103] and iron oxide
[104] are reported earlier for the polycondensation of benzyl chloride.

1.5.1.4 Egerification of tert-Butanol

Edeification of doohols, paticulaly normd dcohols by caboxylic acids using
homogeneous acid cadyss (viz. mingd acids) is very wdl known [105]. However, it is
extremdy difficult to prepare tert-butyl ester by the edterification of tert-butanol usng an
acid catadyd. This is because of the very high reectivity of tert-butanol in the presence of
an add, caudng a rgpid dehydration of the dcohol to iso-butylene, even a the room
temperaiure. Recently, Nagasawa et. d. [106,107] used activated basc dumina a mild
conditions (at room temperature under argon) for the edterification of tert-butanol by add
chlorides or acdid bromides They got a good yidd of tet-butyl ester but the amount of
cadys reative to the reactants used by them was very large (catayst/reactants wt. ratio
=21 + 04 and the reaction period was dso very long (9 — 15 h). It is not of practicd
interest to use such a large amount of catays reldive b the reaectants, and moreover the
remova of high molecular weght adsorbed products from the cadyd is quite difficult
and expendve too. Other important drawback of their butyl ester synthetic method
results from the use of an acid hdide as ederification agent, because of which a highly
toxic by-product, gessous hydrogen hdide, is produced in doichiometric  quantities
Hence, there is a need to devdop an environmentaly benign method for the edterification
of tetbutand usng a highly adive, sdective and reussble solid cadys having a little
or no activity for the dehydration of tert-butanal.

16  OBJECTIVE AND SCOPE
The present work for the Ph. D. thess was undeteken as a pat of the
comprehensve R & D programme in our laboratory for replacing homogeneous catidyds



by reussble heterogeneous solid catdyds for the synthess of fine chemicds with the
following objectives
1 To dudy the benzylation (by benzyl chloride) or acylation (by benzoyl chloride or
other acyl chloride) of benzene and other aromatic compounds over
- Fe, Zn-, Ga and Inmodified ZSM-5 type zeolite cataydts,
- GaCl3 and InCl supported on commercid days and S-MCM-41,
- GaOsz IOs and TIO« supported on micre, meso and macroporous catadyst
caries, and
-  GaMg-hydrotelcite anionic day with or without its modifications by cadngaion
and/or halogenation.
2. To dudy the effect of moigure on the rae of benzylaion (by benzyl chloride) or
acylation (by benzoyl chloride) of benzene or toluene over
- Ga- modified ZSM -5 type zeolite cataysts,
- GaClz and InCk supported on Montmorillonite K10 and S-MCM-41,
- Ga0s and InOs supported on S-MCM-41 and TIOx supported on sintered low
surface area zirconia, and
- Ga-Mg-hydrotddite anionic day.
3. To dudy the drong thdlium oxide-support hydroxyl interactions and their influence
on the benzylation and benzoylation reactions.
4. To dudy the polycondensation of benzyl chloride over
- Fe-containing micro-, meso- and macro-porous olid cataysts, and
- Ga and Inmodfied ZSM-5 type zeolites and S-MCM-41 or Montmorillonite-
K10 supported GaCl and InCl; cataysts.
5. To dudy the ederification of tert-butanol by acetic anhydride over clay supported
INChk, GaCls, FeClz and ZnCh cataysts.
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Chapter 2

EXPERIMENTAL

21  GASES AND CHEMICALS
Thefollowing gases and chemicds have been used.

Hdium - High purity IOLAR-I Grade (99.99%) obtained from
Indian Oxygen Ltd., Mumbai

Hydrogen - IOLAR-I Grade obtaned from Indian Oxygen Ltd.,
Mumbai

Nitrogen - IOLARHI Grade obtaned from Indian Oxygen Ltd,
Mumbai

Na-trislicate - Huka Switzerland

Tetra-propyl-ammonium
bromide (TPA Br)

Tetra-propyl-ammonium
hydroxide (TPA OH)

Tetra-methyl-ammonium
hydroxide (TMA OH)

Cetyl
bromide (CTAB)
Tetra-ethyl
(TEOY

Aluminium nitrate

trimethylammonium

orthodlicate

(20% in water) Huka, Switzerland
(20% in water) Huka, Switzerland
(25% in water) Aldrich, USA
Lancagter, UK

(98+%) Aldrich, USA

(EP Grade), s. d. FINE CHEMICALS, Mumbai

Magnesium nitrate - (AR Grade), s. d. FINE CHEMICALS, Mumbai
Potassum nitrate - Qudigens Fine Chemicds, Mumbai
Ferric nitrate - Qudigens Fine Chemicds, Mumbai
Zinc nitrete - LobaChemie Lab. Pvt. Ltd., Mumbai
Gdlium (111) nitrate, hydrate - (99.9%) Aldrich, USA

Indium nitrate pentahydrate - (99.9%) Aldrich, USA

Thdlium rtrate - (99.999%) Aldrich, USA

Aluminium chloride - (Anhydrous) Aldrich, USA

Ferric chloride - (97%) Aldrich, USA

Zinc chloride - (Anhydrous 99.99 %) Aldrich, USA
Gdlium chloride - (Anhydrous 99.99 %) Aldrich, USA
Indium chloride - (Anhydrous 99.999 %) Aldrich, USA



Thdlous chloride
Potassum hydroxide

Potassum carbonate
Sodium hydroxide
Phenolphthdein
Hydrochloric acid
Sulfuric acid
Slicagd

Benzene
Toluene

p-Xylene

Mestylene

Durene

Anile

Naphthdene

Methyl ngphthdene
Methoxy naphthalene
Benzyl chloride
Benzoyl chloride
Phenyl acetyl chloride
Butyryl chloride

Acetic anhydride
Dichloroethane

Acetonitrie

nHexane

n-Heptane

nOctane

(99%) BDH ChemicasLLtd., England

(Pdlets AR Grade), s d. FINE CHEMICALS,
Mumbai

(AR Grade) s. d. FINE CHEMICALS, Mumba
s d. FINE CHEMICALS, Mumba

Merck (India) Pvt. Ltd., Mumba

(32%) Merck (India) Pvt. Ltd., Mumbai

(98%) Merck (India) Pvt. Ltd., Mumba

(60-120 mesh) Sisco Research Laboratory Put. Ltd,
Mumbai

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

(> 99%) Huka, Switzerland

(99%) Huka, Switzerland

(98%) Aldrich, USA

(EP Grade) s. d. FINE CHEMICALS, Mumbai
(99%) Loba Chemie Lab. Pvt. Ltd., Mumbai
Merck (Indig) Pvt. Ltd., Mumbai

Merck (Indig) Pvt. Ltd., Mumbai

(99%) Aldrich, USA

(99%) Aldrich, USA

(98%) Aldrich, USA

(EP Grade) Ssco Research Laboratory Puvt. Litd,
Mumbai

Lancaster, UK

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

(HPLC and Spectroscopic Grade) s d. FINE
CHEMICALS, Mumbai

31



Ethanal - (99.7%) Merck (Indig) Pvt. Ltd., Mumbai

Tert-butanol - (GR Grade) LobaChemie Lab. Pvt. Ltd., Mumbai
Petroleum ether - (AR Grade) s. d. INE CHEMICALS, Mumbai
Ethyl acetate - (AR Grade) s d. FINE CHEMICALS, Mumbai

22 CATALYST PREPARATION

221 H-ZSM-5

The H-ZSM-5 with different S/Al raios were prepared and characterized earlier
[1]. They were prepared by hydrothermd cryddlization from a gd (pH = 11-12) conddts
of Natriglicate, duminium nitrate, TPA Br, sulfuric add and deonized waer in a
dainless sted autodave a 180PC for 96 h, washing, drying and cdcining the resulting
zedlite orygds a 550°C in datic ar for 15 h to remove the occdluded organic template,
exchanging with 1 M ammonium nitrate a 80°C for 4 times and drying and agan
cdcining the zeolite under stic air a 550°C for 4 h to convert its NH,-form to H-form.

2.2.2 H-FeMFI and H-FeAIMFI
The H-FeMFI and H-FEAIMF cadyss were prepaed by hydrothemd

ayddlization from a gd (pH = 910) consging of Nadtrislicae, feric nitrate, with or
without auminium nitrate, TPA OH, sulfuric acid and deionized waer in a danless sed
autoclave a 180°C for 96 h, washing, drying and cdcining the reslting zedlite crystds a
550°C in gdic ar for 15 h to remove the occluded organic template, exchanging with 1
M ammonium nitrate & 80°C for 4 times and drying and agan cadning the zeolite under
static air a 550°C for 4 h to convert its NHs-form to H-form.

2.2.3 H-GaMFI and H-GaAIMFI

The HGaVIFl and H-GaAIMFI catdyss were prepared and characterized earlier
[24]. These were prepaed by hydrothemd cryddlization from a gd (pH = 910)
condging of Natriglicate gdlium nitrate, with or without duminium nitrate, TPA Br,
sulfuric adid and deionized water in a danless sted attodave a 180°C for 96 h,
washing, drying and caldning the resulting zedlite crystals a 550°C in saic ar for 15 h
to remove the ocduded organic template, exchanging with 1M ammonium nitrate a 80°C
for 4times and drying and again cddning the zeolite under static ar a 55°C for 4 h to
convert its NH4-form to H-form.
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2.2.4 S-MCM -41

It was prepared by the procedures given dsewhere [5]. A mixture of sodium
hydroxide (1.7 g in 30 g of water) and tetramethyl anmonium hydroxide (2 ml of 25 wt%
TMA OH) solution was added to an aqueous solution of CTAB (14.6 g in 100 g of water)
with continuous dirring. 210 g of water was added to the solution. After dlowing the
olution to dir for 10 min, tetraethylorthodicate (TEOS, dlica source) was combined
with resulting solution & room temperature under girring and kept for 24 h. The find gd
compogtion of the mixture was 0.17 TEOS : 0.04 NaOH : 0.02 TMA OH : 0.04 CTAB :
189 H,O. The solid product was obtained by filtration, washed with didilled water, dried
in ar a room temperature and findly calcined a 550°C for 16 h.

225 AI-S-MCM 41

It was prepared by its hydrothermd synthesis as follows. (i) 104 ml (25 wt%) of
olution of tetramethylammonium hydro<ide was combined with 14.23 g of Natridlicate
digpased in 50 g of waer with dirring, and 205 g of CTAB (in 75 g of water)
(surfactant/slica mole ratio = 0.5) solution were added and irred for 30 min. (i) 2.3 g of
Na-duminate (S/Al = 5.0) was dispersed or dissolved in 50 g of water and then added
dowly to the gd. (iii) The pH was adjusted with dilute sulfuric acid to 11.5. The resulting
gd compogtion was 1.0 SO, : 0097 AlL,O; : 0298 CTAB : 020 TMA OH : 041 N&O':
7 HO. The find gd was trandferred into teflontlined danless sed autoclave and
hested a 120°C for 120 h under autogeneous pressure.  After cooling to room
temperaiure, the resulting solid product was recovered by filtration on a Buchner funnd,
washed with weter, and dried in ar a ambient temperature. Surfactant was removed by
caldining the as-synthesized product a 540°C for 5 h.

2.2.6 Supported Metal Oxide Catalysts

Supported metd oxide (eg. B20s, AbGs, Fe0s, ZnO, GaXOs IOs and TIOK)
cadysts with different metd oxide loading were prepared by impregnating fine particles
of support [low surface area macroporous inert Slicadumina (LS) (SA-5205, surface
aea (28 = < 005 nt.g?, pore volume (pv) = 035 ari.gl), slica (LS (SS5231, s »
0.2 m.gl, pv = 025 cng?) and Zr0; (LS) (SZ-5564, sa » 01 m? g, pv = 0.15 cn.
g"), dl obtained from M/s NORTON Co. USA; silica gd (sa = 280 ni.g"); dumina (sa =
151 nfgY); H-ZSM-5 (S/Al = 30); slicdite-l (high slica ZSVI-5 with S/Al > 1000); S-
MCM-41 (S/Al > 1000, sa = 1180 nf.gY); slicadumina (HS (sa = 255 nfg?) and H
AL.S-MCM-41 (S/Al = 30, sa = 810 nf.g")] with corresponding metd nitrate from their
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agueous solution by incipient wetness technique, drying & 11°C for 6 h, and then
cdcining in static air a 500°C for 4 h.

2.2.7 Supported Metal Chloride Catalysts

Supported metd chloride (eg. FeCls, ZnCl,, GaCls, InCk and TICl) catdysts
with different metd chloride loading were prepared by impregnaing Mont.-K10
(Montmorillonite-K10,  Aldrich), Mont.-KSF  (Montmorillonite  KSF,  Aldrich), Kadlin
(Aldrich) and SSMCM-41 (high dlica mesoporous MCM -41 having surface area of 1140
mt.gl) with corresponding anhydrous metal chloride from their aodtonitrile solution by
incipient wetness technique and evaporating the solvent in vacuum oven a 120°C for 8 h,

2.2.8 Mg-GaHydrotalcite

Ga-Mg-hydrotdcite (Mg/Ga mole raio = 30), haing a fomua
[Gao2sMgo7s(OH)] *P[CO*To12sNH,0, was syntheszed by the co-precipitation
method [6] as follows Frd an agueous solution contaning 683 g (26,7 mmol)
GaNOz)sx H0 and 2048 g (799 mmol) Mg(NQs)2 . 6 H,O in 100 o’ of water was
prepared. 2.76 g (20 mmol) KCOs and 15.19 g (270.72 mmol) KOH in 300 ont of water
were dissolved to make a second solution. These two solutions were added dropwise into
a flask containing 200 cn? of water at 40°C under vigorous dirring. The rate of addition
of the two solutions was controlled in order to keep a congant pH of 11-12, which was
monitored continuoudy  throughout the co-precipitetion procedure by means of a pH-
meter. After completing the addition of the solutions the white g obtaned was
immediaidy washed with deionised water severd times and separated in a centrifuge.
After this, the white paste was dried in an oven in saic ar & 80°C for 24 h. Ga-Mg-HT-
80 ad GaMg-HT-200 hydrotdcite samples were obtaned by cdcning the as
synthesized hydrotaldite a 80°C (for 12 h) and 200°C (for 4 h)

23  CATALYST CHARACTERIZATION

2.3.1 X-Ray Diffraction (XRD)

The ayddline phese idettification and phase purity of the cadyds were
determined by X-ray powder diffraction method usng a Hodland Phillips PW/1730 X-
ray generator with CuK, radiaion (I = 15406 A; 40 kV, 25 mA). The samples were
prepared asthin layer on aglass dide.



2.3.2 SurfaceArea

The surface area of the catdysts was measured by single-point BET method by
meesuring the adsorption of nitrogen a liquid temperature and a N, concentration of 30
mol% (bdance hdium), usng a Monosorb Suface Area Andyzer (Quantachrome Corp.,
USA) based on dynamic adsorption/desorption technique.

Before carrying out surface area measurement experiments, the catayst (0.52.0
g) was pretregted in stu in the sample cdl a 30°C for 1h in flow (30 ecnimin®) of a
mixture of helium and nitrogen to remove the traces of moisure and the andyzer was
cdibrated by injecting aknown amournt of ar.

The surface area was cdculated from the observed desorption counts instead of
the adsorption ones, asfollows

Surface area (nf.g%) = (Desorption counts x 2.84) / (Wt. of catalyst x Counts of 1
ml of ar).

(2.84 nf.area= 1 cn N2 or air. Counts are expressed in terms of surface area, nT)

2.3.3 Scanning Electron Microscopy (SEM)

The aydd dze and morphology of the cadyss were determined by using Leico
Cambridge Stereoscan 440 Scanning Electron Microscope. The samples were spuittered
with gold to prevent surface charging and to protect them from thermd damage from the
electron beam.

2.3.4 Infrared Spectroscopy (FTIR)

Fourier trandorm infrared (FTIR) spectra of samples were recorded with a
Shimedzu FTIR spectrometer (Modd 8300). FTIR spectra of the cadyss in the
framework region (450 cni' to 40000 cmi’) were obtaned in nujol or in the diffuse
reflectance mode.

2.3.5 X-Ray Photoeectron Spectroscopy (XPS)

Surface chemica andyss of the catdyst was done by the X-ray photodectron
Spectroscopy (XPS) usng a VGstientific ESCA-3 MK 1l éectron spectrometer (Cls
with binding energy = 285.0 eV was used asinternd sardard).

The surface concentration of the dements present in the reduced and free cataysts
has estimated as follows:

(Areaunder curve x Scae) / (Cross-sectiond area of an dement x Magnification).



2.3.6 Measurement of Acidity
The acidity of the cadyss was detemined by the GC adsorption/desorption

methods, using pyridine as an acid probe.

Gas chromatographic adsorption/desorption data were collected usng a Pekin-
Elmer Sgma 300 GC fitted with a flame ionization detector. Nitrogen, passed over
cadyds to remove traces of moisture, was used as the carrier gas. The flow rate was
about 40 cn? (NTP). min™ in dl the experiments. The experimentd set up is shown in
Fgure2.1.

The cadyst column was prepaed by packing about 05 g of the adsorbent
paticdes (patide sze 03 - 04 mm) in a danless ged tube (length = 55 cm, id. = 15
mm and od. = 30 mm). In order to minimize the deed volume, one end of the column
was directly connected to the detector and the other end to the injector through a 40 cm
long dainless ged capillary (dbout 1.5 mm od. and 0.7 mm i.d.), which acted as a pre
hester. The catdyst was cddined in stu by heding rae of 2°C min® and further a
400°Cfor 1 h.

GC Oven
Capillary tube i
(Preheater) \
T
Molecular Catalyst
Sevetrap // column
&
i — RECORDER

N, — [ 2 ’—' EID //\N

e ;

Mass Flow Alr
Converter I njection Port

Figure2.1 Experimenta set-up for the acidity messurements.
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The chemisorption of pyridine in the cadys was messured by the GC pulse
method [ 7] based on TPD under chromatographic conditions, as follows.

The initid temperature chosen for the TPD was 8XPC. The catadyst was pretreated
in stu in a flow of N> (carrier gas) for 1 h. After the pretrestment of the catays, the GC
oven temperaturewas brought down to 8°Cand a known amount of pyridine was
injected into the catdys column. After dlowing redigribution of the adsorbed species in
the column, the TPD was Sated a a linear hedting rate of 20°C min® in the flow of
nitrogen. The find temperaiure chosen for the TPD (or the temperature at which the
irreversible adsorption of the adsorbate was to be messured) was 400°C. After the find
temperature was reached, the desorption of the reversbly adsorbed species was dlowed
to continue for a further period of 60 min isothermadly a that temperature. At the end of
the TPD, the catalyst retained only the adsorbate irreversibly adsorbed at 400°C.

After recording the firs TPD chromatogram, the GC oven temperaiure was
reduced to 80°C and the procedure was repeated to obtain the second TPD chromatogram
by injecting the same amount of pyridine
The amount of pyridineirreversibly adsorbed was cdculated from the expression:
g=(A*/9/M
where A* is the difference between the areas of the two chromaograms obtained by the
superimpodtion of the two chromatograms and cutting and weighing, s is the detector
sengtivity (area mol!) and M is the mass of the catdyst. The irreversible adsorption (or
chemisorption) in the present sudy is defined as the amount of adsorbate retained by the
pressturated catdyst after it was swept with pure nitrogen a the temperature of
chemisorptionfor 1 h.

24  CATALYTIC REACTIONS

2.4.1 Benzylation and Acylation Reactions

The benzylaion and acyldion reactions over the cadyds were caried out in a
magneticaly tirred glass reactor (capacity 25 cn) fitted with a reflux condenser, having
a low dead volume mercury themometer and arangement for continuoudy bubbling
moisurefree N, (30 cm®min?) through the liquid reaction mixture as shown in Figure
2.2. The reaction was dated by injecting benzyl chloride or acyl chloride in the reaction
mixture, containing aromatic subdrate with or without solvent and the catadyd, a the

reection temperature. The course of the reaction was followed by measuring

37



quantitetively the HCl evolved in the reection by acid-base titraion (by absorbing the
HCl caried by N, in a 0.1 M NaOH solution containing phenolphthadein indicator) as a
function of time and dso by andyzing the reaction mixture for unconverted benzyl or
acyl chloride and benzylation or acyldion product & the end of the experiment by ges
chromatography. There was a good agreement between the benzyl or acyl chloride
converson obtaned from the acdid-base titration and that from the GC andyss The
converson data were corrected for a smal time lag between the evolution of HCl in the
reection and the andyss of the evolved HCl by the titration. In dl the cases, the product
foomed was manly mono-benzylated or acylated, and there wes little no formation of
poly-benzyl chloride or poly-acyl chloride The amount of benzylaed or acylaed product
formed was equivdent (within 25 % eror) to the amount of benzylding or acylating
agent consumed in the reaction.

. Nitrogen gas

. Mokcular Sieve
. Fused CaCl,

. Raameter

. 2 - Necked RB

. Oil Bath

. Condenser

. Conical flask

. Burette

. Magnetic Stirrer with hotplate
. Magnetic Stirrer

Figure 22  Typicd liquid phese reaction setup for benzylaion or acylation of aromatic
compounds



The product of the acylation was isolated as follows. After the reection, the
cadys was separated from the reaction mixture by filtration and the product from the
filtrate was recovered by washing the filtratle with 0.1 M NaOH solution and removing
the solvent and unconverted aromatic subgtrate by vacuum didillation. The product was
then purified by ocolumn chromaography usng dlica gd (SRL 60-120 mesh) as the
dationary phase and benzene as the duent. The structure of the product was determined
by 'H NMR spectroscopy. The isolated product yield was defined as follows: yield (%) =
[(moles of isolated product) / (moles of acyl chloride used)] x 100.

In order to study the effect of moisture present in the reaction mixture, the catayst
dored over water & room temperature for 15 h and the aromatic subgrate or solvent
saturated with water a room temperature, respectively, were used for the benzylation or
acyldion reaction.

For studying the effect of HCl gas pretrestment to the catalyst on its performance
in the benzyldion or acylaion reaction, a HCl (gas)-N2 mixture (20 mol% HCl) weas
bubbled through a mixture of aromatic substrate and catdyst under dirring a the desired
temperaiure for a peiod of 5 to 60 min. The aomatic subdrate-catdyst mixture was
flushed with pure N, (30 cmPmin®) for 30 min to remove physcely adsorbed or
absorbed HCI in the reaction mixture and then the reaction was dated by injecting
benzyl or acyl chloride in the reaction mixture.

In order to udy the reuse of catays for the reaction, two different experiments
were caried out. In the fird experiment, the catdyst was reused after removing the
supernatant  liquid reection mixture, while retaining the catdyst in the reaction and
avoiding, as fa as possble, the removad of the cadys fine patides. In the second
expeiment, after completion of the reaction on a fresh catdys, a period of 10 min was
dlowed to lgpse and then 1.0 ml benzyl (or acyl) chloride was introduced in the reaction
mixture dready containing excess of aromatic subdtrate a the reaction temperaiure to
dart the reaction.

2.4.2 Polycondensation Reaction
The polycondensation reaction was caried out in a magneticdly <girred glass

reactor (capacity: 25 cnt) fitted with a reflux condenser, having a low dead volume,
mercury themometer and arangement for continuoudy bubbling moisurefree N2 (30
cnt. min?) through the liquid reaction mixture & the following reaction condtions
reection mixture = 1 ml benzyl chloride + 13 ml solvent + 0.1 g cadys a different
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reection temperature. The course of the reaction was followed by measuring
quantitatively the HCl evolved in the reection by acid-base ftitration. The detaled
experimenta procedures ae same as that described for the benzylation and acylaion
reactions (section 2.4.1).

After completing the reaction, the polymer was dissolved in benzene, separated
from the cadys by filtration, washed with water, dried and findly poured into excess
methanol. The precipitated polymer was collected, washed with methanol for severd
times and dried in vacuum oven a 60°C for 24 h,

2.4.3 Ederification Reaction

Ederification of tert-butanol by acetic anhydride or dehydration of tert-butanol
over the diffeent day supported metd chloride catdyss was caried out in a
magneticaly tirred glass reactor  (capacity 25 cnt) fitted with a reflux condenser and a
theemometer for measuring the reaction temperaiure and the outlet of the reflux
condenser was connected to a congant pressure gas collector.  The volume of the reaction
mixture in the reactor was 10 cn?. The reactor was kept in a constant temperature water
bath. The isobutylene formed in the reaction was measured quantitaiively by collecting it
in the gas collector & the amospheric pressure. The products of the ederification were
andyzed by a gas chromaogrgph (with flame ionization detector and SE - 30 column),
using nthexane as an internd standard.
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BENZYLATION OF BENZENE BY BENZYL CHLORIDE
OVER Fe-, Zn-, Ga- AND In-MODIFIED ZSM-5 TYPE

ZEOLITE CATALYSTS.

31 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

A number of highly acidic solid cadyds such as heeopolyacids [15 ad
alfaed Zro, or Fe,0O; [6-7] and HY, H-beta and H-ZSM-5 zeolites [8] are reported
ealier in the liquid phase dkylation of benzene [14,6] and toluene [57-8] by benzyl
chloride. The dkylation of aromatic compound containing eectron donating group (eg.
akyl, adkoxy, OH, etc) can be accomplished with ease but of that without such arometic
ring activeting group (eg. benzene) is rdaivey difficult [9]. The above mentioned acidic
cadyds except aulfaed FeOs; show poor ectivity for the benzylation of benzene
Sulfaed FeOs shows high activity but poor sdectivity and dso poor reussbility in the
benzylation of benzene [10].

It is interesing to note that, in soite of its very drong acidity, H-ZSM-5 zedlite
shows dmog no activity for the benzylaion of benzene [8]. In the present invedigation,
we have observed that a complete or patia subditution of Al in H-ZSM-5 zedlite by Fe
or Ga or an impregndtion of the zedlite by Fe,0;, ZnO, Ga,0; or InO; makes the zeolite
highly active in the benzylation process. The redox function crested due to the
modification of the HZSM-5 zedlite by Fe, Zn, Ga and In seems to play a very important
role in the benzylation process In this invedigaion, liquid phase benzylation of benzene
by benzyl chloride over different ZSM-5 type zeolites, such as HFeMF, H-FeAIMH, H-
GaMH, H-GaAIMH, Fe0s/H-ZSM-5, ZnOMH-ZSM-5 GgOy/H-ZSM-5 ad [InOs/H-
ZSM-5 catalysts a 80° and/or 60°C as a function of reaction time has been carried out
and the catdyss ae compared for ther peformance in the benzylation process.
Influence of the presence of moidture in the catalyst and/or in the substrate and also of the
HCl gas pretrestment to the catdyst on the reection induction period and benzene
benzylaion activity of some of the zeolite cadyds and dso ther reusability in the
benzene benzylation have aso been investigated.
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32 RESULTS AND DISCUSSION

3.2.1 Compogtion and Properties of Modified ZSM-5 Type Zeolite Catalysts

The modified ZSV-5 type zedlite catdyss were characterized for their bulk and non-
framework compogtions, cydd Sze and dso for ther drong acid Stes (messured in
terms of the pyridine chemisorbed on them a 400°C). The catayst characterization data
are presented in Table 3.1

The GaMF, GaAIMFI, FeMFl and FeAIMFl zeolites contain gppreciable amounts of
nonHframework Ga or Fe-gpecies, which are produced by the degdliation or deferriation
of the corresponding zeolite during their pretreatment [11-13].

3.2.2 Comparison of the Modified ZSM-5 Zeolite Catalysts for Benzene Benzylation

The H-ZSM-5 and Fe-, Zn, Ga and Inmodified ZSVI-5 type zeolite cadyds are
compared for ther benzene benzylaion ativity (& 80°C) in Table 32. The benzyl
chloride converson vs. time plots for the benzylation of benzene over HZSM-5 (a and b)
and Fe- o Gasubdituted ZSM-5 ad Fe:0s/H-ZSM-58, ZnO/MH-ZSM-58, GaOs/H-
ZSM-5a and InO9H-ZSM-5a cadysts a 80°C are presented in Figures 3.1 and 3.2 and
those a 60°C are presented in Figure 33. Tumnover rate (TOR) for hdf the benzene
benzylation reaction (i.e a 50% converson of benzyl chloride) was esimaed as the
moles of benzyl chloride converted per gramme of catdyst per unit time.

From the compaison of rewlts in Tables 31 and 32, folowing important

observations can be made:

- In wite of its high addity, the H-ZSM-5 zedlite is dmog inactive in the
benzylation of benzene but its benzylaion activity is dragicdly incressed
because of a patid or complete subgtitution of its framework Al by Fe or Ga or
even by the impregnation of the zedlite with Fe, O3, ZnO, GayOs or In,Os.

- Among the Ga- and Fe-subdituted zedlites, the H-FeMF zedlite showed highest
activity but lowest sHectivity for the benzene benzylation. Smilarly, among the
metd oxide impregnated zeodlite cadyds, the Fe,Os/H-ZSM-5a showed highest
activity but lowest sdectivity for the reection. The lower sdectivity for diphenyl
methane is because of the higher benzyl chloride polycondensation activity of the
Fe-modified ZSM-5 zeolite catdysts[14].

- For the zedlites having same S/Ga ratio but having different acidity (i.e. H.Na
GaMFl with diffeent H* exchange or cdcined a different temperatures), the
benzylation activity of the zeolite is increesed with increesing zedlite acidity.
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Because of the dehydroxylation during the cdcindion a higher temperature
(750°C), the acidity and consequently the benzylation activity of the H-GaMiFl
zedlite is decreased markedly.

Table 3.1 Compostion and propeties of Fe, Zn, Ga and Inmodfied ZSM-5 type
zeolites.

Zeolite catalysts H* Bulk SM  NonFw Crystd Strong
exchange raio (M=Al, Fe Zn, Ga dze acidity
(%) Feor Ga) or In (nm) (mmal.
(wt %) g’)
H-ZSM-5a 9 S/AI =311 - 4-6 0.26
H-ZSM-5b 9 S/AI =136 - 34 0.36
H-GaMFl (Tc=50C) 95 S/Ga=33 12 (Ga) 57 0.29
H-GaMF (T.=750°C) 95 S/Ga=33 24 (Ga) 57 0.09
H-NaGaMF 55 S/Ga=33 12 (Ga) 57 0.16
Na-Ga MH 5 S/Ga=33 12 (Ga) 57 004
H-Ga Al MFI(1) 9 S/AI =496 45 (Ga) 35 044
S/Ga=153
H-Ga Al MFI(I1) 9 S/AI =375 22 (Ga 4-6 046
S/Ga=243
H-Ga Al MFI(I11) 99 S/AI =171 11 (Ga) - 048
S/Ga=512
H-Fe MH 99 S/Fe=165 22 (Fe 35 0.29
H-FeAl MFI 9 S/Al =262 - - 0.26
S/Fe=281
ZnO/ H-ZSM-5a 99 S/AI=311  40(2Zn) 46 0.20
FexOs/ H-ZSM-5a 9 S/AI =311 35(Fe 4-6 0.24
Ga0O3/ H-ZSM-5a 9 S/AI =311 37(Ga 4-6 0.18
InO3/ H-ZSM-5a 99 S/AI=311  41(In) 46 023

Tc = calcination temperature.
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Table 3.2 Comparison of the Fe-, Zn, Ga and In-modified zeodlites for their performance in the

benzylation of benzene (at 80°C).

Zeolite cataysts Induction Time required for Appaent TOR SHectivity for

period conversion of rate (mmol. g*. diphenyl-

(min) benzyl chloride constant, s%)  for methane  a

(min) ko x 10° hdf the complete
(min™) reaction  converson of
50 % 90 % benzyl
chloride (%)

H-ZSM-5a No converson upto 2.0 h » 0.0 » 0.0 -
H-ZSM-5b No conversion upto 2.0 h » 0.0 » 0.0 -
H-GaMFI (T, = 550°C) 6.1 31.2 82.5 344 23 > 08
HGaMFI (T.=750°C)  10.1 55.7 143.0 17.9 13 > 08
H-NaGaMH 7.5 41.3 109.0 25.2 18 95
Na-GaMFl 131 112.0 - 8.8 7 93
H-GaAIMFI (1) 41 22.8 56.2 46.5 32 > o8
H-GaAIMFI (1) 58 33.0 97.2 26.8 219 > 98
H-GaAIMFI (111) 8.7 99.7 285 84 72 > 08
H-FeMFI 0.9 6.7 25.0 1245 108 89
H-FeAIMHF 55 30.3 104 24.7 23.6 90
ZnO/ HZSM-5a 6.5 1830 - 4.4 4 92
FeO;/ H-ZSM-5a 0.1 25 85 271.0 290 85
Ga,0,/ HZSM-5a 0.8 6.5 17.6 148.6 11 > 08
InOs/ H-ZSM-5a 04 51 17.0 1535 142 > 08
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Figure 3.1 Converson vs resction time plots for the benzylation of benzene (at 80°C) over
H-ZSM-5 zeolite with or without isomorphous subdtitution of ther framework Al by Ga or
Fe
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Figure 3.2 Converson vs. reaction time plots for the benzylation of benzene (a 80°C) over
the H-ZSMI-5 zedlite impregnated with ZnO, Fe,03, Ga,O; or I, Os.
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Figure 3.3 Converson vs reection time plots for the benzylaion of benzene (a 60°C)
over the Zn-. Fe-, Ga and In- modified ZSM-5 type zedlite.

Among the Ga-subdtituted zeolites those having lower S/Ga ratio showed higher
benzylation activity, indicating the importance of Ga concentraion in the zedlite
for its benzylaion activity; higher the Ga concentraion higher is the benzylation
adtivity.

For the metd oxide impregnated zeolite cadyss having same metd oxide
loading, there is no direct rdaionship between zedlitic acidity and benzylation
activity; the benzylaion activity of the zedlite cadyds is in the following order:
FeO4dH-ZSM-5a > InOFH-ZSM-5a » GaOs/H-ZSM-5a >> ZnO/H-ZSM-5a. It
is interesting to note that the order of the redox potentid for the metd oxides in
these zedlite cataysts EBredr™? (+ 0.77 V) > B 044 V) = Boa e
(- 044 V) > P22z (- 0.74 V), is vary smilar to the order of the zeolite cataydis
for their benzene benzylaion activity, indicaing a dose rdaionship between the
redox potentid and the catdytic activity.

The benzene benzylation activity of the Fe- or Ga-subdituted ZSM -5 zedlites is
much lower then that of the FexOs or GaX0s impregnated ZSM-5 zeolite catdydts.
The lower activity of the former seems to be aitributed to the lower concentration
of non-framework Fe or Gai.e. Fe,O; ar Ga;O;s in the zedlite channds.
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The aove obsarvdions dealy show that, dthough the zedlitic acidity is dso
important, the concentretion of nonframework Fe, Ga or In in the zedlite is more
important for its catdytic activity in the benzylation reection.

3.2.3 Effect of Moisture on the Catalytic Activity/Reaction I nduction Period

In order to dudy the effect of moisture present in the Ga0s/H-ZSM-5a catdyst
and/or in the subgrate, the catdyst stored over water a room temperature for 15 h (moist
cadys) and the benzene saturated with water a room temperature (moist benzene) were
used for the benzylation of benzene. Results showing the effect of moisture present in the
reaction mixture on the benzene benzylation over the GaxOs/H-ZSM-5a are presented in
Fgure34.

Because of the presence of moigture in the reection mixture, the reaction induction
period is increesed markedly, but without affecting sgnificantly the reection rate once the
reection darted after the induction period. It is interesting to note that, even though both
the subgsrate and cadys are saturated with water, the catdyst showed high benzene
benzylaion activity. A dmila observation was dso made for the InO4H-ZSM-
5a cadyd. Apat from ther very high adivity in the benzylation process the low
moidiure sengtivity of these catdyds is of great practicd importance. These catadysts do

not demand dringent moidurefree conditions for them to be highly active/sdective in
the benzylation process.
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Figure 3.4 Effect of moidure in the cadys and/or subdrae on the converson of
benzyl chloride (at 80°C) in the benzylation of benzene over Ga,04/H-ZSM-5a.
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Also for studying the influence of traces of moisture present in the catdyd, the H
GaMFl cadyst (which was pretrested under moisturefree N, a 450°C) was refluxed
with moisurefree benzene for different periods and then its benzene benzylation activity
was evauated. Results showing the influence of the reflux period on the performance of
the catdyd in the benzene benzyldion are  presented in @ Table 3.3.  The reaction
induction period is decreased gopreciably with increesng the reflux period due to the
increesed remova of moigture from the cadys. There is, however, only a smdl change
in the vadue of the reaction rate condant, k, (Table 3.3). These results are complementary
to the above ones

Table 3.3 Reaction induction period and catdytic peformance in the benzylation of
benzene (a 80°C) of H-GaMFI pretrested with moisturefree benzene (13 ml benzene +
0.1 g catdys) under reflux in the presence of moisturefree N, flow (30 cm®min?) for
different periods.

Reflux period Reaction Time required for 50 % Appaent rate

) induction peiod converson of benzyl chloride congtant, ka X
(min) (min) 10° (min)

00 6.1 312 344

10 40 27.9 35.1

30 2.7 250 36.0

The dove obsavaions dealy show tha the reaction induction period depends
grongly on the moidure content of the reection sysem; higher the moisure content,
higher isthe induction period.

3.2.4 Effect of Catalyst Pretreatment by HCI

Results showing the influence of HCl gas pretreatment to the HGaVIFI and GaxOs/H-
ZSM-ba cadyds for ther paformance in the benzene benzylaion are given in Table
34.

For both the catdydss, the HCl pretrestment resulted in a dragtic reduction in the
reaction induction period, which is dmogt reduced to zero. Accordingly, the time
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required for haf the reection is dso reduced. The disgppearance of the induction period
seems to be dtributed to the displacement of adsorbed moisture from the catdyst by the
drongly adsorbed HCl and/or to the cregtion of new cataytic active Stes, such as surface
meta chloride species, by the HCI pretrestment.

Table 3.4 Effect of HCl gas pretreatment to the zeolite catays for its performance in the
benzene benzylation (at 80°C).

Cadys HCl Reection Time required for 50 Appaent rae
pretreetment  induction % converson of benzyl congant, ka X
(Yes/No) period chloride (min) 10° (min%)

(min)

H-GaMFI No 6.1 312 344

H-GaMF Yes 0.0 255 34.7

GaOs/H-ZSM5a  No 08 6.5 148.6

GapOs/H-ZSM5a  Yes 00 58 150.1

3.2.5 Reusability of the Catalysts

Reallts in Table 35 reved tha the GayOiyH-ZSM-53, |npOs/H-ZSM-5a and H-
GaAIMF () zedlite catdysds can be reused in the benzylation process without a
sgnificant change in ther caaytic activity. However, it is intereting to note that the
reection induction period for the used cadyds is much lower than the fresh ones. This is
expected mostly because of the remova of moisture from the catalyst and/or the catayst
activetion by the HCl produced in the reaction during the firs use of the caidys in the
reection. The observed smdl induction period (0.2 0.2 min) for the reused cadyss may
be because of the moisture adsorbed on the catdyst before its reuse. No induction period
was observed when the benzyl chloride was added to the reaction mixture immediately
after the completion of the reaction on a fresh or reused catayst (Table 3.5).
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Table 3.5 Daa on the reuse of Ga,O4H-ZSM-5a, In,Os/H-ZSM-5aand H-GaAIMH (1)
zeolite catalysts in the benzylation of benzene (at 83°C).

Fresh / reused Induction period Time for 50 % benzyl Apparent rate
catayst (min) chloride converson  condant, k., x 103
(min) (min™)

A) Cadyds: Ga,03 / H-ZSM-5a

Fresh 0.8 65 1486
FArst reuse 0.2 6.1 147.3
Second reuse® 0.2 6.1 1480
Third reuse® 02 6.0 150.2
Firs/secondreuss® 0.0 59 151.0

B) Cadyd: IneOs / H-ZSM-5a

Fresh 05 5.1 1535
First reuse® 0.1 48 1512
Second reuse’ 01 47 156.0
Third reuse® 0.1 47 159.0
First/secondreus® 0.0 46 158.1

C) Caays: HGaAIMH (1)

Fresh 41 228 46.5
First reuss 0.2 19.0 47.0

& The catalyst was reused after removing the supernatant liquid reaction mixture, while
retaining the catalyst in the reactor and avoiding, the removal of catalyst fine particles.

b After completion of the reaction on fresh catalyst, a period of 10 min was allowed to
lapse and then 1.0 ml benzyl chloride was introduced in the reaction mixture already
containing excess of benzene at 80°C to start the reaction.
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3.2.6 Reaction Kinetics

The rate daa (time dependent benzyl chloride converson data) for the benzene
benzylation reaction (with the excess of benzene) over dl the zedlite catdyss could be
fitted well to a pseudo-first order rate law:

log [1/(2-x)] = (k/2.303) (t-to) (31
where x is the fractiond converson of benzyl chloride ka is the gpparent first order rate
condant, t is the reaction time and tp is the reaction induction period. Representative
linear log[1/(1x)] againgt (t-ty) plots, according to the above rate law, are given in Fgure
35. The bett fit of the rate data to the first order rate law could be obtained over the
benzyl chloride converson range from 10 to 90%. The vdues of the goparent rate
congtants for the reaction over the different caidyss have been included in Tables 3.2 —
3.6.

The vdues of the activation energy and frequency factor for the H-GaViFl, H-
GaAIMH (I), H-FeMH, GaO4H-ZSM-5a and InOs/H-ZSM-5a zedlite catdyss are
induded in Table 36. Among thexe zeolite cadyds the H-FeMF has the lowest
activation energy but dso haes the lowest frequency factor. Wheress, the GaxO3/H-ZSM-
5a has the highest activation energy but aso has the highest frequency factor.
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Figure 35 Representaive pseudofird order plots for the benzylation of benzene over
different zeolite catalyss.
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Table 3.6 Kinglic paameters for the benzylaion of benzene over different zeolite
catalyds.

Zeolite catayst Appaent rate congant, k, x 10° Activation Frequency

(min?) energy, E factor, A
(kcel.mol?)? (minh)?

6d’C s’c

H-GaMFl 12.3 344 12.0 76 x 10°

H-GaAIMFI (1) 17.3 46.5 11.6 66 x 10°

H-FeMFI 316 1245 91 43x 10

GaOy/H-ZSM-5a 379 1486 16.1 11 x 10°

I OgH-ZSM-5a 40.1 1535 15.8 79x 10°

& Obtained from Arrhenius equation : ka = A.exp.[-E/(RT)], where Ris a gas constant.

3.2.7 Reaction Mechanism

The obsarved very high benzene benzylation activity of the Fe-, Zn, Ga ad In
modified H-ZSM-5 zeolites as compared to that of HZSM-5 is dtributed to the presence
of nonframework Fe-, Zn, Ga and Inoxide species most probably in combinaion with
the zeolitic protons. The nonframework meta oxide species are known for their redox
properties, which are expected to play a dgnificant role in activaing both the reactants in
the benzene benzyldion. A following probable mechanism for the activaion of benzyl
chloride by both the zedlitic protons and the metd oxide species and the adtivation of
benzene by the meta oxide pecies, is proposed.

Activation of benzyl chloride

CeHsCH.O +H'Z 0 CeHsCH," + Z + HC (32
(wherein Z = tetrahedrd Al', G2 or Fe)
m CHsCH2Cl + M™" 0 m GsHsCH I+ M ™ (33

[where M = Feg, Zn, Gaor In, n = 3 (for Ga, In and Fe) or 2 (for Zn) and m = 2 (for Ga
and In) and 1 (for Zn and Fe)]
m CHsCH.,C*™* 0 m GsHsCH5" + ma® (34)
MO ema* 0 M™+mcr (35)
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Activation of benzene

CeHsH CoHs -m-H'™
+ U (3.6)
~-M-----O-- Sy (R O--
Reaction between benzyl carbocation and activated benzene
CeHg%—-H" + CsHsCH," 0 CoHsCH, CoHs + H' 37
H'+d O HA (38)
H'+zZ U0  HZ 39

The redox mechanism (equaions 3.3 — 3.5) is dmilar to tha proposed earlier [15)].
The above redox mechaniam is quite condstent with the observetions, the order for the
benzene benzylaion ectivity of the Fe-, Zn, Ga- and Inmodified ZSM-5 zedlites is
dmog the same as tha for the redox potentid of the corresponding metd oxide. The
activation of benzyl chloride can occur on both the protonic and redox dtes of the zedlite
cadyds. However, the activation of benzene according to equeion 36 seems to be
essentid for the insartion of the benzyl carbonium ion into the benzene nudeus. It may be
noted thet, dthough H-ZSM-5 is cgpable of forming benzyl carbonium ion, yet it shows
amogt no benzene benzylation activity.

33 CONCLUSONS
From the present dudies on the benzylation of benzene over the HZSM-5 and Fe,

Zn, Ga- and Inmodfied ZSM-5 type zeolite cadyss the following important

conclusions can be made:

1 Fe, Ga- and Inmodfied H-ZSM-5 type zedlites paticulaly Fe,O4H-ZSM-5a,
GaO4H-ZSM-5a and InO4H-ZSM-5a are highly active caidyss for the benzene
benzylation reaction. The high catdytic activity of these zeolite catdyds is atributed
to the presence of nonframework Fe-, Ga or Inoxide spedes in combinaion with
the zeolitic protons These catdysts show high activity even in the presence of
moigture in the reaction mixture and aso have excdlent reusability for the reaction.

2. For dl the catdyds, a ggnificant reection induction period is observed. The induction
period is found to depend srongly on the amount of moisture present in the cadys
and/or in the reaction mixture; it is increesed with increasing the amount of moisture.
It is dradticdly reduced (dmost to zero) due to the pretreatment of the cadyst by
HCI gas and dso by the removd of traces of moisture from the catayst.
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3. The reection with the excess of benzene follows a pseudo-first order rate law for the

benzyl chloride converson in the range from 10 to 90%. Among the HGaMVIFl, H-
GaAIMH (1), H-FeMF, Ga,Os/H-ZSM-5a and InO/H-ZSM-5a zedlite cadyds,
the H-FeMFl showed the lowest adtivation energy (9.1 kcad.mol') but dso the
lowest frequency factor (4.3 x 10" min®); wheress the GayOy/H-ZSM-5a showed the
highest activation energy (16.1 kcad.mol™®) but aso the highest frequency factor (1.1
x 10° min™) for the benzene benzylation process

4. Thee exigds a cdose rddionship between the redox potentid and the benzene
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benzyldion attivity of the Fe-, Zn, Ga- and Inmodfied ZSM-5 type zedlite
cadyds In the catdytic process, the activation of benzyl chloride seems to occur on
both the zedlitic protons and the redox dtes and that of benzene on the redox dtes
(non-FW Fe-, Zn-, Ga- or In-oxide species).
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Chapter-4

4.1 BENZYLATION OF BENZENE AND SUBSTITUTED
BENZENES BY BENZYL CHLORIDE OVER InCl; GacCls,
FeCl; AND ZnCIl, SUPPORTED ON CLAYS AND
Si-MCM-41.

411 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

Heterogeneous solid acid cadyss such as heteropoly acid <dts [1,2], wulfated
Zr0, or Fe,0; [34], FIMCM-41 [5], cation exchanged days [6,7], FeCls/Mont. K10 [8§],
dayzic [9,10], acid trested clays [11,12], HY, H-beta and H-ZSM-5 zedlites [13-15] and
Ga o Fe-subdituted H-ZSM-5 [1617] ae reported ealier for the benzylaion of
benzene and other aromatic compounds.

In our ealier dudies [16,17], we have obsarved that a complete or partid
subditution of Al in H-ZSM-5 zedlite by Fe or Ga or an impregndion of the zeolite by
FeOs3 ZnO, GaxOs or IOz makes the zedlite highly active in the benzylaion process.
The high catdytic activity of these zedlite cadyds is atributed to the presence of non
framework Fe Zn, Ga or In oxide spedes, having redox function, in combinaion with
the zedlitic protons. It is therefore interesting to cary out a dealed investigetion
induding kindtics of the benzylaion of benzene and other aromatic compounds over
different supported metd chloride catadysts having redox function, such as InCk, GaCl,
FeCl; and ZnCl, supported on different clays or SSMCM-41, in the presence or absence
of moigure in the reaction mixture. The present invedtigation was undertaken for this

purpose.

4.1.2 RESULTS AND DISCUSSION

4.1.2.1 Comparison of the Supported Metal Chloride Catalysts for Benzene
Benzylation
The InCls, GaCls, FeCls and ZnCl. supported metad chloride catdysts are compared
for their performance in the benzene benzylation (a 8F°C) in Table 4.1.1. Kinetic curves
(benzyl chloride converson vs. time plots) for the benzylation of benzne over the
supported meta chloride catalysts at 80°C are presented in Figure 4.1.1.
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From the comparison of results in Table 4.1.1, following important observations can

be made:
Table 411 Compaison of the supported InCls, GaCk, FeCk and ZnCl, (metd chloride
loading = 113 mmol.g") cadyss for their performance in the benzylation of benzene
(a 80°C).
Catalyst Time (min) required Reaction  Apparent SHectivity?
for  benzyl chloide induction  reaction rate
converson period congtant, K, X
(min) 10° (min™)
50 % 90 %
InClyMont.-K10 13 4.7 0.0 5230 >98
InCls/Mont.-KSF 18 58 01 4187 >R
InClyKadlin 48 141 08 1800 96
InClyS-MCM-41 16 54 01 460.6 >08
GaClg/Mont.-K10 22 7.6 0.0 3200 >R
GaCly/Mont.-KSF 49 134 12 185 >08
GaCla/Kadlin 8.0 19.7 27 1439 97
GaCly/S-MCM-41 48 129 14 2153 >R
FeClyMont.-K10 12 45 0.0 5480 a1
FeCl/S-MCM-41 15 52 01 4700 R
ZnClz2/Mont.-K10 45 231 01 126.0 82
ZnCl,/IS-MCM-41 104 38.0 16 72.0 83
Mont.-K10 5% conversonupto 1 h - -
Mont.-KSF 5% converson upto 1 h - -
Kadlin 15% conversonupto 1 h - -
S-MCM-41 No reaction upto 1 h - -

&With respect to diphenyl-methane at complete conversion of benzyl chloride (%).

- The cadys support

itself

(Montmarillonite K10, Montmoarillonite KSF and

Kadlin or high dlica mesoporous MCM-41) shows very little or no activity in the
benzylation of benzene, however its cadytic activity is increesed dradticdly
because of the impregnation of InCls, GaCls, FeCl; or ZnCl,.
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Figure 4.1.1 Converson vs reection time plots for the benzylaion of benzene (a
80°C) over supported INCh, GaCls, FeCl; and ZnCh, catalysts.

Among the different supported metd chloride catdysts, the supported FeChk
cadys (for the chemicdly smilar support) showed higher activity but lower
sectivity in the benzene benzylation reection. The lower sdectivity for diphenyl
methare is atributed to its higher benzyl chloride polycondensation activity [18].

The benzyldion activity of the supported metd chloride cadysts is in the
folowing order: supported FeCk > supported InCk > supported GaCl; >
supported ZnClz. It is interesting to note thet this order for the benzylation activity
is quite smilar to that for the redox potentid of the metd in the supported metd
chloride catdysts [Ere e (+ 0.77 V) > B2 (- 044 V) = Bofiea (- 044
V) > E%z (- 074 V)]. This indicates a close rdationship between the redox
potentid and the catalytic activity of the supported metd chlorides.

Among the different supports used for the supported metd chloride cadyds, the
Mont-K10 is the best support and the order for the choice for the support is
Mont-K10 > S-MCM-41 > Mont.-KSF > Kadlin.
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- Among the supported metd chloride cadyds, the InCk/Mont-K10 showed both
high activity and high sdectivity in the benzylation (Teble 4.1.1). This cadyst
can aso be reused for the benzylaion severd times (Figure 4.1.2).

100
S
Q
S 80
S
=
[S)
=, 60
R
o
o
B 40
c
o
D
) 20 —@— Fresh Catalyst
E —O—First reuse
@} .
O —A—Fifth reuse
0 | 1 | 1 | 1 | 1 |
0 1 2 3 4 5 6

Time (min)

Figure 4.1.2 Reusdbility of InCk/Mont-K10 cadys in the benzylation of benzene (at
8d’C).

The kinetic data (time dependent benzyl chloride converson data) for the benzene
benzylation reection (with the excess of benzene) over dl the supported metd chloride
cataysts could be fitted well to a pseudo-first order rate law:
log [1/(1-x)] = (k{2.308) (t-o) (4.1.1)
where x is the fractiond converson of benzyl chloride, ka is the gpparent first order rate
condant, t is the reaction time and tp is the reaction induction period. Representetive
linear log[1/(1x)] againgt (t-ty) plots, according to the above rate law, are given in Figure
4.1.3. The bett fit of the rate data to the first order rate law could however be obtained
over the benzyl chloride converson range from 10 to 90 %. The values of the gpparent

rate congants for the reaction over the different catdyss have been included in Tables
411and4.1.2.
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Figure 4.1.3 Representative pseudo-firs order plots for the benzylation of benzene over

the different supported metd chloride cataydts.

Table 4.1.2 Kinetic paameters for the benzylation of benzene over different supported
metd chloride catdyds.

Catays Apparent rate congtant, k Activationenergy, Frequency
- E (kca.mol?) factor, A
x10° (mind) (min?)
sfc 7Pc edcC
InCk/Mont-K10 5230 2740 1520 @ 1452 416 x 10
INCk/Mont.-KSF 4187 2249 1150 1510 7.7 x 10%
InChk/Kadline 1800 &.0 452 16.2 158 x 10%?
INCk/S-MCM-41 4606 2250 1238 154 132 x 10%?
GaClg/Mont-K 10 3200 1710 890 1505 562 x 10*
GaCly/S-MCM-41 2153 1110 547 16.1 1.7 x 1022
FeCls/Mont-K10 5480 2892 2088 1162 72x 10
FeCly/S-MCM-41 4700 2871 1395 1428 289 x 10
ZnCl,/Mont-K10 1260 592 301 16.8 26x 10
ZnCl,/S-MCM-41 720 318 147 18.7 2065 x 10%3
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The vdues of the activation energy and frequency factor for the different catdysts were
obtained from the Arrhenius expresson Thee vdues ae included in Table 4.1.2
Among the supported metd chloride cadysts the FeClyMont.-K10 hes the lowest
activation energy but dso the lowest frequency factor. Wheress, the ZnCl/S-MCM-41
has the highest activation energy but aso the highest frequency factor.

4.1.2.2 Effect of Metal Chloride Loading

Figure 414 shows the influence of metad chloride loading on the reection rae
condant and induction period in the benzylaion of benzene over the InCly/Mont.-K10
cadys. The induction period is decreesed and the rae condant is increased with
increasng the metd chloride loading on Mont.-K10 support. At the lower metd chloride
loading (bdlow 1.1 mmol.g"), its effect on the two is very apprecidble but a the higher
metd chloride loading, both the reection rate and induction period are leveled-off .
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k x103

Loading of InCI_ (mmol.gh

Figure4.1.4 Effect of InCl; loading in the InCly/Mont.-K10 cadys on the converson
of benzyl chloride (at 80°C) in the benzylation of benzene.
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4.1.2.3 Effect of Solvent

Results showing the effect of solvent on the rate of benzylaion of benzene over
INCk/Mont.-K10 are presented in Figure 4.1.5. The reection rate is highest in the absence
of any solvent. It is decressed when the solvent (viz. dichloroethane and n-heptane) is
used; the decrease is quite large when nheptane isused as a solvent but it is smdl for

100

k =0.523min?
a

t0:0.0m|n

80 AN
k =0.480 minl
a
to=0.0m|n
60
40 k,=0.221 mint

tO: 0.6 min

—@— without solvent
20 —O— Dichloro ethane

—A— n-Heptane

Conversion of benzyl chloride (%)

0 1 2 3 4 5 6 7 8 9 10 11 12

Time (min)

Figure 4.1.5 Effect of solvent on the converson of benzyl chloride (st 80°C) in the
benzylaion of benzene over InCls/Mont.-K10.

dichloroethane as a solvent. The reaction induction period is increesed when n-heptane
was used as a solvent. The observed solvent effect on the reaction rate is expected
because of the competitive adsorption of both the reactants and the solvent on the

cadyd. The results show that among the two solvents, dichloroethane is a better solvent
for the benzylation reaction.

4.1.2.4 Effect of Moisture

In order to dudy the effect of moisture present in the reaction mixture, benzene
saurated with water a room temperature was used for the benzylation of benzene.
Reaults showing the effect of moisture present in the reaction mixture on the benzene
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benzylaion over the InCl; (or GaCk)/Mont.-K10 (or S-MCM-41) ae presented in
Figure4.1.6.

Because of the presence of moidture in the reaction mixture, the reection induction
period is increesed dightly without affecting dgnificantly the reection rate once the
reection darted after the induction period. Apat from ther very high activity in the
benzyletion process, the low moigure sengtivity of these cataysts is of great practica
importance. These catdysts do not demand dringent moisturefree conditions for them to
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Figure4.1.6 Effect of moigure in the reaction mixture on the converson of benzyl

chloride (a 80°C) in the bermylation of benzene over InCls (or GaCls)/Mont.-K10 (or S

MCM-41) catalys.

be highly active/lsdective in the benzylaion process.

4.1.2.5 Effect of Electron Donating Substituent Group(s)

Reaults showing the influence of different subgtituent groups ateched to aromatic
benzene nudeus on the converson of benzyl chloride in the benzylation of corresponding
substituted benzenes (& 8°C) over the InClyMont.-K10 catdyst are presented in Figure
41.7. The firs order rate constants (k) and induction period for the benzyldion reections
are asfollows

Subgtrate : Benzene Toluene Mestylene  Anisole
Ka (Min™) : 052 042 0.37 024
Induction period (min) : 0.0 0.2 0.25 17
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According to the cdassicd mechanism of the Friedd-Crafts type acid catayzed
benzylation reection, the benzylation of an aromatic compound is esder if one or more
eectron donating groups are present in the aromatic ring. Hence, the order for the rate of
benzyktion for the aromatic compound is expected as follows Anisole > Mestylene >

100

—@ — Benzene
—O— Toluene
—A— Mesitylene
—A— Anisole

Conversion of benzyl chloride (%)

8 10 12 14

Time (min)
Figure 4.1.7 Effect of subdituents present in the benzene ring on the converson of
benzyl chloride (at 80°C) in the benzyiation over InCla/Mont-K10.

Toluene >> Benzene. But what is observed in the present case is totdly opposte to that
expected according to the dasscd mechaniam. The fird order rate congant for the
berzylation of benzene and subdituted benzenes is inthe following order: benzene >

methyl benzene > tri-methyl benzene > mehoxy benzene. This indicates that, for this
caayd, the reaction mechaniam is different from that for the classcd acid cadyzed
benzylaion reactions.

4.1.2.6 Reaction Mechanism
The meta chloride species present in the catdyss have redox properties, which are
expected to play important role in the benzylation over the present catdyss. A following
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probable redox medhanism for the adtivation of both benzyl chloride and aomatic
compound by the metd chloride species leading to the benzylation reaction is proposed.

Activation of benzyl chloride

m GsHsCH2Cl + M™® m GiHsCHO™+ M ™ 4.12)
[where M = Fe, Zn, Gaor In, n = 3 (for Ga, In and Fe) or 2 (for Zn) and m = 2 (for Ga
and In) and 1 (for Zn and Fe)]

m GsHsCH-A™*® m GHsCH," + md* 4.13
MM +mad® MM +ma (4.1.4)
Activetion of aromatic compound

R-CHsH R-CgHy - H ™

+ ® (4.15)

~-M-----O-- Y —— O--
Reection between benzyl carbocation and activated aromatic compound
R-CoHs 4 H"+ CHsCH,' ® R-CgHCH, CeHs + H' (4.1.6)
H"+O® HJ 4.17)

The aove redox mechaniam is dmilar to that proposed earlier for the dkylation
reections [6,17]. This mechanism is quite conastent with the obsarvations, the order for
the benzene benzylation activity of the InCk, GaCk, FeCk and ZnCl, supported cataysts
is dmog same as tha for the redox potentid of metd in the corresponding supported
metd chloride catalyst (section 4.1.2.1).

4.1.3 CONCLUSIONS
Following important conclusons have been drawn from this investigation:

1 All the supported meta cHoride cadyss show high activity for the benzene
benzylaion. The benzylaion activity of the supported metd chloride catdyss is
in the fallowing order: supported FeCk > supported InCk > supported GaCls >
supported ZnCh.

2. Among the different supports employed, Mont-K10 is found to be the best
support for dl the supported metd chloride catdydts.

3 The benzene benzylation is influenced by the solvent used in the process Among
dichloroethane and nheptane, the former is a better solvent for the reaction.

4. The presence of moigure in the resction mixture haes litle or no effect when
supported INChk or GaCl; cataysts are used for the benzene benzylation reaction.
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The benzene benzylation reaction (with the excess of benzene) over dl the
supported metd chloride caidyds follows firg-order kinetics The daa for the
benzyl chloride converson in the range of 10 - 90 % could be fitted very wdl to
the first order rete law.

INCk/Mont-K10 cadys shows a following trend for its eactivity in the
benzylation of benzene and subdiituted benzenes. benzene > methyl benzene > tri
methyl benzene > methoxy benzene, which is totdly opposte to that observed for
the dasscd acid caidyzed Friedd-Crafts type benzylation reaction. The order for
the benzene berzyldion ectivity of the supported InCl;, GaCls, FeCl; and ZnCl,
cadyss is found to be same as tha for the redox potentid of the metd present in
the corresponding supported metd chloride catdys, indicating the operaion of
redox mechanism in the kenzylaion process
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4.2 ACYLATION OF BENZENE OVER CLAY AND
MESOPOROUS Si-MCM-41 SUPPORTED InCl;, GaCl, AND
ZnCl, CATALYSTS.

4.2.1 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

A number of solid acid catdyds such as heteropoly acids [15], modified ZrC;
[67], H-beta and Ga-, Fe- or In subgituted H-beta [810], H-ZSM-5, H-mordenite, HY
and H-RE-Y [11-14], Montmarillonite K10 or KSF day [15 and EPZG [16] for the
aylaion of benzene [8,16] and other aromatic compounds [1:79-15] by different acyl
chlorides. In this invedigaion, we have obsarved the high activity of Mont.-K10 and &
MCM-41 supported InCl; and GaCl; catdyds in the acylation of benzene by different
acyl chlorides, even in the presence of moidure in the reaction mixture. The acylation
activity of the InCls, GaCl; and ZnCl, catadysts supported on SSMCM-41 and different
cdays was found to be dependent upon the redox potentid of the metas present in the
catalyds.

4.2.2 RESULTS AND DISCUSSION

Results on the InCl;; GaCl; and ZnCl, cadysts supported on S-MCM-41 ad
different cdlays on therr peformance in the acylation of benzene by benzoyl chloride (at
80°C) are presanted in Table 4.2.1. Kinetic curves (benzoyl chloride converson vs time
plots) for the benzoylation of benzene over the supported metd chloride catdysts (a
80°C) are presented in Figure 4.2.1.
From the comparison of results in Table 4.2.1, following important observations can be
made:

- The cadys support itsdf (vizz Montmorillonite K10, Montmorillonite- KSF,
Kadlin or mexoporous SMCM-41) shows no cadytic adtivity in  the
benzoylaion of benzene However, its catdytic activity is increesed dresticaly
after its impregnation with InCk, GaCls or ZnCl>.

- Among the metd chloride catdyds deposited on the same support, the supported
INCk catdyst showed highest activity. The acylation activity of the catdyds is in
the fallowing order: supported InCk > supported GaCk >> supported ZnCl,.

- Among the different supports used for the metd chloride catdyss, Mont.-K10 is
the best support; the order of the choice for the support is Mont.-K10 > S-MCM-
41> Mont-KSF>> Kadlin.
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Table 421 Resllts on the acylation of benzene by benzoyl chloride (at 80°C) over the
supported INCh, GaCl; and ZnCl, (metd chloride loading = 20%) cataydts.

Supported catdysts Reaction induction Timerequired for hdf ~ TON (h?) for
period, to (min) the reactior?, ty» () half the
reaction
InClyMont.-K10 45 14 85
InCly/Mont.-KSF 54 20 6.0
InClyKadlin 1.7 79 15
InCly/S-MCM-41 49 16 74
GaCly/Mont.-K10 56 17 55
GaCly/Mont.-KSF 6.8 26 36
GaCla/Kadlin 85 104 09
GaCly/S-MCM-41 59 19 50
ZnCl,/Mont.-K10 7.0 7.3 10
ZnCl,/S-MCM-41 78 84 09
Cataly<t support® No reactionfor 2 h -

a8 Mont.-K10, Mont.-KSF, Kaolin or 3-MCM-41.

P 5006 conversion of the acylating agent.

Reallts showing high adtivity of the InCls/Mont.-K10 cadys in the acyldion of
benzene by other acyl chlorides (viz. butyryl chloride and phenyl acetyl chloride) a 80°C
ae presented in Figure 4.2.2. The time required for hdf the acylation reection for the
different acylating agents is in the following order: butyryl chloride (0.85 h) < benzoyl
chloride (1.4 h) < phenyl acetyl chloride (1.7 h).

The influence of metd chloride loading on the converson of benzoyl chloride in the
acylaion of benzene over the InCls/Mont-K10 catdys is shown in Fgure 423. The
time required for haf the acylation reection (t2) and the reaction induction period () are
decreased markedly with increesing the metd chloride loading on the Mont.-K10 support
(for the loading of 5, 10 and 20%, the observed vaues for t2 and b ae 4.1, 22, 1.4 h and
151, 84 and 4.5 min, repectively).

71



80

60

40

—.—InCI3/Mont.-K10 —@—GaCl_/Mont.-K 10 —.—ZnCIZ/Mont.-KIO

Conversion of benzoyl chloride (%)

3

20 —O—Inc|3/Si-MCM-41 —O—GaCISISi-MCM-41 —O—chlzlsi-MCM-41
—A—InCISIMom.-KSF —A—GaCl /Mont.-KSF
—A—InCI3/Ka0Iin —A—GaCIalKaolin

0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25
Time (h)
Figure 4.2.1 Converson vs reection time plots for the acylaion of benzene by benzoyl

chloride (& 80°C) over supported InCls, GaCls and ZnCl, (med chloride loading =
20%) cataydts.

0

20

—@— Butyryl chloride
—Q— Phenyl acetyl chloride

Conversion of acyl chloride (%)

0 L 1 L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10 12

Time (h)
Figure 4.2.2 Convadon vs reaction time plots for the acylaion of benzene by butyryl
chloride and phenyl acetyl chloride (a 80°C) over InCh (20%)/Mont.-K 10 catalyst.
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Figure 4.2.3 Effect of metd chloride loading in the InClyMont.-K10 cadyst on the
conversion of benzoyl chloride in the acylation of benzene (at 89°C).

Results showing the effect of moidure present in the reaction mixture on the
acylation of benzene by benzoyl chloride over the InCly (or GaClg)/Mont.-K10 (or S
MCM-41) catadyst are presented in Fgure 4.24. The acylaion activity of the supported
INCk and GaCk cadyds is increased dightly due to the presence of moidure in the
reection mixture. The obsarved high acylation activity of the supported InCh or GaCls
cadys even in the presence of moidure in the reaction mixture, is of grest practica
importance. These catdysts do not demand stringent moisture-free conditions for them to
be highly active in the acylation process.

The metd chloride species present in the catdyds have redox properties, which are
expected to play important role in the acylation reaction over the present cadyds It is
interegting to note that the order for the acylation activity of the supported metd chloride
catayss (InCk > GaClk >> ZnCl,) is quite dmilar to that for the redox potentid of the
metd in the catdysts [E in’ of Bos gt (- 044 V) > B2 7 (- 074 V) and B2n
- 034 V) > B (- 053 V) > P22z, (- 0.74 V)]. This indicates a dose rdationship
between the redox potentid and the catdytic activity of the supported metd chlorides. A
following probable redox mechaniam for the acylaion reection over the cadyd is
proposed.
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Figure 4.24 Efect of moidure in the reaction mixture on the converson of benzoyl

chloride in the acylaion of benzene over INnCk or GaCk (20%)/Mont.-K10 or S-MCM-
41 catdys (at 80°C).

+n-m)

mRcocl +M™" ® mRcod” +M 4.2.1)

[where R = GHs, CHsCH, a CH7, M =1In, Gaor Zn, n = 3 (for In and Ga) or 2 (for Zn)
andm =2 (for Inand Ga) and 1 (for Zn)]

m Rcocl” ® mRCO +mda 4.2.2)
md +M™™ @ MT+mad (4.2.3)
RCO' + ArH ® RCOAr+H" (4.2.4)
H +a ® Hd (4.25)

The &ove mechanism is dmilar to tha proposed ealier for the acylation
reactions [17].

In summary, the Mont.-K10 ad S-MCM-41 supported InCl; and GaCl; are
highly active cadyss for the acylation of benzene by acyl chlorides and these cadyss
do not demand dringent moidurefree conditions for them to be highly ective in the
acylation process. Among the cadydss, the InClsMont.-K10 shows best performance in
the benzene acylation.
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CHAPTER-5

BENZYLATION AND
BENZOYLATION OF BENZENE
AND OTHER AROMATIC

COMPOUNDS OVER SUPPORTED

Ga,0O, AND In,0, CATALYSTS IN THE
PRESENCE OR ABSENCE OF
MOISTURE
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Chapter-5

5.1 BENZYLATION OF BENZENE AND OTHER
AROMATIC COMPOUNDS BY BENZYL CHLORIDE OVER

Si-MCM-41 SUPPORTED Ga,O0; AND In,0; CATALYSTS.

5.1.1 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

A number of highly acidic solid acd cadyds such as heteropolyacids [13],
slfated Zr& or FeOs [4], Ndion-H [2], and Fe- o Gasubdituted H-ZSM-5 [5] for
benzylation of benzene, HY, H-beta and H-ZSM-5 zedlites [6] for benzylaion of toluene,
are reported earlier.

It is interesting to note that, in spite of ther high addity, the H-ZSM-5, HY and
H-beta zeolites and aulfaed ZrO, show very low activity, even for the benzylaion [4,6]
of toluene In the present study, we have, here shown tha Ga,O; and InO3 catdyds
supported on mesoporous SFMCM-41, which are amphoteric and basic [7], respectively,
in naure, are very acive in the benzylaion (by benzyl chloride) of benzene and other
aomdic compounds, even in the presence of moidure, and dso ae reusble for the
reections. When supported on other nonacidic micre and macro-porous supports, these
catdysts aso show high benzylation activity.

5.1.2 RESULTS AND DISCUSSION

The supported Ga,0O; and InpO; catdysts were characterized for their surface area and
drong acid Stes (measured in terms of the pyridine chemisorbed on them a 400°C). The
catdysts characterization dataare presented in Table 5.1.1.

Reaults of the benzylation of benzene over the different GayO3 and InO; catayds are
presented in Table 5.1.2.

From the results in Tables 511 and 5.1.2, following important observetions could be

made:

- Both the GaO; and 1,05 catdysts supported on mesoporous SSMCM-41 have
vey high benzene benzylaion eactivity, the supported InO; is however, more
active.

- The attivity of InOs; is increesed makedly by supporting it on the different
upports, most probebly due to its disperson on the supports, causng an incresse
inits surface area.
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Table5.1.1 Phiscochemicd properties of the supported Ga,0O; and IO catalysts.

Catdyds Surface area Pore type Pyridine
(mf.gh) (micro,meso chemisorbed a
or Macro) 400°C
(mmol.g)

Gap03(10 %)/slicadumina (LS) 3 macro 0.0
Gax03(10 %)/slicadumina (HS) 25 meso 0.10
Gap05(10 %)/slica (LS) 37 macro 0.0
Ga05(10 %)/slicagd 330 Micro/meso 0.0
Ga03(5 %)/S-MCM-41 1125 meso 0.0
Gae03(10 %)/SFMCM-41 1012 meso 0.0
Ga,05(20 %)/SFMCM-41 A meso 0.0
GapO5(5 Y)/dlicdite-l 291 micro 0.0
Ga0s(5 %)/H-ZSM -5 286 micro 0.18
Gax03(10 %)/g-dumina 188 meso 0.03
Gap05(10 %)/ZrO; (LS 53 macro 0.0

I O4(10 %)/slica-dumina (LS) 31 macro 0.0
iO3(10 %)/ZrO2 (LS 39 macro 0.0
IN203(10 %)/S-MCM-41 861 meso 0.0
In,0420 %)/S-MCM-41 846 meso 0.0
IngO(20 %)/Al.S-MCM-41 73 meso 0.05
O3 (without support) 6.1 - 0.0
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Table5.1.2 Reallts of the benzylaion of benzene over supported micre, meso and
macroporous Ga,0; and InOs catdysts a 80°C (reaction conditions reaction mixture =
13 ml benzene and 1 ml benzyl chloride, amount of catdyst = 0.1 g).

Catalysts Reaction Timefor 50 % and 90 %  Apparent
induction conversion of benzyl reacionrae
period® chloride constant, k. X
(min) 10° (min™)
50 % 90 %
Ga.05(10 %)/silicadumina (LS 0.4 47 15.2 165.7
Ga,0,(10 %)/silicadumina (LS”  10.7 14.6 22.0 207.0
Ga,0,(10 %)/silicaaumina (HS) 8.0 81.0 230.0 107.1
Ga03(10 %)/slica (LS) 0.5 16.0 48.0 49.5
Ga,05(10 %)/silica g 0.8 11.0 33.8 72.9
Ga,0s(5 %)/Si-MCM-41 14 12.0 34.0 74.9
Ga,0,(10 %)/Si-MCM-41 0.9 5.3 16.0 155.6
Ga05(20 %)/S-MCM-41 0.2 25 7.8 3112
Ga,05(20 %)/Si-MCM-41° 5.1 7.4 12.5 324.4
Ga,0O5(5 %)/slicdite-1 0.5 6.0 185 135.6
Ga.0s(5 %)/HZSM-5 0.6 6.2 18.8 1335
Ga,05(10 %)/ g-dumina 75.0 306 - -
Ga,05(10 %)/ZrO; (LS 05 54 18.0 142.4
20410 %)/silicadumina (LS) 0.3 41 121 198.5
InO410 %)/silicadumina (LS 5.4 8.6 15.5 2295
IN0410 %)/ZrO- (LS 0.9 7.3 22.8 108.1
InO410 %)/Si-MCM-41 0.8 49 13.1 1935
IN0420 %)/Si-MCM-41 0.2 24 75 329.0
InO420 %)/Si-MCM-41° 43 6.4 11.3 3385
In,0420 %)/Al.S-MCM-41 0.6 33 8.9 287.8
Ins (without support) 35 12.8 29.0 92.1

& Obtained from the intercept on the time axis of the benzyl chloride conversion vs. time
plot extrapolated to zero conversion.
b Moist catalyst and benzene saturated with water (at room temperature) used for the

reaction.

79



- The benzylaion activity of the GaOz (which is amphoteric in nature) and InOs
(which is badc in naure) [7] supported on non-acidic supports, such as S-MCM-
41, dlicadumina (LS), dglicditedl and dlica gd is compardble or even much
higher in some cases than that of the InOs and GaxOs supported on acidic
supports, such as H-AISMCM-41, dlicadumina (HS, H-ZSM-5 ad ¢
adumina, repectively. This indicates that acidity does not play sgnificant role in
the reaction over these catalysts. However, supported Al,Os (which is amphoteric)
and B2Os (which is acidic) catalysts showed little activity (< 5 % converson of
benzyl chloridein 2h) in the benzylation reaction.

- The Gax0; (or I3 (20 %) / S-MCM-41 and Gayx0; (or InOs) (10 %) / slica
dumina (LS cadydss show high benzylation activity even in the presence of
moisture in the reaction mixture (i.e. when the catayst was saturated with water
vgpors @& room temperaure and the subdtrate, benzene, was dso saturated with
water). However, because of the presence of moidure, the reaction induction
period isincressed very markedly.

Among the supported Ga,O; and InO; catdyds, the 1,Os/S-MCM-41 shows best
performance in the benzylation reection. This catdys could dso be reused repeatedly for
the reaction. When the InOs; (20 %)/S-MCM-41 was reused five times for the
benzylation of benzene, in the fifth reuse of the catdyd, the time required for the 50 %
converson of benzyl chloride was 2.8 min, which is very cdose to that (25 min) observed
for the fresh catdys. The Ga,0O; catdys supported on slica-alumina (HS) and g-dumina
shows poor adtivity, indicating srong metd oxide — support interactions causng catayst
deectivation.

The Ga,0; and InO; catdysts supported on macroporous low surface area dlica
duming, and meoporous S-MCM-41 do show high activity in the benzylaion of other
aomatic compounds (Table 5.1.3). However, unlike the acidic catdyds the benzene
benzyldion activity of these catdyds is compaable to that or even higher than that
obsarved for the benzylation of subdituted benzenes having dectron donating methyl
groups (Tables5.1.2and 5.1.3).

The benzylaion activity of the present S-MCM-41 supported Ga20z and InpOs
cadydss ae compared with that of the highly acidic catayds, reported earlier [2,4-6], in
Table 514. The InOJS-MCM-41 is besc in naure The GaO4S-MCM-41 is poorly
addic in nature, unlike zedlites, it does not contain drong acid dtes that can chemisorb
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pyridine a 40°C or even a 300°C. The comparison shows that the present cataysts are
much mae active than the highly acidic catdyss reported earlier. Moreover, snce the
Ga 03 and In,O; cadyss are supported on meso and macroporous supports, these can
be used for the reaction with lage Sze aromatic compounds. Also, because of ther
poorly acidic or basc nature, these catdysts can be used for the reections with acid
sengtive organic compounds.

Table513 Reslts of the benzylaion of dffeent aometic compounds over
apported GapO; and 1,05 catalysts a 8F°C (reaction conditions reaction mixture = 13
ml aromatic compound and 1 ml benzyl chloride, amount of catadys = 0.1 g).

Aromatic Cadys Reaction  Time (min) Apparent
compound induction  required for reaction
period benzyl chloride rate
(min) conversion constant,
k, x 10°
50% 90% (min™)
Toluene Ga,0; (10 %)/slicadumina(LS) 0.5 4.3 12.7 1935
p-Xylene Ga,0; (10 %)/silicadumina (LS) 18 59 15.0 184.2
Mesitylene Ga0s (10 %)/sllicadumina(LS) 1.0 6.4 18.0 143.0
Toluene Ga,0; (20 %)/SI-MCM-41 0.2 32 8.9 284.3
p-Xylene Ga.0s (20 %)/Si-MCM-41 10 3.7 10.0 264.7
Mesitylene N0 (20 %)/S-MCM-41 0.9 38 9.8 2709
Durené In0; (20 %)/S-MCM-41 0.7 4.6 13.0 201.2
2-methyl IN0; (20 %)/S-MCM-41 10 5.0 14.2 1785
naphthaene®

@ Reaction mixture = 1.5 g durene or 2-metyl naphthalene + 13 cn? dichloroethane + 1
cn? benzyl chloride.

In case of the benzylation reection over the supported Ga>0Oz and InyOs catdysts, the
presence of moidure causes only an increese in the reaction induction period but, after
the induction period, the reaction proceeds with dmost a same rate ( or even with a fagter
rae) (Table 512). The observed high activity of the supported GaO; and InpOs
cadyds, even in the presence of moisure in the reaction mixture, and moreover the
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beneficid rate enhancement effect of moisture on the benzylation reection is of grest
practica importance.

Table5.1.4  Compaison of the earlier highly acidic solid catdyss with the present ones
for thelr benzylation activity.

Aromatic  Catdys Catayst/ Tempe Conversion of Ref.
substrate GHCH.A  rature  benzyl chloride and
Wt. ratio ‘O reaction time

Converson Time

(%) (min)
Benzene  Sulfated ZrO, 0.1 80 50 135 4
Benzene  Sulfated ZrOrFe:0s 01 80 50 33 4
Benzene  Heteropolyacids 0.05 80 100 120 2
Benzene  Nafion-H 0.1 80 24 120 2
Benzene  H-AIMH 0.1 80 No reaction for 2h 5
Benzene  H-FeMFI 0.1 80 0 25 5
Benzene  H-GaMFI 0.1 80 0 825 5
Benzene  H-GaAIMFI 0.1 80 0 562 5
Benzene  Ga,0; (20%)/Si-MCM-41 0.1 80 0 7.8 Present
Benzene  IneOs (20%)/Si-MCM-41 0.1 80 0 75 Present
Toluene  HY (ultregtable) 0.1 110 50 42 6
Toluene  H-Beta 0.1 110 50 370 6
Toluene  H-ZSM-5 0.1 110 50 1200 6
Toluene  Ga,0; (20%)/Si-MCM-41 0.1 80 50 32 Present

When the [Ga O3 (or 103 (20 %) / S-MCM-41 or Ga,0;5 (or IO3) (10 %) / slica-
dumina (LS)] was refluxed with benzene for 4h in the dosence of any benzylating agent,
the reaction induction period for the benzylation of benzene (a 80°C) wes found to be

neglighly smdl (< 0.1 min). This and the results in Tables 5.1.2 show that the induction
period for the benzylatiion reaction is due to the presence of adsorbed moisture on the
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cadys and it is the period required for replacing the adsorbed moisture by the reactant(s)
to Sart the catdytic reaction.

All the above obsarvations indicate that, the acidic properties of the supported metd
oxide cadyds do not play sSgnificant role for deciding their high benzylaion activity,.
The metd oxide species present in the catdyss have redox properties, which ae
expected to play important role in the benzylaion over the present cadys. The
benzylaion reaction proceeds through redox mechanism samilar to that described earlier
(Reection scheme4.1.2 - 4.1.7).

In summary, the S-MCM-41 supported GaO; and InpOs is highly active and
reussble solid cadyds for the benzylaion of benzene and other aromatic compounds and
thee caidyss do not demand dringent moisture-free conditions for them to be highly
active in the benzylation process Among the supported metd oxide cadyds 1nbOs/S-
MCM-41 shows best peformance in regard to both the catdytic activity and moisture
insengtivity in the benzylation reaction.
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5.2 BENZOYLATION OF BENZENE AND SUBSTITUTED
BENZENES BY BENZOYL CHLORIDE OVER In,0O, (OR
Ga,0,)/Si-MCM-41 CATALYST

5.2.1 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

A number of solid acid catdyds such as heteropoly acids [15], modified ZrC;
[67], H-beta ard Ga-, Fe- or In subdituted H-beta [89], H-ZSM-5, H-mordenite, HY
and H-RE-Y [10-12], Montmorillonite-K10 or KSF day [13] and EPZG [14] for the
benzoylation of benzene [8, 14] and othe aomaic compounds [17, 912, 13] ae
reported earlier. However, these solid acid catdysts showed quite poor acylation activity.

In the present dtudies, we have found that 1ipO; (which is basc in naure) and
GaO3 (which is amphoteric in nature) supported on the mesoporous S-MCM-41 showed
high activity in the benzoylaion of aomatic compounds even in the presence of
moidure, indicating the important of their redox properties rather than ther Lewis acidity
in the acyldion. A ddaled invedigation on the benzoylation of benzene and other
aomdic compounds over supported metd oxide catadysts having redox function, such as
IOz, Ga0s ard ZnO supported on S-MCM-41 has caried out.  Influence of the
presence of moidure in the reaction mixture on the benzene benzoylaion activity of
IO (or GapOs)/SFMCM-41 catalyst has also been investigated.

5.2.2 RESULTS AND DISCUSSION

5.2.2.1 Comparison of the Supported Metal Oxide Catalystsfor Benzene  Benzoylation
The O3, Ga0z: and ZnO cadysts supported on the mesoporous SSMCM-41 ae
compared for their performance in the benzene benzoylation (at 80°C) in Figure5.2.1.
From the comparison of results in Fgure 5.2.1, falowing important observations can
be made;

- The cadys suppot (S-MCM-41) shows no cadytic activity in the
benzoylation of benzene. However, the S-MCM-41 supported InOs, GaOs
and ZnO catdyds are active in the benzene benzoylation.

- Among the different metd oxide supported catdysts, the InOx/S-MCM-41
showed highest activity and the ZnO/S-MCM-41 showed the lowest activity
in the benzene benzoylation.
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Figure5.2.1 Converson vs reection time plots for the benzoylaion of benzene by
benzoyl chloride (at 80°C) over supported 105, Ga;03 and ZnO catalysts.

It is interesting to note that the benzene benzoylaion activity of both the InOs/S-
MCM-41 ad Ga04S-MCM-41 is much higher than that reported for the Hb zedlite
cadys [8]. The time required for hdf the reaction under smilar conditions is 12 h for
the Hb zedite [8] but 62 and 48 h for Ga04S-MCM-41 and InOs/S-MCM-41,
respectively.

InO; and ZnO ae badc oxides and GaO; is amphoteric in naure and the
benzoylaion ectivity of the supported metd oxide catdyds is in the following order:
InOs/S-MCM-41 > Ga05/S-MCM-41 > ZnO/S-MCM-41.  This shows that the acdidic
or basc naure of these catdyss does not play ggnificat role for deciding ther
benzoylation activity. However, the redox propeties of these catdysts are important in
deciding their caytic activity, as discussed later.
5.2.2.2 Effect of Metal Oxide Loading

The influence of metd oxide loading on the converson of benzoyl chloride in the
benzoylaion of benzene over the INOIS-MCM-41 cadys is shown in Fgure 522
The time required for hdf the benzoylation reection (ti) is decreesed markedly with
increasing the metd oxide loading on the SSMCM-41 support, for the InOs loading of 5,
10 and 20%, the observed vdue of ), is 14.2, 7.6 and 4.8 h, respectively. The increase
inthe catalytic activity with increasing the IOz loading isamogt linear.
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Figureb.2.2 Effect of metd oxide loading in the InOy/S-MCM-41 cadys on its
activity in the conversion of benzoyl chloride in the benzoylation of benzene (at 80°C).

5.2.2.3 Effect of Solvent

Results showing the effect of solvent on the raie of benzoylatiion of benzene over
InOx/S-MCM-41 are presented in Figure 523. The time required for haf the benzene
benzoylation reection with the different solvents is in the following order: dichloroethane
(28 h) < acdonitrile (3.2 h) < nheptane (65 h). Reallts indicate that the benzoylation
activity of the catdys is higher when polar solvent (eg. acetonitrile or dichloroethane) is
used but it is reaively lower when nonpolar solvent (eg. n-heptane) is used. Among
the polar solvents, dichloroethane is a better solvent for the benzoylation reaction.

It is interesting to note that the hdf reaction period when the polar solvents
(dichloroethane and acetonitrile) are used in the benzene benzoyldion is agpprecidbly
lower than thet (12 = 4.8 h) when no solvent is used. Thus the catdyst is more active in
the reection in presence of the polar solvent. This is conggtent with that observed earlier.
It is believed that the benzoyl carbo-cations (formed from benzoyl chloride) are stabilized
in the presence of polar solvent.
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Figure5.2.3 Effet of solvenit on the converson of benzoyl chloride in the

benzoylation of benzene over IOz (20 %)/Si-MCM-4lcadyst (a 80°C).

5.2.2.4 Effect of Moisture on the Catalytic Activity

Resuts showing the effect of moisture present in the reaction mixture (i.e. usng the
benzene saturated with waer, 037 mol % water in benzene) on the benzoylation of
benzene over the IO; (or Ga03)/S-MCM-41 catadys are presented in Figure 5.2.4.
The benzoyldaion activity of both the supported 1Oz and GaOs cataysts is increased
ggnificantly due to the presence of moigure in the reaction mixture. The observed high
benzoylation activity of the supported InO; or Ga,0O; catdyst even in the presence o
moigiure in the reaction mixture is of great practicd importance. The results reved that
these catdyss do not demand dringent moisure-free conditions for them to be highly
active in the benzoylaion process The reaults dso indicate thet the Lewis add Stes
(which are deectivated by water) of the catdysts do not play a dgnificat role in the
benzoylation reaction.
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Figure5.24 FEffect of moidure in the reaction mixture on the converson of benzoyl
chloride in the benzoylaion of benzene over INO; o Ga0; (20 %)/S-MCM-
Alcadys (at 80°C).

5.2.2.5 Effect of Electron Donating Substituent Group(s)

Results showing high activity of the InOJS-MCM-41 cadyst in  the
benzoylation of benzene and substituted benzenes by benzoyl chioride & 80°C are
presented in Figure 525. The yidds of the isolaed products of the benzoylation of the
different aromatic compounds are as follows:

- Benzophenone (from benzene in 13.1 h) 1742 %
- 4-Methyl benzophenone (from toluene in 10.2 h) 1 796 %
- 25-di-Methyl benzophenone (from p-xylenein 7.3 h) 1743 %
- 24,6-tri-Methyl benzophenone (from mesitylenein 7.1 h) 1814 %
- 4-Methoxy benzophenone (from anisole in 6.1 h) :89.7%

The above products have been characterized by NMR. The time required for hdf the
benzoyl chloride converson for the benzoylation of benzene and subdtituted benzenes is
in the following order: benzene (4.8 h) > toluene (3.1 h) > p-xylene (25 h) > medtylene
(21 h) > anisole (1.5 h). The results indicate that the benzoylation activity of the cadys
is increased due to the presence of dectron donating groups, such as methyl and methoxy

groups, in the aromatic subdrate.  This is condgent with that observed in the ealier
Sudies.
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Figure5.25 Converdon vs reection time plots for the benzoylaion of benzene and
substituted benzenes by benzoyl chloride (& 80°C) over InOs (20 %)/S-MCM-41
caays.

5.2.2.6 Reaction Mechanism

As discussed eaxrlier, the acidic or basic properties of the supported metd oxides do
not play sgnificant role for deciding ther benzoylaion ectivity. However, the med
oxide species present in the catdydts have redox properties, which are expected to play
important role in the benzoylation reection over the preset cadyss It is ds
interesting to note that the order for the benzoylation activity of the supported metd
oxide catdyds is quite smilar to that for the redox potentid of the metd in the catdyds
B3 - 044 V) = Baiea™ (- 044 V) > B2 (- 074 V) and B2 (- 034 V)
> Ea'ica (- 053 V)]. This indicates a close relationship between the redox potentia
and the cadytic activity of the supported metd oxides A following probable redox
mechanism for the benzoylation reaction over the catays is proposed.
mGHsCOCl +M™  ® mcHcoa™ +m™ (5.2.1)
[whee M = In, Gaor Zn, n = 3 (for In and Ga) or 2 (for Zn) and m = 2 (for In and Ga)
and 1 (for Zn)]

m GsHscoa!™ ® MGCHCO +ma’ (52.2)
md +M™" e MT+md (52.3)
CeHsCO™ + ArH ® CHCOAr+H" (5.24)
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H +d ® HC (5.2.5)

The aove mechaniam is smila to tha proposed ealier for the acylation
reactions over cation exchanged clays [15].

The observed high benzoylation activity of the InO; (or GaOs)/S-MCM-41
cadys adso suggests the posshility of the activation of the aromatic substrate by the
cadyd. The activation may result from a drong interaction of the aromatic subdrate
with the metd oxide, asfollows

Ar—H Are H*

+ c (5.2.6)

M——O M ——O

In case of the highly acidic catdysts, such as HY, HRE-Y, H-ZSM-5, H-b, H-mordenite
and heteroployacids, reported earlier [1-58-12], though the formation of benzoyl carbo-
caion is accomplished with ease, the benzoylation activity of these acidic catdyss as
compared to that of the IOs (or Gax04)/S-MCM-41 is very poor. This indicates that just
the formation of benzoyl carbo-cation is not enough for achieving the high rates of
benzoylation. Thus apat from the activaion of benzoyl chloride leading to the formation
of benzoyl carbo-cations, the activation of aromatic subgtrate as above is essentid for the
cadyd to be highly active in the benzoylation process.

5.2.3. CONCLUSIONS
Following important condusions have been drawn from this investigation:

1 InO; /S-MCM-41 is a highly active cadys for the benzoylaion of aromatic
compounds, even in the presence of moigture in the reaction mixture. GapOs/S-
MCM-41 is ds0 a moidure insendstive cadyd, useful for the benzoylation.
However, ZnO/S-MCM-41 shows much lower adtivity then the two in the
benzene benzoylation. The order for the benzene benzoyldion activity of the
supported 103, GaxO3 and ZnO catdydsts is found to be same as that for the
redox potentid of the metd present in the supported metd oxide catdyds,
indicating the importance of their redox propertiesin the benzoylation process.

2. The benzene benzoyldion over InO/S-MCM-41 is grongly influenced by the
solvent used in the process. The order of its cadytic activity for the different
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lvents is as follows dichlorogthane > acetonitrile > without solvent > n
heptane.

The presence of moigture in the reaction mixture has no detrimenta effect on the
cataytic activity when InOs (or G&0s)/SFMCM-41 cadys is used in the
benzene benzoylation; on the contrary it has asmal beneficid effect.
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CHAPTER-6

HIGHLY ACTIVE AND LOW MOISTURE SENSITIVE
SUPPORTED THALLIUM OXIDE CATALYSTS FOR

FRIEDEL-CRAFTS TYPE BENZYLATION AND ACYLATION
REACTIONS: STRONG THALLIUM OXIDE-SUPPORT
INTERACTIONS.

6.1 EARLIER LITERATURE AND OBJECTIVE OF THE PRESENT WORK

Liquid phese FriedeCrafts type reactions, usng solid acid cadyss such as
heteropolyacids <dts [1,2], sulfaed ZrQ or FexOs [35], sulfaed Alz0s-ZrCe (or TiOz)
[6], acid treated clays [7], FEMCM-41 [§], caionexchanged days [9,10], ZnCh, CuCl,
MgCl, or FeCl; supported on Montmorillonite K-10 [11,12], HY, H-beta and H-ZSM-5
zeolites [13-16] and Ga or Fe sbdituted H-ZSM-5 [17,18], for benzylation [13, &
11,17,18] and benzoyldion [1,2,4-7,12,14-16] of aromatic compounds.

Acidic cadyds ae in generd moigure sendtive and hence demand moidurefree
reection mixture for these reections. It is, therefore, of great practicd interest to have a
lid cadys having high activity but litle or no moisture senstivity for the Friedet
Crefts type reections. In our ealier dudy, we have obsaved day or S-MCM-41
supported GaCl; and InCl; cadyss, showing high activity and only a litle moisture
sndtivity in the benzylation of benzene, which is otherwise rddivey difficult to
accomplish because of the dbisence of any dectron donating group in the aromaic
subgtrate [19,20]; thee catdysts dso show high activity in the acylaion of benzene and
other aromaic compounds [21,22]. We have dso obsaved thaa S-MCM-41 supported
GaO3; and In,O; cadyds show very high adtivity in the benzylation of benzene with
benzyl chloride [23]; these cadyss dso found to be highly active in the benzoylaion of
benzene and other aromatic compounds [24,25]. The supported 1O; and InCl; cataysts
showed higher benzene benzylation and benzoylation activity then that showed by
supported GaeOs and GaCls catdysts. Since, Tl is the next group IIIA dement, it is
interesting to sudy the activity of the supported TIOx and TICI cadyds in the Friede
Craftstype reactions.

Our presat invedtigation indicated tha TICI depodsted on S-MCM-41 o
Montmorillonite K-10 is dmog inective for the benzene benzylation with benzyl chloride
and the benzylaion activity of supported TIO, (which is basc in nature) varies dragticdly
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depending upon nature and/or surface area of the support used. The present investigation
was, therefore, undetaken to sudy TIO; (catalyst) - support interactions, which strongly
influence the catdytic activity of supported TIO (vizz. TIO; deposted on different
supports  with  or  without containing surface hydroxyls) in the Friedd-Crafts type
benzylation and acylation reactions.

6.2 RESULTS

6.2.1 Catalyst Characterization

6.2.1.1 Color and Surface Area of Catalysts

Data on the color and surface area of the TIO, catdysts with and without catayst
support are given in Table 6.1

The color of cadyss vaies from off whitelight grey to dark grey depending
upon the catdyst support, more particulaly its surface area In generd, the color of
cadys supported on high surface area support was lighter than that on the low surface
aea support. The cadys color is changed from grey to dark grey with increesing the
loading of TIO, from 20 to 40 wt.% on zirconia (HS).

It is interesting to note thet, the surface area of supported TIOy is lower than that
of the support itsdf for the high surface area supparts, but it is higher for the low surface
area supports (Table 6.1). There is a reduction in the surface area after deposition of TIO,
on the high surface area supports. The reduction is, however, dragtic for the slica gd and
itismoredradtic for the §-MCM-41

6.2.1.2 XRD

XRD gspectra of the TIO, cadyds with and without the different supports are
presented in Figures 6.1 and 6.2.

The XRD spectra (Figure 6.1) show that there is no presence of ThO; phase in the
TIO (20 wt.%) / Zirconia (HS) but the TI,O; phase appears when the TIO, loading on the
support is increesed from 20 to 40 wt% (Figure 6.1b,c). However, even a 20 wt.%
loading of TIO,, presence of Tl O3 phase a a larger concentration is observed for the
TIO, (20 Wt.%) / zirconia (LS) catdy & (Figure 6.1d).
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Table 6.1

Results of the benzylation of benzene with benzyl chloride over TIO, and supported TIO, (loading of TIO, = 20 wt %) catalysts at 80°C [reaction

conditions: reaction mixture = 13 ml of moisturefree substrate and 1.0 ml of benzyl chloride, amount of catalyst = 0.1 g supported TIO, and 0.02 g TIO,]

Cadyst Colourof the ~ Surface area (m?.g") Substrate Timefor 50 % and 90 % Induction TON for Apparent
catalvet conversion of benzyl period (min) haf reection rate
y chloride (min) reaction constant, k, x
(min™) 10° (min™)
Support  TIO, or 50 % 90 %
supported TIO,
TIO, (without support) Dark grey - 0.5 Dry benzene  29.3 40.7 24.8 3.2 153.6
TIO,/ silicazalumina (HS) Light grey 255 207 Dry benzene  No reaction for 2.5h - - -
TIO,/ dsllicaalumina (LS) Dark grey <005 02 Dry benzene 3.3 10.0 0.3 28.0 248.0
TIO, / silicagd (HS) Light grey 280 51 Dry benzene  No reaction for 2.5h - - -
TIO,/ Si-MCM-41 (HS)  Verylightgrey 1180 49 Dry benzene  No reaction for 2.5h - - -
TIO, / slica(L9) Grey 0.2 0.3 Dry benzene 9.0 19.0 4.0 10.3 163.3
TIO,/ alumina (HS) Off white 151 116 Dry benzene  No reaction for 2.5h - - -
TIO, / zirconia (HS) Grey 51 29 Dry benzene  No reaction for 2.5h - - -
TIO, / zirconia (LS) Dark grey 0.1 0.3 Dry benzene 24 8.2 0.1 38.5 2915
TIO,/ zirconia (LS) Dark grey 0.1 0.3 Moigt benzene” 3.5 9.8 04 26.4 267.8
TIO, / zirconia(LS) Dark grey 0.1 0.3 Moist benzene” 3.8 10.0 0.6 24.3 274.2
(moist)?
TIO, / zirconia (LS) Very lightgrey 0.1 0.2 Dry benzene No reaction for 1.5h - - -

2 Catalyst was stored over water in decicator at 30°C for 12h. ® Benzene saturated with water at 30°C (0.37 mol % water in benzene). Catalyst was prepared by
decomposing thallous nitrate deposited on zirconia (LS) under N,atmosphere at 450°C for 4.5h.
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Figure 6.1 XRD spectra of (&) zirconia (HS), (b) TIOx (20 %) / zirconia (HS), (c) TIO (40
%) / zirconia (HS), (d) TIOk (20 %) / zirconia (LS) and (€) TIO, obtained from Tl (I) acetate
by decompogtioninar [ThO; phase (+)].
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Figure 62 XRD spectra of (a) TIO (20 %) / S-MCM-41, (b) TIO, (20 %) / silica (LS),
© TIOx (20 %) / silicadumina (HS) and (d) TIO« (20 %) / slicadumina (LS) [TkOs
phase (-)].
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The XRD gspectra in Figure 6.2 show that for the same loading of TIO,, there is
little or no presence of the TLO; phese in TIO, (20 wt.%) / S-MCM-41 (Figure 6.28) and
TIO, (20 wt.%) / dlicadumina (HS) (Figure 6.2c). However, for the catalyst supported
on the low surface area supports [TIOk (20 wt.%) / slica (LS) (Figure 6.2b) or sSlica
dumina (LS) (Figure 6.2d)], the TLO; phase is observed didtinctly.

For the TIO, (20 wt.%) / SFMCM-41, no characteristic XRD peak (at 2y = 1°-2)
is observed, indicating a structurd collgpse of the S-MCM-4L

6.2.1.3FTIR
FTIR spectra of the SFMCM-41, dlica gd (HS) and dlicadumina (HS) with or
without TIOx deposited on them are shown in Figure 6.3.
Because of the depodtion of TIO, on the above supports, the IR spectra are influenced as
folows
- There is a sgnificant decrease in the intensty of IR pesk a around 960 cmi’,
which is assgned for termind S-OH [26].
- There is a shift in the IR pesks (asigned for SFO-S) a aound 450 cm* and
1080 am! and dso a change in the IR band a 700 - 900 cm?, which is dso
assgned for S-O-S [26].

6.2.1.4 XPS

XPS datafor the zirconia supported TIOx catdysts are presented in Table 6.2.

The surface TI/Zr ratio is increesed by 5 to 6 fold with increesng the TIO
loading on the high surface zirconia from 20 to 40 wt.%. However, even for the lower
loading, the TI/Zr ratio is much higher when TIO« is deposted on the low surface area
zirconia (Table 6.2).

6.2.2 Benzylation Reactions

The TIO; cadyds with and without different commonly used high and low
surface area supports are compared in Table 6.1 for their performance in the benzylation
of benzene (at 80°C). The catdysts which showed litle or no benzene benzylaion
activity dso did not show any activity for the benzoylation of benzene (& 8FC) or
toluene (at 110°C) for a long period (3 h). Turn over number (TON) for half the benzene
benzyletion reection (e a 50 % converson of benzyl chloride) was edimated as the
moles of benzyl chloride converted per mole of TIOx per unit time. The apparent reection
rate congtant (k) for the benzylation of benzene by benzyl chloride (with excess of
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benzene) was esimated from the linear plots (Figure 6.4) accordng to the first order rate

expresson:

Table 6.2 XPS data for zirconia supported TIOx catalysts.

Cadys Binding energy (BE) (ev) Surface
TI/Zr
Tl (4t  BE[TI (4f72)]- Zr BE [Zr (3ds:2)] — O(ls) ratio
BE[TI (4] (dsz)  BE[Zr (3da2)]
TIO (20)/ zirconia (HS) 1191 44 1828 20 5311 0.04
TIOQ, (40)/ zirconia (HS) 1191 45 1822 20 5309 0.22
TIQ, (20)/ zirconia (LS) 1194 41 1830 25 531.8 043
log [1/(1:X)] = (k{2.303). (t-to) 6.1)

where, x is the fractiond converson of benzyl chloride and t and to are the time and
induction period, respectively, of the reaction.
From the comparison in Table 6.1, following important observations can be made:

- For the chemicdly smilar supports, that with low surface area provided a much
more active supported TIOx cadys for the benzene benzylaion reection. TIOx
when supported on the high surface area caidys cariers showed amost no
cadytic activity in the reaction.

- The TIO« without support adso shows high catdytic activity but the reaction
induction period for this catadyst is much larger.

- Among the TIO4 catdysts supported on the low surface area catdyst cariers, the
TIO / zrconia (LS) showed the best performance (lowest induction period and
highest catalytic activity, TON).

- The TIO; / zirconia (LS) shows high benzene benzylation activity even when
moidure a the levd of its sauration is present in the subdrate and/or in
the cadys. However, because of the presence of moisure in the reaction
mixture, thereection induction period isincreased from 0.1 to 0.6 min.

- When the TIO, / zirconia (LS) cadyst was prepared by the cacindion under N
ingtead of air, it showed no activity for the benzene benzylation.

Reaults showing the influence of TIOx loading on the reaction rate constant (ke) for

the zrconia (LS), zirconia (HS and glica gd (HS supported TIO, catdysts are
presented in Figure 6.5.
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Figure 6.4 Frg order reaction plots (according to Equation 6.1 for the benzylation of
benzene a 80°C) over different supported TIO, catalysts.
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Figure 6.5 Vaiation of goparent reection rate condant (k) for the benzylaion of
benzene (at 80°C) over TIO« / zrconia (LS), TIOx / Zrconia (HS) and TIOx / slica gd
(HS) with the loading of TIOy on the different supports.

101



For the zrconia (LS supported TIO; cadys, the reaction rate condant is
increesed dmogt linearly with the TIO, loading. However, the zirconia (HS) supported
TIO, cadys shows catdytic activity only above the TIO; loading of 20 wt.% but the
glica gd (HS supported TIOx does not show any cadytic activity even a the TIO«
loading as high as 60 wt.%.

Figure 6.6 shows effect of the time of reflux of the unsupported TIO4 catdyst (with
dry benzene) and dso of the HCl (gas) pretrestment to the cadyd, before darting the
benzylation reaction, on the induction period in the benzene benzylation reaction

The induction period is decressed markedly (from 24.8 to 9.3 min) with increesing
the reflux time (from 0.5 to 4h) (Figure 6.6ab). It is dso decreased dradticdly due to the
pretrestment by HCl gas of the catays (Figure 6.6a,c). It is interesting to note here that,
dthough the induction period is srongly influenced by the reflux period and the HCI
pretrestment of the catadys, there is only a very smdl change in the reection rae
condant. Thus in dl the cases dfter the induction period, the reaction proceeds with
amog the samerate.

100

(c) k =0.166 min-4,
L a

80

60
(b) k_=0.158 min1,

Conversion of benzyl chloride (%)

t =9.3min
0
40 (a) ka: 0.154 min-1,
t =24.8min
0
20
0 . . 1 1 . 1 .
0 10 20 30 40 50

Time (min)

Figure 6.6 Effect of time of reflux with benzene and HCl pretresiment of the catdys,
before darting the reaction, on the induction period (i) and converson of benzyl chloride
in the benzylaion of benzene (a 80°C) over TIO, obtained from Tl (I) acatate [reflux

time: (a) 0.5h and (b) 4h; (c) HCl pretreated cadyd].
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Results showing the influence of different subdtituent groups atached to aromatic
benzene nudeus on the converson of benzyl chloride in the benzylation of corresponding
aubgtituted benzenes (& 80°C) over the TIO, (20 wt%) / zrconia (LS) catdyst are
presented in Figure 6.7. The fird order rate condants (k) and induction period for the
benzylation reections are as follows

Subgtrate : Benzene Toluene p-Xylene  Anide
kax 10° (min™) ; 2915 267.8 2530 203.8
Induction period (min) : 01 0.3 09 1.2

The reults indicate that unlike the conventiond acid catdyst [27], the benzyldion
activity of the catdys is decreased due to the presence of dectron donating groups, such
as methyl and methaxy groups, in the aromatic compound.

100

no substituent (benzene)

80
CH3 (toluene)

60
2CH 3 (p-xylene)
40 +

CH30 (anisole)

20

Conversion of benzyl chloride (%)

0 2 4 6 8 10 12 14
Time (min)

Figure 6.7 Effect of the presence of different substituent groups in the aromatic
(benzene) nudeus on its benzylation with benzyl chloride over the TIOk (20 %) / zirconia
(LS) a 8X°C (reaction mixture = 13 ml of benzene or subdituted benzene + 1 ml of
benzyl chloride + 0.1g cadyst).
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6.2.3 Acylation Reactions

The high and low surface area zrconia supported TIO, catadysts are compared for
their performance in benzene benzoylaion (& 8°C) and toluene benzoylation (at 110°C)
reectionsin Table 6.3.

Like the benzylaion reaction, the TIOyx (20 wt%) / zrconia (LS) showed much
higher benzene or toluene benzoylation activity than that of the TIO, (40 wt.%) / zrconia
(HS). The reaction induction period for the former is dso sndle. The TIO« (20 wt.%) /
zirconia (HS) showed no activity in both the benzene and toluene benzoylation reactions.

Like the benzene benzylaion, the induction period in the benzene benzoylaion
reection over TIO, / zirconia (LS) catalyst is decreased very markedly due to the HC
pretrestment of the cadys before the reaction (Figure 6.8). The rate of benzoylation
after the induction period for both the cases (i.e. with and without the HCl pretreatment)
remained dmogt the same.

Table 6.3 Reaults of the benzoylaion with benzoyl chloride of benzene and toluene over
supported TIO, catdyds [reection mixture = 13 ml of benzene or toluene and 1.0 ml of
benzoyl chloride, amount of catdys = 04 g].

Cadys Induction  Time (min) required for 50 % TON for hdf
period and 8 % oconveson of reaction
50 % 80 %

Benzoylation of benzene a 80°C;

TIO, (20)/ zirconia (LS 9.2 1580 - 0.15
TIO, (20)/ zirconia (HS) - No reection for 2.5h -
TIO« (40)/ zirconia (HS) 11.5 19%6.0 - 0.06
Benzoylation of toluene & 110°C:

TIOx (20)/ zirconia (LS 23 174 96.5 132
TIO« (20)/ zirconia (HS) - No reection for 2.5h -
TIOx (40)/ Zirconia(HS) 45 320 1650 0.36
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Conversion of benzoyl chloride (%)
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Time (min)
Figure 6.8 Effect of HCl pretrestment of the catdydt, before starting the reaction, on the
induction period () and converson of benzoyl chloride in the benzoylation of benzene
(@ 80°C) over TIO, / zrconia (LS) catayst [(&) without HCl pretrestment and (b) with
HCl pretreatment].

The TIOy (20 wt%) / zirconia (LS) and TIOx (20 wt.%) / S-MCM-41 cadyds ae
compared with the earlier reported cadyds for their peformance in the benzene

benzyldion, benzene benzoylaion and toluene benzoylation reections under sSmilar
conditionsin Table 6.4.

6.3  DISCUSSION

6.3.1 Influenceof Catalyst Support: Strong TIO, - Support Interactions

A ocompaison of the supported TIO catdysts for their peformance in the
benzene benzylaion (Teble 6.1) shows that TIO« deposited on the low surface area
supports has high cadytic activity in the reaction but that deposited on the high surface
aea supports has dmost no ectivity for the reaction. On the contrary, the Ga,O; and
IOz catdysts deposted on high surface area supports, such as S-MCM-41 and slica
gd (Table 64), showed very high benzene benzylaion ectivity [23]. The observed strong
influence of the catdyst support on the activity of the supported TIOy cataysts clearly
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Table 6.4 Compaison of the present catdyds with the earlier ones for ther activity in
the benzylation of benzene (at 80°C) and benzoylation of benzene and toluene.

Cadys Catayst/(GHsCH.A Converson of benzyl or Rdf.
for CHsCOCl) wt. benzoyl chloride and
ratio reaction time required

Conversion (%) Time (min)

Benzene benzylation by benzyl chloride (at 80°C)

TIO«/ zirconia(LS) 0.1 50 2.4 Present work
TIO, / S-FrMCM-41 0.1 No recation for 2.5h Present work
Ga,O;/ zirconia(LS) 0.1 50 54 23

InOs/ zirconia (LS) 0.1 50 7.3 23

Ga,0,/ Si-MCM-41 0.1 50 25 23

Ga,0;/ dlicage 0.1 50 11 23

InO;/ S-MCM-41 0.1 50 24 23
GaCl/Mont. K-10 0.1 50 47 19
InCls/Mont. K-10 0.1 50 2 19

H-FeMFI 0.1 50 6.7 17
H-GaAIMFI 0.1 50 22.8 17

Nafion-H 01 24 120 3

Sulfated ZrO; 0.1 50 135 4

Sulfated Fe,0,-Zr0, 01 50 33 4

Benzene benzoylation by benzoyl chloride (at 80°C)

TIO, / zirconia(LS) 0.33 50 165 Present work
TIO, / S-MCM-41 0.33 No reaction for 2.5h Present work
InOs/ Si-MCM-41 0.33 50 286 23

H-Beta 0.33 54 1080 11

Toluene benzoylation by benzoyl chloride (at 110°C)

TIO, / zirconia(LS) 0.33 83 103 Present work
TIO, / S-MCM-41 0.33 No reaction for 2.5h Present work
INOs/ Si-MCM-41 0.33 83 148 23

Ga,0;/ S-MCM-41 0.33 83 205 23

H-Beta 0.33 83 1083 12

Sulfated ZrO, 05 50 192 5
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shows drong TIO4 - support interactions Strong metd - support interactions are well
known and are obsarved for many supported metas [28,29]. However, the informaion on
the drong metd oxide - support interactions which are mainly chemicd in naure is
scarce, these have been observed for a few supported metd oxide (Li-MgO, La-MgO and
La-CaO) catalysts [30-32]. In the present case, since TIOy is basc, it can interact
chemicdly with the weekly or srongly acidic surface hydroxyls of the high surface area
supports.

The low surface area supports (Teble 6.1) ae highly dntered meacroporous
materids and hence have no surface hydroxyl groups. Wheress, the high surface area
supports (Table 6.1) ae known to have gppreciable amounts of surface hydroxyl groups.
Even a highly cryddline materid like mesoporous SMCM-41 has different types of
surface hydroxyls, as termind S-OH groups [27,28]. The S-MCM-41 sample usd in the
present sudy has dso gppreciable amounts of surface hydroxyl groups [29]. The dlica
ge support has dso large amounts of surface hydroxyl. The strong TIOx - support
interactions in the present case are mostly due to the presence of surface hydroxyl groups
in the high suface aea supports This hypothess is supported by the following
obsarvations

- For the high surface area supports, the surface area of the supported TIOy catdydts
is much lower than that of the corresponding support (Table 6.1). In the case of
S-MCM-41 support, its dructure is collapsed with a dradtic reduction in the
surface area (from 1180 to 49 nt.g™%) because of the deposition of TIO,.

- The intensity of IR pesk & 960 om® (assigned to termind SFOH) is reduced
makedy due to the depogtion of TIOx on the S-MCM-41, dlica gd and high
surface area dlicadumina (Fig. 6.3). This indicates the consumption of the
aurface hydroxyl groupsin the chemicd interactions with the deposited TIO.

- The XRD spectra of the TIOx (20 wt.%) supported on S-MCM-41, slica-dumina
(HS) and zirconia (HS) show little or no presence of the ThO; phase (Figs 6.1b
and 6.2ac). A gndl TLO; phese for the TIO / zirconia (HS) is seen only when
the TIO« loading is increased from 20 to 40 wt% (Fig. 6.1b,c). On the contrary,
for the TIOy / zirconia (LS), even for the TIO, loading of 20 wt.%, a didinct Tl,Os
phase is obsarved (Fig. 6.1d). It may be noted that only those supported TIO
cadyss ae active in the reaction for which diginct XRD peeks showing the
presence of ThOs phase are observed.
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- The surface TI/Zr rdio is an order of magnitude (10 times) larger when TIOy is
deposited on the low surface area zirconia as compared to on the high surface area
zirconia (Table 6.2). Also there is a large increase in the surface TI/Zr ratio (from
0.04 to 0.22) with doubling the TIOx loading on the high surface area zirconia

The obsarvations on the TLO; phase and surface Tl/Zr ratio for the high surface area
zirconia for the two TIO, loadings (20 and 40 wt.%) shows that an gppreciable fraction of
the TIO« loaded on the support is consumed in the TIOx - support interactions.

The dradtic reduction in the surface area of the S-MCM-41 and slica gd after the
depogtion of TIO; on them is due to their dructurd collapse resulting from the reaction
between their surface hydroxyls and TIOy. The reduction in the surface area for the slica-
dumina (HY) is rdativdy smdler and this may be due to its andler number of surface
hydroxyls

Thus unlike Gay0; and IpOs, TIO, interacts strongly with the high surface area
supports, mogtly through their surface hydroxyl groups. Further studies are necessary br
underdanding the nature of chemicd interections. Neverthdess, when compare for the
low surface area supports, the supported TIO, is more active than the supported Ga&,0;
and InO; cadyds for the benzene benzylaion (Table 6.4). Also, like the supparted
GOz and IOz cadyds [20], the activity of the TIOx / zirconia (LS) cadys is only
little affected by the presence of moidure in the catayst or in the resction mixture (Table
6.1). However, because of its toxicity the TIO, catadys should be handled much more
caefully.

6.3.2 Effect of Moisture and HCI Pretreatment on Reaction Induction Period

The induction period for the benzene benzylation is reduced markedly because of
increesng the reflux period and consequently removing the adsorbed masture from the
unsupported TIO, catdyds (Fig. 6ab). It is dso interesting to note that, the TIO catdysts
supported on the low surface area support (which are sintered macroporous materids and
hence do not contain dgnificat amounts of adsorbed mosture) have much lower
induction period (Table 6.1). These obsarvations indicate that the adsorbed moisture
presnt in the catdys is respongble for the high induction period for the unsupported
TIO; the remova of adsorbed water from the catdys results in a decrease in the
induction period.

The induction period of the unsupported TIO. cadys is reduced dredticaly
because of the HCl pretreatment to the catayst before the benzene benzylaion reaction
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(Fg. 6ac). A dmila obsarvetion is dso made for the benzoylation of benzene over the
TIO / zirconia (LS) (Fg. 6.8). Thee obsarvetions reved that, during the induction period
the cadys is activaed by the HCl (which is a by-product) produced in both the
benzylaion and benzoyldion reections The influence of moisgure on the induction
period is, therefore, attributed to a reduction due to the presence of moiture in the rate of
cadys activation by the HCl produced in theinitid reection.

The cadyga activation by HCl during the induction period may results from the
remova of adsorbed water from the catdys (TIOy is basic in nature and hence adsorption
of HCl on it is dronger then that of water) or from the chemisorption of HCl on the
cadys modifying its surface active stes or from the both. After the use in the reaction,
the catdys showed a presence of dgnificant amount of chlorine. A further detailed
investigetion is necessty for undersanding the catdyst ectivation during the induction
period.

6.3.3 Effect of Electron Donating Substituent Groups

According to the dasscd mechanism of the Friedd-Crefts type acid catdyzed
benzylaion or ecylaion reaction, the benzylaion or acylaion of an aomatic compound
is esder if one or more eectron donating groups ae present in the aromatic ring.
Surprisingly, in the present case the activity of the TIOy / zirconia (LS) cadys for
benzylation (under the same conditions) of the aromatic compounds with or without
containing eectron donating groups (CHsz and CHsO) is opposte to that expected from
the cdasscd mechaniam (Figure 6.7). The fird order rate congant for the benzylation of
benzene and subgtituted benzenes is in the following order: benzene > methyl benzene >
p-dimethyl benzene > methoxy benzene This shows that for this catdydt, the reaction
mechaniam is different from that for the classicd acid catdyzed benzylation reactions.

6.3.4 Reaction Mechanism

The active supported TIOx cadysts were found to contain Tl>Os, which is basic in
naure. The standard reduction potentid for T°* ® TI* (E%*" ") is positive (+ 2.06 V),
and hence the reduction of T to TI** is reaively essy. The benzylation and acylation
reactions over these catdyds are, therefore, expected to follow redox mechanism smilar
to that proposedearlier for the dkylation [9] and acylation reactions [30], as follows:

2 CsHsCHAor CO)Cl + TP* ® 2 GHsCHo(or CO)C™ + T (6.2
CsHsCH,(or CO)C|+ ® C6H5CHZ+(OI' CO+) +CI (6.3
CsHsCH," (or CO") + ArH ® CgHsCH.(or CO)Ar + H (6.4)
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2CI +TM® 20 + TP (65)
H" +d® HA (6.6)

The TIO, / zirconia (LS) obtained by the cdcinaion in N, amaosphere contained
T20 and no TkOs. This cadys showed no activity for the benzene benzyldion (Teble
6.1), which is congstent with the above mechanism.

64  CONCLUSIONS
Following important concdusions have been drawn from this investigation:

1. Because of its basc naure, TIO« interacts srongly (chemicaly) with the surface
hydroxyls (both weekly and drongly acidic ones) of high surface area catdyst
supports such as S-MCM-41, dlica gd, duming dlicadumina and  Zirconia,
causng a large reduction in the surface area of the support; structure of S-MCM-41
is collgpsed dfter the depostion of TIO, on it. The supported TIO, prepared using the
high surface area supports ae inactive in the benzylaion of benzene. On the
contrary, the TIO4 supported on low surface area Sntered macroporous zirconia,
glica or dlicadumina catdys cariers shows high benzene benzylation activity.
TIOy / zrconia (LS is a highly promisng cadys for both the benzylation and
acyldion of benzene and other aomatic hydrocarbons. It shows high benzene
benzyldion activity even in the presence of moidure in the caidyst or in the reaction
mixture. Only the catdyst which contains ThOs shows activity for the benzylation
and acylation reactions.

2. TIOx / zrconia (LS cadys shows a folowing trend for its ectivity in the
benzylation of benzene and substituted benzenes containing eectron doneting groups
(viz. CHz and CH3O): benzene > methyl benzene > p-dimethyl benzene > methoxy
benzene, which is totdly opposte to that observed for the acd catdyzed Friedd-
Crafts type benzylation reections. This trend and the basc naure of the cadys
indicate that the benzylaion and acylation reactions follow redox mechanism in the
present case.

3. The induction period for the benzylaion and acylation reections depends grongly on
the presence of moidture in the catayst and/or in the reaction mixture; i is decreased
with decreesng the amount of moidure. During the induction period, the cadys is
activaled mogt probebly by the modification of its surface by interaction with the
HCl (a by-product) produced in the initid benzylation or acylation reection. The
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pretrestiment by HCl gas of the catdys causes a dradtic reduction in the induction
period for both the benzylation and acylation reections.
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HIGHLY ACTIVE, REUSABLE AND MOISTURE
INSENSITIVE CATALYST OBTAINED FROM BASIC Ga-
Mg-HYDROTALCITE ANIONIC CLAY FOR FRIEDEL-
CRAFTS TYPE BENZYLATION AND ACYLATION

REACTIONS.

7.1. EARLIER LITERATURE AND OBJECTIVE OF THE PRESENT WORK

A number of highly addic solid catdyss such as heteropolyacids [1], sulfaed
ZrQ; or FeOs [2], Ndion-H [1] and Fe- or Gasubgtituted H-ZSM-5 [3] for benzyldion
of benzene HY, H-beta and H-ZSVI-5 zedlites for benzyldion of toluene [4], ad
heteropolyacids [1], H-beta [5], H-ZSM-5 [6] and sulfated ZrO, [7] for benzoylaion of
aomatic compounds are reported in the literature. However, the reports on the use of
basc catdyds for the benzylation and acylation reections are scarce [8]. Very recently,
we [9] have obsaved high eactivity of supported basc InOs; in these reactions.
Hydrotelcite anionic days are known to be highly basc solids [10]. The use of these
anionic clays after ther thema decompostion to mixed meta oxides has been reported
for a number of cadytic reactions [10]. However, their direct use as catdyst is scarce
[11,12]. No informetion is available on the use of hydrotacites or dso the basc catdyds
derived from them for the benzylation and acylation reections.

In the present invedtigation, we have shown that Ga-Mg hydrotalcite anionic clay,
after its first use in the reaction or HCl gas pretrestment, shows very high activity both in
the benzylation (by benzyl chloride) and acylation (by benzoyl chloride) of toluene and
even of benzene, which is othewise rdativey difficult by the krnown acidic cadyds. It
is ds0 shown that, the active cadyd, obtained from the hydrotacite after its fird use or
HCl ges pretrestment, hes litle or no moidure sendtivity and dso has excdlent
reusability, which is of great practica importance.

7.2. RESULTS AND DISCUSSION
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7.2.1 Composition and Properties of the Ga-M g-Hydrotalcite Catalysts

Results of the characterization of the fresh, HCl treated and used (in the toluene
bezyldion) Ga-Mg-HT cadyds ae presented
trestment and/or use in the reaction of the hydrotacite cataysts,

in Tables 7.1-7.3. After the HC

- its color and crystdline phases are changed (Table 7.1),

- its surface area and basicity are reduced (Table 7.1),

- its surface compodtion is changed dradticdly, the surface Cl/(Ga+Mg) ratio is
increesed markedly, while the surface COF/(Ga+Mg) ratio is decressed

(Table7.2), and

- its IR frequency in the different regions (except 1377.1 cm?) is shifted

towards lower dde (Table 7.3).

All the above reved that the catalys undergoes an gppreciable change in its surface

properties by the HCl trestment and a structurd collgpse after its use in the reection. The

cadys in its mogt active form seems to condst of chlorides of Ga and Mg dispersed on

MgO.

Table 7.1 Physicochemicd properties of the fresh, HCl trested and used Ga-MgHT

cataydss.
Cadys Cdor Surface  pH of XRD phases
area catadyst
(mf.g") (01g)-
water (20
ml)
mixture
Fresh Ga-Mg-HT-80 White - - Pure HT
Fresh Ga-Mg-HT-200 White 9.7 94 Pure HT
HCl treated GaeMg-HT-  Off-white 6.1 7.8 HT (mgor), MgCl, (minor)
200 and GaCl; (minor)
Used Ga-Mg-HT-200 Ydlowish 23 7.3 GaCl3, MgCl, and MgO,
MgCO; (trace)

Table 7.2 XPS data for the fresh, HCI trested and used GaMg-HT cadyds.
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Cadys Binding energy (ev) Reaive surface composition

(mol retio)
Cls Ols M gZp GaZp GZp GBIM g CI/ Cx)az-/
(GatMg) (Ga+Mg)

Fresh 285.0 531.8 50.1 11191 - 0.014 0.0 0.18
Ga-Mg-HT -
200 288.3
HCl treated 285.0 5320 50.2 11188 1988 0.014 0.21 0.16
Ga-Mg-HT -
200 288.2
Usd 285.0 5324 516 11190 1955 0.021 0.98 0.03
GaMg-HT -
200 288.4

Table 7.3 IR datafor the fresh, HCl treated and used Ga-Mg-HT catdyds.

Catdyst IR frequency in different regions (cm*)

>3000 cm™*  1600-1700 cni*  1300-1400 cm*  500-600 cm™*

Fresh Ga-Mg-HT-200 3525 1643 1377.1 577
HCl trested Ga-Mg-HT-200 3400 1639 1377.1 575
Used Ga-Mg-HT-200 3360 1614 1377.1 540

7.2.2 Benzylation and Acylation Reactions

Reaults of the benzylaion of toluene in Fgure 7.1ab show a vey dgrong
influence of the cacinaion temperature and prereflux period of the Ga-Mg-hydrotacite
cadys on the reaction induction period. The induction period is decressed very
makedy with incressing the cacindion temperature (from 80°C to 20°C) or the pre
reflux period (from 0.25 h to 7.0 h), mogly due to remova of water molecules occluded
between the interlamdlar layers of the hydrotadite [13]. However, the Ga-Mg-HT-80 (or
200) does not show ay benzene benzyldaion ectivity for the reaction period of 3 h.
Inerestingly, the hydrotacite after its use in the toluene benzylation shows very high
activity with dmost zero induction period not only for the toluene benzylation but dso
for the benzene benzylation, which is rdaivdy more difficult to accomplish [14] because
of the absence of any dectron donating group (Figure 7.1c). Moreover, the used catayst
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do shows high ativity for the acylation (by benzoyl chloride) of both toluene and
benzene (Figure 7.2b,c). The used Ga-Mg-HT cadys shows much higher activity in the
benzylaion or acylaion reection than the highly acidic cadyds such as H-ZSM-5, HY,
H-beta, sulfated Zr0; (or ZrO2-Fex0s), heteropolyacids, H-Galor FeMFI and H-
GaAIMH, reported earlie[17]. This cadys dso shows higher benzene or toluene
benzylation activity when compared to the GaClg/Mont. K-10 [15] and GapOs/S-MCM-
41 [9] cadydss Moreover, the hydrotdcite based catdyst showed excdlent reusdbility in
both the benzylation and acyldion reections. After its third reuse, the hdf reaction time
for the toluene benzyldion and toluene benzoyldion was 11 min and 77 min,

respectively (Table 7.4).
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Figure 7.1 Benzylaion of benzene a 80°C (- -) and toluene a 110°C (- -) with benzyl
chloride over @ Ga-Mg-HT-80, b) Ga-MgHT-200 and ¢) Ga-Mg-HT-80 (or 200) used
before in the toluene benzylation (solid line and dotted line correspond to the cadys
refluxed in pure aromatic subgtrate for a period of 0.25 h and 7.0 h, respectively, before
the reaction).
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Table 7.4 Reusblity of Ga-Mg HT (200, used) cadys for the toluene benzylation and
benzoylation reactions (at 110°C).

Expt. Cadys Time (min) for converson  Reaction
No. of benzoyl chloride induction
period
50 % 80 % (min)

| ] Benzylation of Toluene

1 GaMg HT (200) used in the toluene 1.0 18 0.0
benzylation reaction
The catalyst used in the first experiment 11 19 0.0
The catalyst used in the second experiment 11 19 0.0
The catalyst used in the third experiment 11 19 0.0

I ] Benzoylation of Toluene

1 GaMg HT (200) used in the toluene 73.5 164.5 16.0
benzylation reaction
The catalyst used in the first experiment 74.6 167.8 14.5
The catalyst used in the second experiment 75.0 170.0 14.8
The catalyst used in the third experiment 77.0 175.0 15.0

7.2.3 Effect of Moisture and HCI Pretreatment on the Catalytic Activity/Reaction

Induction Period

The used hydrotdcite catalys shows a very smal effect of the presence of
moigure in the reection mixture on its peformance in both the benzylation and acylation
reections (Fgure 7.2). Thus, unlike the commonly used acidic catdyds the used
hydrotddte cadys shows dmos no moidure sendtivity. In the benzylation reection,
the presence of moidiure causes a smdl increase in the induction period depending upon
the concentration of water in the reaction mixture. However, after the induction period,
the benzylaion reaction proceeds with dmogt the same rae (Figure 7.28). On the
contrary, in the case of the acylation, the presence of moisture causes a smal decrease in
the induction period and an apprecidble increese in the reection rate, thus showing a
beneficid effect (Figure 7.2b,c).

It is interesting to note that the induction period for the fresh hydrotacite catdyst
is quite large but after its use it is dradticdly reduced (Figure 7.1). Also, dfter the
induction period the toluene benzylaion proceeds repidy admogst a the same rae in dl
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these cases. This dearly shows tha the catdyst is modified during the induction period
cregting new active Stes on the catdyd, probably by the HCI formed in the reaction, and
this process of the caldy s activation is enhanced after the remova of drongly held water
molecules between the interlamdlar space. For confirming this hypothess, the fresh
hydrotdcite catays was firg treated with HCl vgpors and then used for the reections; the
results on both the fresh and HCl trested hydrotdcite cadyss are compared in Figure
73. The resllts ae condgent with the hypothess. After the HCl treatment, the
benzylation and acylation activity of the cadys is increesed dradticdly. The HCl trested
catalyst shows performance in both the reactions comparable to that showed by the used
cadys (Figures 7.1c, 7.2b,c and 7.3).
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Figure 7.2 Influence of moidure in the reaction mixture on & benzylation of toluene, b)
acylation of toluene and ¢) acylation of benzene over the Ga-Mg-HT-200 used before in

the toluene benzylaion [reaction mixture without moisture (- -), with 1.5 g.I* water ¢
-) or with 25 a.I* water (- -)1.
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Figure 7.3 Influence of HCl treetment to Ga-Mg-HT-200 on its activity in @)
benzylaion and b) acyldion reections [benzylation or acylaion of toluene (- -) and
benzene (- -) over the HCl treated catdydt, benzylation or acylation of toluene (- -)
and benzene (-D-) over the untrested catalyst].

7.2.4 Reaction Mechanism

The obsaved high benzylaion and acylation ectivity of the HCl gas pretrested
and usd (in toluene benzoylation) Ga-Mg-HT catayss were found to contain GaCk and
the fresh Ga-Mg-HT was dso contain Ga®* species. The standard reduction potentia for
Ga®* to Gat (Be el is - 044 V, and hence the reduction of Ga®* to Ga'* is rdatively
easy. The benzylaion and acylation reactions over thee catdyds are, therefore, expected
to folow the redox mechaniam dmilar to that proposed earlier for the dkylation and
acylation reactions [16-18], asfollows.

2 CsHsCHAor CO)Cl + Ga®>* ® 2 CHsCH.(or CO)CI™ +Ga™* (7.2)
CsHsCH,(or CO)A* ® CgHsCH,' (or COY) + I (7.2)
CeHsCH,*(or CO*) + ArH ® CHsCHo(or CO)Ar + HY (7.3)
2CI +G"* @ 20 +Ga** (7.4)
H"+d® HJ (7.5)



73  CONCLUSIONS

Ga-Mg-hydrotacite, a basc anionic day, shows very large induction period in the
benzylation of toluene But after its use in the reaction or HCl pretrestment, the
hydrotacite derived cadys shows very high ectivity in the benzylaion (by benzyl
chloride) and acylation (by benzoyl chioride) of toluene and dso high activity in the
benzene benzyldion or acyldion reaction, with a dragic reduction in the induction
period, even in the presence of gopreciable moisure in the reaction mixture The
dructure and basic nature of the hydrotadte are changed but not very sgnificantly by the
HCI pretreatment. However, after the use in the reection, there is a dructurd collapse of
the hydrotaddte, forming different cryddline phases viz. GaCl;, MgCl, and MgO as
major phases and adso the surface composition [GalMg, Cl/(Ga+Mg) and COs?/(Ga+Mg)
mole raiog is changed markedly. The hydrotdcite-derived catdyst in its most active
fom ocondss of highly dispesed gdlium and magnesum chlorides on MgO. The
presence of moisture has beneficid effects on the acylation reections, because of the
moisture the induction period is decreased and the reaction rate is enhanced.
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Chapter-8

8.1 POLYCONDENSATION OF BENZYL CHLORIDE OVER
Fe-CONTAINING MICRO-, MESO- AND MACROPOROUS

SOLID CATALYSTS.

8.1.1 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

At the time of undertaking this work, a very few dudies on the polycondensation
of benzyl chloride over homogeneous dannic chloride catdyst [1,2] and heterogeneous
cadydts, such as ferrous sulfate [3] and iron oxide [4] were reported in the literature.

Since there is a high posshility of polycondensation of benzyl chloride during the
benzyldion reection, it is practicdly important to have the knowledge of the
polycondensation over the solid catdyss used in the benzylaion reections. A number of
Fecontaining solid cataysts such as H-FeMFI, H-FAIMF, Fe,OyH-ZSM-5 [56], Fe-
MCM-41 [7,8], FeS-MCM-41 [9], FeClyMont-K10 [1011], FeClyKaolin [12], Fe (Il
exchanged Kadlinites [13], Fe-pillared days [14] and sulfaed Fe,0; or ZrO,Fe,0; [15]
have been reported earlier for their high activity in the benzylation of benzene and other
aomdic compounds by benzyl chloride The present invedtigation was, therefore
underteken to examine the activity of diffeeent Fe-containing micro, mexn>- and
macroporous olid catdysts such as FeCls depodted on Montmorillonite K10 day and
mesoporous  MCM-41  zedlite, Fe,O;  supported on macroporous  commercid — Slica-
dumina cadys carier or meoporous MCM-41, and Fe-modified ZSM-5 type zeolites
(viz FeH-ZSM-5. H-FeMH and H-FeAIMFI) for the polycondensation reection. In
addition, the effect of temperaiure and solvent on the polycondensaion readion over a
sdected cadys has dso been dudied. All these Fe-containing catdysts show high
activity in the polycondensation reection a the reaction temperature normaly employed
in the benzylaion of aromeatic compounds by benzyl chloride.

8.1.2 RESULTS AND DISCUSSION

8.1.2.1 Comparison of Catalysts for Polycondensation of Benzyl Chloride
Results on the polycondensation of benzyl chloride over the different Fe-
containing micro-, meso- and macroporous solid catdydts are presented in Table 8.1.1.
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The kingtic curves of the polycondensation reactions with different catdysts are shown
in FHgure 8.1.1.

H-ZSM-5 zedite (which is highly addic) shows no adivity in the
polycondensation reaction, but its cadytic activity is increased dradicdly becase of a
partid or complete subdtitution of its framework Al by Fe or because of the impregnation
of the H-ZSM-5 zeolite with Fe;Os. All the above obsarvations are quite consstent with
that observed earlier in the case of benzylaion of benzene over these catdyds [5,6]. The
high polycondensation activity of the Fe-modified ZSM-5 type zedlite cadyds is
attributed to the presence of non-framework Fe-oxide species (which are added externdly
by impregnaion or formed due to deferigtion of the framework Fe during ther
cadcination/pretrestment) [5,6] in their channds and dso on ther externd surface, in
combination with the zeolitic protons. It is interesting to note that the polycondensation
reection over the Fe-modified ZSM-5 zeolite catdysts undergoes to completion (upto 100
% converson of benzyl chloride). This is not possble if the polycondensation would
have occurred in the zeolite channds (which are amdl in diameter, 0.50.7 nm) because
of the blockege of the channd by the polymer molecules formed in the initid reection. At
this reaction temperature (80°C), there is no posshbility of the desorption of polymer
molecules from the zedlite channd. Hence, the polycondensation reection over the Fe-
modified H-ZSM-5 occurs essentidly on the Fe-oxide present on externa surface of the
zedlitecrydals.

The high dlica mesoporous MCM-41 (having no ecidity) or sntered low surface
aea macroporous commercid dlica dumina cadys carier, SA-5205 (having low
adidity) shows no polycondensation activity but the Fe,O; supported on S-MCM-41 o
SA-5205 shows very high polycondensation activity.

Smilaly, Mont-K10 (having low addity) shows no polycondensaion activity
but the Mont-K10 o S-MCM-41l aupported FeCls cadys show very high
polycondenstion activity, however, FeCls/Mont.-K 10 shows higher activity.

The above reallts reved that the acidity done is not enough for a catdys to be
active in the polycondensation resction. The obsarved high polycondensation ectivity of
the Fe-containing catalyss seems to be aitributed to the redox propeties of the iron
Species present in the catalys.
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Table 8.1.1 Results of the polycondensation of benzyl chloride over different Fe-containing catalysts (reaction mixture=1 ml benzyl chloride + 13
ml solvert + 0.1 g catalyst) at different reaction temperature.

Cadyst Types of pores  Solvent Temperature Time (min) required for Induction period, Apparent rate
(°C) BnCl conversion of t (min) congtant, Kk.x10°
(min’Y
50 % 90 %
H-ZSM-5 Microporous EDC 80 No conversion upto 90 min.
H-FeMFI Microporous EDC 80 6.7 234 04 1129
H-FeAIMFI Microporous EDC 80 80.5 - 7.6 10.3
Fe,O; (5 %)/H-ZSM-5 Microporous EDC 80 14 7.6 » 0.0 348.9
Fe,0; (2 %)/H-GaAIMFI Microporous EDC 80 31 14.2 0.2 164.5
FeCl; (10 %YMont. K10 microporous EDC 80 2.7 11.3 » 0.0 180
FeCl, (10 %)/MCM-41 mesoporous EDC 80 29 12.7 » 0.0 170.1
Fe,O; (10 %)/MCM-41 MEesoporous EDC 70 8.3 24 18 109.6
Fe,0; (10 %)/MCM-41 MEesoporous EDC 60 15.6 36.5 6.6 82.3
Fe,O; (10 %)/MCM-41 MEesoporous n-hexane 70 126.9 - 14 54
Fe,0; (10 %)/MCM-41 MEesoporous n-octane 80 2.5 % conversion in 55 min,
Fe,O; (10 %)/MCM-41 MEesoporous ethanol 80 No conversion upto 90 min.
Fe,0, (10 %)/MCM-412 Mesoporous Nil 80 I nstantaneous reaction forming foamy solid product.
Fe,O; (10 %)/SA5205 Macroporous EDC 80 45 18.3 09 125.2

? Reaction mixture = 5 ml benzyl chloride + 0.5 g catalyst.

127



100

80
-0— FeO, (5 Wt%)/H-ZSM-5
—O—FeCl_ (10 wt%)/Mont.-K10
—A— FeCl_ (10 wt%)/Si-MCM-41
—N— Fe,0_ (10 wt%)/Si-MCM-41
—B—Fe0, (2 wt%)/H-GaAIMFI

60

40 —O—Fe,0, (10 wi%)/SA-5205

Conversion of benzyl chloride (%)

—W—H-FeMFI
—\/— H-FeAIMFI
——H-ZSM-5
20 ¢,
0 ‘; . 0—7—0—u40—//_/r—.0—_:_/0+0—0/./v
0 4 8 12 16 20 24 28

Time (min)
Figure 811 Convedon vs reection time plots for the polycondensation of benzyl
chloride a 80°C over different Fe-containing cataysts.

8.1.2.2 Effect of Solvent on Polycondensation

In order to dudy the effect of solvent on the rate of polycondensation of benzyl
chloride over FeOs (10 %)/S-MCM-41 cadys, the reection was caried out using
different solvent (viz. dichlorogthane, n-heptane and ethanol) under reflux. Among the
different solvents used, the reection rae in dichloroethane is much higher wheress in
case of nheptane and ethanol as a solvert, it is vary dow and dmost zero, respectively
(Teble 811). This is expected mosly because of the high solubility of the polymer in
dichlorogthane and little or no solubility of the polymer in the other solvents. When the
lubility of the poymer in a paticula solvent is low, the polybenzyl formed on the
cadys surface is not removed from the surface and this is expected to deectivate the
cadys due to occupaion of its active dtes by the product formed during the initid
reaction.



8.1.2.3 Kinetics and Mechanism of Polycondensation Reaction

Andyds of the resllts of the evolution of hydrogen chloride indicates that the
polycondensation of benzyl chloride over these solid catdyds follows fird order rate law
(with respect to benzyl chloride conversion),
log [1/(2-X)] = (k42.303).(t-to) 811
where ‘X’ is the fractiond converson of benzyl chloride, measured in terms of the HCI
evolved in the reection, ‘ky’ is the apparent firs order rate condtant, ‘t" is the reaction
time and ‘ty’ is the reaction induction period. A plot of log [1/(1-X)] agang (t-to) is linear
over a wide range of benzyl chloride converson (10 % to 90 %). It was dso obsarved in
most of the earlier sudies that the initid portion (upto 10 %) of the kingic plot is not
linear and the plot does nat pass through the origin [1,2).

The effect of temperaiure on the rate of polycondensation reection over Fe, O3 (10
%)/S-MCM-41 cadyst was sudied by conducting the reaction a 60°, 70 and 80°C
under smilar conditions. The kinetic curves a different temperatures are shown in Figure
8.1.2. The gpparent first order rate congants (k) a the different temperatures are given in
Table 812, A linear temperature dependence, according to the Arrhenius equation, for
the polycondensation reection is shown in Fgure 813. The Arrhenius paameters
[activation energy and frequency factor] for the polycondensation reaction, estimated
from the linear Arrhenius plot for the reaction are induded in Table 8.1.2.

100

60

40

Conversion of benzyl chloride (%)

—@—at 80°C
20 —A— a1 70°C
—El—at 60°C
0 | N | N | N
0 10 20 30 40

Time (min)
Figure 8.1.2 Effect of reaction temperature on the converson of benzyl chloride

in the polycondensation reaction over Fe,Os (10 wt %)/MCM -41 catdys.



Table 8.1.2 Kinetic parameters for the polycondensation reection over Fe Os; (10 wt
%)/MCM-41 cadys (reection conditions ethylene dichloridelbenzyl chloride mole ratio
=185, cadyst/benzyl chloride wt. ratio = 0.1, volume of reaction mixture = 14 cn® ad
N2 flow rate = 30 cn.minY).

Apparent rate congtant, k x 10° Activation energy, E Frequency factor, A

(min™) (kcel.mol™) (min™)
6d’C 7dC sd’c
82.3 1096 15738 7.79 977 x 10°

£

E

g ]

E 100 |

T T T T T T T T
2.80 2.85 2.90 2.95 3.00

1T x 103 (k-1)

Figure 8.1.3 Arrhenius plot of log k agang 1T for the polycondensaion of benzyl
chloride over Fe;O; (10 wt %)/MCM-4L

The polycondensation of benzyl chloride is a typicd Friedd-Crafts reaction. The

primary sep in the polycondensaion reaction seems to be the generdtion of stable benzyl
cabonium ion, which atacks another molecule of benzyl chloride to form a dimer, as
folows

CsHsCH.A + MX, ® [C6H5-CHZ ----- d----- M Xn] ® CGH5CH2+ +d + MX, (812)



CeHsCH, ™ + GeHsCHA ® CgHsCHy- CoHaCHLCI + HY (8.13)
(whereM = Feand X = O or Cl and n is the no. of aioms of X needed to fulfil the vdence
requirement of M)

Once the dimer is formed, there is a compdition between the dimer and the benzyl
chloride to be atacked by the benzyl carbocation. Earlier studies [16] showed that the
presence of chlorine aom in benzyl chloride reduces its reactivity, but its effect on dimer,
trimer or higher polymer is smdl and because of this the reectivity of polymer is
assumed to be much greater than benzyl chloride. Hence the reaction proceeds to  form
polymer rather than leading to dmple dimerisation. The converson vs time curves
(Hgure 8.1.1), showing an exponentid increase in the converson a lower reaction period
(an auto-catdytic type nature) is congstent with the above.

8.1.2.4 Reaction Induction Period

Induction period for the polycondensation (Table 81.1) has been edimaed from
the intercept on the time axis of the benzyl chloride converson vs time curve
extrapolated to the zero converson. The kinetic curve (Figure 8.1.2) shows tha the
induction period increeses with decreesng the reaction temperaiure. The — observed
induction period may be atributed to the formation of the active complex between the
cadys and reactants, the time required for its formation a higher temperature is shorter
than that a lower temperature. It may dso be due to a lower reactivity of benzyl chloride
a compaed to its dimer or higher polymer. It may be noted that, even in the
homogeneoudy catdyzed polycondensation reection of benzyl chloride [1], an induction
period was observed. Our earlier dudies of the benzene benzylaion by benzyl chloride
over these cadydsts [6,17] reveded that the reaction induction period depends strongly on
the moisture-content of the reaction mixture it is increesng with increesing the moigure
content and viceversa. Further work is necessary for a clear understanding of the exact
cause of the induction period in the polycondensation.

8.1.2.5 Characterization of Polymer

The polymer is characterized by NMR spectroscopy, which shows two broad
gnglets [d 7.0 (4H, phendene H) and 3.8 (2H, CHy)], indicates the condensation resction
takes place in the 4-pogtion of the benzenering.

The TGDTA andyss in ar of the polymer sample showed that the polymer is
themadly seble upto 420°C above which it dats decomposing. The polymer is
decomposed completely a 705°C.
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8.1

.3 CONCLUSIONS

From these sudies, following important condusions could be drawn:

1

All the Fe-containing cadyss [Fe O4H-ZSM-5 H-FeMH, H-FeAIMH, Fe0s
IMCM 41, Fe04SA5205, FeClyMCM 41 and FeCly/Mont. K10] show high adtivity
with gmdl induction period in the polycondensation reection a the reection
temperature normdly employed in the benzylaion reection with benzyl chloride
Among dl the Fe-containing cataysts, Fe;0s/H-ZSM-5 showed highest activity.

The polycondensttion reection over dl the Fe-contaning cadyss follows pseudo-
firgt order kinetics, valid for the benzyl chloride conversion of 10 % to 90 %.

For the polycondensation reection over FeO; (10 wt %)/MCM-41, the activaion
energy and frequency factor are 7.79 ke mole™ and 9.77 x 10° min™ respectively.

In the polycondensation reection, the solvent plays an important role The raie of the
rection in the different solvents is in the following order: ethylene dichloride >> n-
hexane > n-octane >> ethanol, which is same as the order for the solubility of the
polymer in the solvents
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8.2 POLYCONDENSATION OF BENZYL CHLORIDE OVER
Ga- AND In-MODIFIED ZSM-5 TYPE ZEOLITES AND Si-
MCM-41 OR MONTMORILLONITE-K10 SUPPORTED GacCl,
AND InCIl; CATALYSTS.

8.2.1 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

At the time of undertaking this work, a very few sudies on the polycondensation
of benzyl chloride over homogeneous dannic chloride cadys [1,2] and heterogeneous
caayss, such as ferrous sulfate [3], iron oxide [4] and Fe-containing micro-, meso- and
meacroporous Solid catdysts [5] was reported in the literature.

Snce there is a high posshility of polycondensation of benzyl chloride during the
benzylaion reection, it is precticdly important to have the knowledge of the
polycondensation over the solid cataysts used in the benzylaion reections. In our earlier
dudies, we have reported very high activity of different Ga and In-modified ZSM-5 type
zeolite catdysts [67] and S-MCM-41 or Mont.-K10 supported GaCls and InCl; catdysts
[89 in the benzylation of benzene by benzyl chloride The present invedigation was,
therefore, underteken to examine the ectivity of the Ga- and In-containing solid catdyds
for the polycondensation reaction. In addition, the effect of temperature and solvent on
the polycondensation reection over a sdlected catdyst has dso been studied.

8.2.2 RESULTS AND DISCUSSION

8.2.2.1 Comparison of Catalysts for Polycondensation of Benzyl Chloride

Reaults on the polycondensation of benzyl chloride over the different Ga and In+
containing solid cataysts are presented in Table 8.2.1.

H-ZSM-5 zedite (which is highly addic) shows no adivity in the
polycondensation reaction, but its caaytic activity is increesed dradicdly because of a
partid or complete subsitution of its framework Al by Ga or because of the impregnation
of the H-ZSM-5 zedlite with Ga,O; or In0Os. Among the Ga,O4/H-ZSM-5 and InOy/H-
ZSM-5 cadyds, the laer showed higher cadytic activity in the polycondensation
reection. All the above observations are quite congstent with that observed earlier in the
cae of benzylaion of benzene over thee cadyds [6,7]. The high polycondensation
adtivity of the Ga- and Inmodified ZSM-5 type zedlite catdyds is atributed to the
presence of nonframework Ga- or Inoxide species (which are added externdly by



Table 8.2.1 Reallts of the polycondensation of benzyl chloride over different Ga and In-
containing solid cadyds (reection conditions reection mixture = 1 ml benzyl chloride + 13
ml solvent + 0.1 g catdyst) at different reaction temperature.

Cataysts Acidity’ Solvent used in  Time (min) Reection  Apparent
(mmol. the reaction required for induction rate
g benzyl chloride period, t, constant,
conversonof  (min) ka x 10°
(min®)

0% 90%

H-ZSM-5 0.26 Dichloroethane No conversion upto 1.5h
Ga:0; (5 %)/H-ZSM-5 0.18 Dichloroethane 180 320 16 1124
In0O; (5 %)/H-ZSM-5 0.23 Dichloroethane 125 250 10 1354
H-GaMFl 0.29 Dichloroethane 370 880 73 33.9
H-GaAIMFI 0.44 Dichloroethane 260 660 55 42.6
Mont.-K10 - Dichloroethane 5 % conversion upto 1.5h
GaCl; (10 %)/Mont.-K10 - Dichloroethane 110 260 09 1125
InCl; (10 %)/Mont.-K10 - Dichloroethane 9.2 195 0.5 156.1
Si-MCM-41 - Dichloroethane No conversion upto 1.5h
GCl; (10%)/S-MCM-41 - Dichloroethane 145 305 20 104.6
InCl; (10%)/SFMCM-41 - Dichloroethane 105 225 10 1481
(at 80°C)
InCl; (10%)/S-MCM-41 - n-Heptane 1810 - 25 41
(at 98°C)
InCl; (10%)/SFMCM-41 - Ethanol No conversion upto 1.5h
(@ 78°0)

# Acidity measured in terms of the pyridine chemisorbed at 400°C.

impregnation or formed due to degdligtion of the framework Ga during ther
cddination/pretrestment) [10,11] in ther channds and dso on ther externd surface, in
combination with the zeolitic protons. It is interesting to note that the polycondensation
reection over the Ga or Inmodfied ZSV-5 zedlite caadyss undergoing to completion
(upto 100 %  converson of benzyl chloride).  This is not possble if the
polycondensation would have occurred in the zedlite channds (which ae smdl in
diameter, 0.50.7 nm) because of the blockege of the channd by the polymer molecules
formed in the initid reaction. At this reaction temperature (8F°C), there is no possihility



of the desorption of polymer molecules from the zedlite channd. Hence the
polycondensation reaction over the Ga or Inmodified H-ZSM-5 occurs essatidly on
the Ga-oxide or Inoxide present on externa surface of the zedlite crysds.

Smilaly, Mont-K10, which is addic shows vey poor adivity in the
polycondensation reection but the GaCl; or InCk supported on the Mont-K10 shows
very high polycondensation activity.

Among the high dglica mesoporous MCM-41 type cadyds, S-MCM-41 (having
no acidity) shows no polycondensation activity but the SSMCM-41 supported GaCl; and
INCl; catdysts show very high polycondensation activity.

The above resllts reved that the acidity done is not enough for a catdys to be
active in the polycondensation reaction. The obsarved high polycondensation activity of
the Ga or Incontaning cadyss seems to be dtributed to the redox properties of the
gdlium or indium spedes presnt in the cadys. The polycondensation activity of Ga-,
In and Fe-containing cataysts (Table 8.22) is in the order same as tha for ther redox
potential [E%a>"ca (- 053 V) <Ein>"in (- 0.34 V) < Exere" (+ 0.77 V).

Table 8.2.2 Compaison of Ga- and Incontaining solid cadyss with the corresponding
Fe-containing catdysts (ref. 5) for their polycondensation activity (at 80°C) under
identical reaction conditions (reection mixture = 1 ml benzyl chloride + 13 ml solvent +
0.1 g catays).

Cadys Apparent rate constant, Reference
kax 16° (min?)

H-GaMFI 339 Present
H-FeMFl 1129 5

Ga0s (5 %)/H-ZSM-5 1124 Present
IOz (5 %)/H-ZSM-5 1354 Present
Fe0s3 (5 %)/H-ZSM-5 3489 5

GaCl3 (10 %)/Mont.-K10 1125 Present
InCk (10 %)/Mont.-K10 1561 Present
FeCl3 (10 %)/Mont-K 10 180.0 5




The Incontaning ZSM-5, Mont.-K10 and MCM-41 cadyss show higher
polycondensation ectivity as compared to the Gacontaining solid cadyss. Further, a
compaison of the Ga- and Incontaning solid cadyss with the corresponding Fe
containing solid catdyds [5] for ther polycondensation activity in Table 822 shows tha
the Fe-containing catdyds are more active than the corresponding Ga- or |n-containing
cadyss. This is condgent with the earlier obsarvaions that the sdectivity in the
benzyldtion of benzene to diphenylmethane over the Ga and In-containing solid cadyds
was higher than that of the Fe-containing solid catdyss [7,9].

8.2.2.2 Effect of Solvent on Polycondensation

In order to dudy the effect of solvent on the rate of polycondensation of benzyi
chloride over InCk (10 %)/S-MCM-41 cadys, the reaction was caried out using
different solvents (viz. dichlorogthane, nheptane and ethanol) under reflux. Among the
different solvents used, the reection rae in dichloroethane is much higher whereas in
case of nheptane and ethanol as a solvert, it is vary dow and dmost zero, respectively
(Teble 821). This is expected mosly because of the high solubility of the polymer in
dichloroethane and little or no solubility of the polymer in the other solvents When the
Olubility of the poymer in a paticula solvent is low, the polybenzyl formed on the
cadys surface is not removed from the surface and this is expected to deectivate the
cadys due to occupation of its active Stes by the product formed during the initid
reaction.

8.2.2.3 Kinetics and Mechanism of Polycondensation Reaction

Andyss of the results of the evolution of hydrogen chloride indicates that the
polycondensation of benzyl chloride over these solid catdyds follows firs orcer rate law
(with respect to benzyl chloride conversion),
log [1/(1-X)] = (k42.303).(t-to) 821
where ‘X is the fractiond converson of benzyl chloride, messured in terms of the HCI
evolved in the reection, ‘ky is the apparent firdt order rate condant, ‘t’ is the reaction
time and ‘ty’ is the reaction induction period. A plot of log [1/(1-X)] agang (t-tg) is linear
over a wide range of benzyl chloride converson (10 % to 90 %). It was dso observed in
most of the earlier dudies that the iniid portion (upto 10 %) of the kingtic plot is not
linear and the plot does not pass through the origin [1,2].

The effect of temperature on the rate of polycondensation reaction over InCl; (10
%)/S-MCM-41 cadys (which showed highest polycondensation activity among the
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cadyss) was sudied by conducting the reection & 60°, 7 and 80°C under Smilar
conditions. The kinetic curves a different temperatures are shown in Fgure 821. The
apparent first order rate condants (k) at the different temperatures are given in Table
823. A linear temperaiure dependence, according to the Arrhenius equation, for the
polycondensation reection is shown in Figure 82.2. The Arrhenius parameters [activation
energy and frequency factor] for the polycondensation reection, estimated from the linear
Arrhenius plot for the reaction areincluded in Table 8.2.3.
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Figure8.2.1 Effect of reaction temperaiure on the converson of benzyl chloride in the
polycondensation reection over InCl 3 (10 %)/Si-MCM-41 cadyd.

Table8.2.3 Kinetic parameters for the polycondensation of benzyl chloride over InCl3 (10
%)/S-M CM-41 catays (reection conditions: dichloroethane/benzyl chloride moleratio =
185, cadys/benzyl chloride wt. ratio = 0.1, volume of the reaction mixture= 14 ml and
N, flow rate = 30 ml.min?).

Apparent rate congtant, k, x 16° (min') Activaion energy, E Frequency factor, A
(kcal.mol™) (min™)
60’C 70°c s’c

46.2 87.0 1481 745 607 x 10°




(min -1

100

k x 1083

a

0.0027 I 0.0028  0.0029  0.0030  0.0031  0.0032 I 0.0033
1T (K-1)
Figure8.2.2 Arrhenius plat of log k, agang U/T for the polycondensation of benzyl
chloride over InCh (10 %)/S-MCM-41 catdys.

The polycondensation of benzyl chloride is a typicad FriedeCrafts reaction. The
primary step in the polycondensation reaction seems to be the generation of stable benzyl
cabonium ion, which dtacks another molecule of benzyl chloride to form a dimer, as
follows
CeHsCHoCl + MX ® [CeHs-CHp=----Cl---- MX,] ® CgHsCH, " + T + MX, (822
CsHsCH, ¥ + GsHsCHCOl ® CoHsCH,- GeH4CH,Cl + H* (823
(wWhereM = Gaor Inand X = O or Cl and n is the no. of atloms of X needed to fulfil the
vaence requirement of M)

Once the dimer is formed, there is a competition between the dimer and the
benzyl chloride to be atacked by the benzyl carbocation. Ealier studies [12] showed that
the presence of chlorine a@om in benzyl chloride reduces its reactivity, but its effect on
dimer, timer or higher polymer is sndl and because of this the reactivity of
polymer is asumed to be much greater than benzyl chloride Hence the reection
proceeds to form polymer rather then leading to smple dimerisation. The converson vs
time curves (Figure 82.1), showing an exponettiad increese in the converdon a lower
reaction period (an auto-cataytic type nature) is consstent with the above.



8.2.2.4 Reaction Inducion Period

Induction period for the polycondensation (Teble 8.2.1) has been edimaed from
the intercept on the time axis of the benzyl chloride converson vs time curve
extrgpolated to the zero converson. The kinetic curve (Figure 82.1) shows tha the
induction period increeses with decreesng the reection temperature. The — observed
induction period may be atributed to the formation of the active complex between the
cadys and reactants; the time required for its formation a higher temperature is shorter
then that a lower temperature. It may dso be due to a lower reactivity of benzyl chloride
as compaed to its dimer or higher polymer. It may be noted that, even in the
homogeneoudy catdyzed polycondensation reaction of benzyl chloride [1], an induction
period was obsarved. Our earlir dudies of the benzene benzylation by benzyl chloride
over these cadydss [7,13] reveded tha the reaction induction period depends strongly on
the moisture.content of the reection mixture; it is increesng with increesing the moisture
content and viceversa. Further work is necessary for a clear understanding of the exact
cause of theinduction period in the polycondensetion.

8.2.2.5 Characterization of Polymer

The polymer NMR (Figure 8.2.3) shows two broad snglets [d 7.0 (4H, phendene
H) ad 38 (2H, CH,)]. The dementd andysis showed that the polymer contans 6.66.7
% hydrogen, 93.1-93.3 % carbon and only a trace amounts (below detectable levels) of
chlorine. The dementd andyss and NMR spectra of the polymer dealy show that the
polymer formed in the polycondensaion is predominantly linear Parasubdituted
polybenzyl. The average molecular weight (meesured by the vgpour pressure asymmetry
usng benzene a 28°C) of the polymer was found to be 4400+100. The polymer is a0
characterized by TG-DTA andyss in ar, which shows thet the polymer is thermdly
sable upto 42C above which it dats decomposng. The polymer is decomposed
completely a 705°C.
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Figure8.2.3 NMR spectrum of the polycondensation product.

8.2.3 CONCLUSIONS
Thiswork led to the fallowing important condusions

1

The modficstion of H-ZSM-5 by compledy or patidly subdituting its
framework Al by Ga or by deposting on it GaO; or InOs reaults in a dragtic
increee in its benzyl chloride polycondensation activity. Among the Ga- and In-
containing olid cadyss the Ga0z (or INO3)/H-ZSM-5, GaCldS-MCM-41 (or
Mont-K10) and InCl3/S-MCM-41 (or Mont-K10) cadyss showed very high
polycondensation  activity; the InCh/S-MCM-41 (or Mont.-K10) showed the
highest activity. However, these catdyss are less active than the corresponding
Fe-containing catdyss for the polycondensation and hence are more sdective for
the benzylaion of aromatic compounds by benzyl chloride.

The polycondensation reection over dl the In and Ga-contaning cataysts
folows firsd order kindics, vdid for the benzyl chloride converson in the range
of 10 % to 90 %.
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For the polycondensation reaction over InCl; (10 %)/S-MCM-41, the activation
energy and frequency factor are found to be 7.45 kca mole™ and 607 x 10° min®,
respectively.

The wolvent used a a reection medium plays an importat role in the
polycondensation. The reection rae in the different solvents is in the following
order: dichlorogthane >> nheptane >>> ethanol, which is same as the order for
the solubility of the polymer in the solvents.
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Chapter-9

SELECTIVE ESTERIFICATION OF TERT-BUTANOL BY
ACETIC ACID ANHYDRIDE OVER CLAY SUPPORTED

InCl;, GacCls;, FeCl; AND ZnCl, CATALYSTS

9.1 EARLIER LITERATURE AND OBJECTIVE OF PRESENT WORK

Recently, Nagasawa €. d. [1,2] reported the use activated basc dumina as a
cadys a mild conditions (at room temperaure under argon) for the edteification of tert
butenol by acid chlorides or acid bromides. They got a good yidd of tet-butyl ester but
the amount of catdyst redive to the reactants used by them was vey lage
(catayd/reactants wt. ratio = 21 + 04 and the reaction period was dso very long (9 -
15h). It is not of practicd interest to use such a large amount of cadys rdative to the
reectants, and moreover the removd of high molecular weight adsorbed products from
the cadys is quite difficult and expendve too. Other important drawback of their butyl
eder synthetic method results from the use of an add hdide as edeification agert,
because of which a highly toxic by-product, gaseous hydrogen hdide is produced in
doichiometric quantities. Hence, there is a nead to devdop an environmentdly benign
method for the ederification of tertbutanol usng a highly active, sdective and reussble
solid catdyst having alittle or no activity for the dehydration of tert-butanal.

In the present invedigation, we have reported the use of day supported InCh,
GaCl;, FeCk and ZnCh, paticulaly Montmorillonite K10 supported InCls, as a highly
active and reussble cadys for the sdective ederification of tert-butanol by acetic
anhydride, producing acetic acid as a by-product, at close to the room temperature.

9.2 RESULTS AND DISCUSSION

Reallts of the edeificaion of tert-butanol by acetic anhydride and dso of the
dehydration of tet-butandl to iso-butylene over the different clay supported metd
chloride cadyds ae presented in Tables 91 and 9.2, respectivdy. TOF (turn over
frequency) of the cadyds is the number of molecules of tert-butanol converted per
molecule of metd chloride present in the catayst per second.
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Table 9.1 Results of edeificaion of tert-butanol with acetic anhydride to tert-butyl acetate
over different day supported InCl;, GaCl;, FeCls and ZnCl, catdydts [reection mixture =
tert-butanol (tB) + acetic anhydride (AA) + catdyst; volume of reaction mixture = 10 cn;
t-B = tert-butanol; AA = acetic anhydride, t-BA = tert-butyl acetate; and i-B = iso-butylend].

Catalyst Catalyst/ t-B/AA Reaction Reaction Conversion Selectivity TOF

(t-B+AA) mole tempera  time(h) (%) (%) (s
wt. Ratio  ratio ture (°C)

t-B AA tBA i-B

InCl; (without 0.007 11 26 2 89.8 98.6 991 09 0.023
support)?

InCls/Mont-K10  0.028 11 26 2 914 100 9.1 09 0.025
GaCl#Mont.-K10 0.028 11 26 2 87.2 95.3 991 09 0.023
FeCls/Mont-K10 0.028 11 26 2 734 80.3 988 12 0.020
ZnCl/Mont.-K10 0.028 11 26 2 721 79.2 985 15 0.019
InCl/Mont-KSF  0.028 11 26 2 778 85.8 988 12 0021
FeCla/Mont-KSF  0.028 11 26 2 52.2 57.3 06 04 0.014
ZnCl/Mont.-KSF  0.028 11 26 2 56.7 62.1 994 06 0.015
InCls/Kaolin 0.028 11 26 2 52.0 573 96 04 0.014
GaCl4Kaolin 0.028 11 26 2 54.0 50.3 06 04 0.014
FeCla/Kaolin 0.028 11 26 2 53.0 58.0 9.7 03 0.014
ZnClJ/Kaolin 0.028 11 26 2 575 63.0 9.2 08 0.015
InCly/Mont-K10  0.027 05 26 2 100 50.6 983 17 0.017
InCls/Mont-K10  0.03 20 26 2 523 100 90 10 0.018
InClo/Mont-K10 0.14 11 9 5 86.7 95.1 982 18 0.002
InCls/Mont.-K10  0.028 11 80 05 921 100 228 772 0.098
Mont-K10 0.028 11 80 05 96.5 100 »00 100 -

#Homogeneous catalyst.

A compaison of the activity (TOF) of each cadys for the edteification and
dehydration reactions a the same temperature (Tables 9.1 and 9.2) shows that al the clay
supported meta chloride catdysts have much lower activity for the dehydretion of tert
butanol to isobutylene. The dehydration activity of dl the cadyds is very low a the
room temperature (26°C). It is, however, increased very makedly with incressing the
temperature.
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Table 9.2 tet-Butanol dehydration activity of different day supported metd chloride
caaysts a different temperatures (reection mixture = 10 ml t-butanol + 0.2 g cadys;
reectiontime= 0.5 h).

Cadyst TOF O 10 (57

26°C 50°C 80°C
InClyMont.-K10 023 1.35 11.10
GaCly/Mont.-K10 023 098 1094
FeClyMont-K 10 0.23 1.92 9.86
ZnCly/Mont-K10 011 1.80 812
InClyMont-K SF 017 1.47 6.76
FeClyMont-K SF 011 141 6.20
ZnCl,/Mont-K SF 011 1.38 6.11
InClyKaolin 017 1.78 6.20
GaCly/Kaolin 0.23 0.96 5.75
FeClyKaolin 0.11 1.69 485
ZnClo/Kaolin 017 167 4.9

For their edeification activity and sdectivity a 26°C, the caidysts are compared

in Table 9.1. The important observations made from the comparison are as follows:

All the day supported metd chloride catdyss show high sdectivity (>98%) but
they (except the Kaolin supported metd chloride cadyss) differ ggnificantly in
ther edeifiction activity. Among the cadyds the InCls/Mont-K10 shows the
best performance, giving 99% sdectivity for tert-butyl acetate e 100% and 91.4%
(dose to doichiometric) converson of acdic anhydride and tert-butandl,
respectively.

Among the different clays used fa supporting the metd chloride catdyds the
Mont-K10 is the best support for each of the med chloride catdysts and the
order for the choice of the clay support is Mont-K10 > Mont.-KSF > Kadlin. The
Mont-K10 supported metd chloride caidyds have the ederification activity in
the following order: InCls> GaClz > FeCl3 3 ZnClz.

There is no decrease but a smdl increase in the catdytic activity of InChk after
supporting it on Mont.-K 10.
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Dependence of both the converson and sdectivity on the reaction time in the
edeification over the InCla/Mont-K10 catdyst a different temperatures (9 - 50°C) is
shown in Fgure 9.1. The edeification reection is vary dow a 9PC but a higher

temperatures 3 26°C), it is quite fast. However, the observed decrease in the sdectivity

with increasing the reaction time is sharper a the higher temperatures.
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Figure 9.1 Reaction time dependent converson and sdectivity in the ederification of
tert-butendl  (t-B) by acdtic anhydride (AA) over the InCly/ Mont-K10 cadys a
different temperatures [t-B/AA mole ratio = 11 and cadys/(tB+AA) wt. ratio

002g].

The obsarved sdectivity for tert-butyl acetate (t-BA) a 50°C (96.7%) (Figure 9.1)
and paticulaly a 80°C (22.8%) a the 100 % conversion of acetic anhydride (Table 9.1)
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is sgnificantly lower then that expected from the dehydration activity of the InCls/Mont.-
K10 cadys a the corresponding temperatures (Table 9.2). This is due to the presence of
acdtic anhydride in the edteification. The acid anhydride promotes or enhances the rate
of tert-butanol dehydration in the edterification process by removing the water formed

in the dehydration. However, in the aosence of catdyd, the converson of tert-butend to
iso-butylene a 50°C ad 80°C for the reaction period of 0.5 h was 05% and 3.2%,
respectively. The cday support (Mont.-K10) itsdf shows high activity but no sdectivity in
the esterification a 80°C (Table 9.1). This is condstent with the earlier observation in the
case of Mont.-KSF [3].

Results in Figure 9.2 show tha the InCl; (L1mmd. gi)/Mont.-K10 cadys is
reussble in the reaction for severd times Even in its 5" reuse the InClyMont.-K10
cadys shows very high activity and sdectivity, indicating an excdlent reussbility of the
catays.
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Conversion of t-B and AA (%)

0 . 1 . 1 . 1 . 1
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Reaction time (h)

Figure 9.2 Reusability of InCh/Mont.-K10 catdys in the ederification reaction (reaction
conditions t+-B/AA mole raio = 1.1, caadys/(tB+AA) wt. ratio = 0028 and reaction
temperature = 26 °C). [Converson of acdtic anhydride 0, DO and O for the fresh
cadys and its 1% 3¢ and 5" reuse, respectively; conversion of tert-butanol: W, [, @
and [ for the fresh catalyst and its 1%, 3% and 5" reuse, respectively in the esterification].
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The reectionsinvolved in the overd| edterification process are as follows

Main Reaction:
(CH3)sCOH + (CHsCO),0® CH;COOC(CHs)3 + CH{COOH (9.1)
Sde Reactions:
(CH3):COH ® (CH3)LL=CH, + H,0 9.2)
(CHsCO)0 + HO ® 2CH;COOH (9.3)

Acdlic acid in goichiometric amounts is formed as a by-product in the process. However,
it has a commercid vaue and it can be converted back to acetic anhydride and recycled
in the process Thus, this process does not pose any serious problem of handing and/or
treating highly corrosve and toxic by-product, such as hydrogen hdide produced in the
process based on the use of an acid hdide as an ederification agent [1,2]. Apart from its
cleaner nature, the present process requires nuich less amount of cadyst (about 75 times
less) and dso less reaction period (over 10 times less) for obtaning the complete
converson of the limiting reactant than that required for the tertbutanol edterification in
the earlier sudies[1,2].

Other acid anhydride may adso be used for the synthesis of different tert-butyl
esters from tert-butanol, using the clay supported meta chloride catdyds.
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