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Chapter 1

Introductior



1.1. Introduction

Zeolites form an extreordinay diverse and exciting cass of advanced inorganic
materids, which are dtracting increesing atention owing to their ion exchange, molecular
geving and above dl thar wide-ranging shape-sdective catdytic properties. These in turn,
aise from ther acidity, from ther ability to accommodate a wide range of different pecies
and from their microporous crystd structure.

Structurdly, the zeolite is a cayddline duminoglicate with an extensve three-
dimensona network of oxygen atoms. Situated within the tetrahedral dtes formed by the
oxygen can be dther a S or AI"® ion. The AlO, tetrahedra in the structure determine the
framework charge. This is balanced by the cations occupying non-framework positions. If H
ions are the charge balancing species, Bronsted acid cites are generated. The AP* ion itsdf
has a tendency to acquire a par of dectrons to fill its vacant p orbitd resulting in the
formation of a Lewis acid dte. Smilaly the framework oxygen atoms in a zedlite give rise to
Lewis bascity while the —OH groups present form the Bronsted basic Sites. A representative
empiricd formulafor azeoliteiswritten as™

My O. Al,O3 . X305 . y H,0
M represents the exchangeable cation, generdly from the group | or Il ions and n represents
the cation vaence. These cdions are present ether during the synthess or through pos-
synthesis ion exchange. The vaue of X is 2 or grester than 2 because Al*® does not occupy
adjacent tetrahedrd dtes. Zeolites are synthesized hydrothermdly by the combination of
caions (both organic and inorganic), a source of dlicon, a source of duminium and water.
Different chemicd phenomena such as achievement of supersaturation, nuclegtion ad crystd
growth are found to occur during the complicated zeolite synthesis procedure’. The centrd

atoms of the tetrahedra in the zeolite lattice can be replaced in an isomorphous manner by a



large number of other tri- and tetravalent atoms (B, Fe, Cr, $, As and Ga>® in place of Al
while Ti, zr, Hf, Ga° instead of S) resulting in dtered latice constants and affecting the

catalytic properties of zeolites. The use of organic cations'*?

is an important step in the
hydrotherma synthess of dlica rich types of zeolites whose characteristic features are high
acidity, high ressance to waer and acids and high thermd dability. Amongst the large
number of organic compounds cdled templates, which control the cryddlization of new
zeolite structures, the organic amines have a dominating positiont™ *%°. Synthesis in
dcohol®® 31, ethers®® 32 and water®® are dso known. Further, important structure determining
paraneters ae the S/Al raio and the condition of the glicate present in the synthesis
mixture, which can be described in terms of the amount and degree of polymerizaion of the
dissolved silicate anions® *°.

Zeolites can be classfied on the basis of their morphologica characteristics 4338
crysta structuret*23° chemica compositiont**64°, effective pore diameter'3%4! and naturd
occurance'*3®. On the basis of ther morphology, zeolites are dlassified as fibrous, lamelar
and those having framework gructures. Depending upon the differences in the secondary
building units, structurd classfication of the zeolites has been proposed. With the addition of
new synthetic and naturd zeolites, they have grouped into ten classes. Andcime, Narolite,
Chabazite, Philipste, heulandite, Mordenite, Faujasite, Laumonite, Pentasl and Clantharate.
Zeolites are classfied as low dlica zedlites; S/AI = 215 (eg. Soddite, A X), medium dlica
zeolites;, S/AlI = 2-5.0 (eg. L, Mordenite, Omega), high slica zeolites; S/AlI = 10 to severd
thousands (eg. ZSM-5, EU-1) and dlicdites; S/AlI = severd thousands to ¥ (eg. Slicdite-1

and dlicdite-2), according to ther chemicd compostion. Zeolites are adso dassfied

according to their pore sizes, namely, smal pore zeolites 3-4.5 A (eg. Erionite), medium



pore zeolites; 45-6.3 A (eg. ZSM-5), large pore zeolites; 6.3-8 A (e.g. Y, Beta, ZSM-12, L)

and extra-large pore zeolites, ~ 12 A (e.g. VPI 5, JDF — 20).

1.2. Shape-selective catalytic properties of zeolites

Shape sdectivity is a unique property of zeolites and related molecular Seves. Weisz and
Frillette®? coined the term “Shape sdlective catalysis’ more than three decades ago. The intra-
cayddline surface area of zeolites is an inherent part of the crystad sructure and hence they
are topologicdly wel defined. As a consequence, zeolites are able to restrict or prevent the
passsge of organic molecules based on the sze and deric effects. The principles and
goplications of shape sHective cadyss have been comprehensvely reviewed and criticdly
discussed by severa authors™ . Shape sdectivity conssts of a combination of shape, size
and configuration of reectants, trangtion dtates and products with dimenson, geometry and
tortuosity of the channels and cages of the zeolite. Shape sdlectivity can occur either on the

products, or the reactants or the transition states.

1.3. Catalysis by zeolites

Zeolites have advantages over conventiond homogeneous and heterogeneous catdysts in
many goplications involving acid, acid-base, base, oxidation, reduction and polyfunctiona
caadyss as wedl as ionexchange, drying and separation processes. The important unique
properties that make them atractive as heterogeneous catalysts are®’: well defined crystline
microporous dructure, high internd surface area, high thermd gability, ease of regeneration,
ion-exchange propeties as wdl as non-corrosve and environmentaly friendly nature. As

cadyds, zeolites exhibit appreciable activity with shape sdective features not available in



compostiondly equivdent amorphous catdyss. In addition, these materids can act as
supports for numerous catayticdly active metals and metal oxides.

The industrid use of zedlites as cadysts sarted in the early 1960's with the replacement
of cracking cadysts based on amorphous aduminosilicates’®™®. As catdysts, zeolites have
found the greatest use in the hydrocarbon processng fied in petroleum and petrochemica
industries. Some magor zeolite based processes involving petroleum, petrochemical and oil
refining industries incdude sdlectoforming®®, M-forming®’, catdytic cracking®®, Jet fud
dewaxing™ and M-2 forming®®.

Compared to successful use of zeolites in hydrocarbon processng, their use in the
gynthesis of organic intermediates and fine chemicds darted in a later sage, hut the progress
of research in this fidd is ggnificant in recent years. At the beginning of the 1970's P.B.
Venuto and P.S. Landis indicated how zeolites- a that time principaly X and Y- zeolites and
mordenites could be used for the synthesis of organic compounds®®2. The discovery of ZSM-
5% and its employment as a highly adidic, exceptiondly shape sdective and thermdly stable
cadys in new technica petrochemicad processes has continued to influence and dimulate
zeolite chemidry right up to the present day. The applications of zeolites in organic reactions
have been comprehensively reviewed by many authors*®®. The potentid of zeolites in this
fild has been demonsrated for a variety of organic reactions such as akylation®’,
transalkylatior®®,  isomerizatio®® !,  hdogenation>”®,  rearangement’®,  oxidation’’,

reduction’®, condensation’® and acylatior°.



1.4. Halogenation over solid catalysts/zeolites

1.4.1. Introduction

The use of heterogeneous, solid catdysts in the manufacture of fine chemicas is an aea
of growing importance. Haogen-containing compounds conditute an important segment of
fine and <specidty chemicds. Hydrofluorocarbons and hydrochlorofluorocarbons  are
extendvely used in the refrigeration industry. Commodity chemicas like vinyl chloride
monomer (for the manufacture of PVC) and intermediates like chlorobenzenes and
chlorotoluenes are widdly used materid in the chemicd industry. Chloro compounds aso
conditute a ggnificant part of agrochemicals used as pedticides, insecticides, herbicides and
weedicides. Bromo compounds, like tetradbromo bis phenol-A, ae used as fire-
retarding/extinguishing  chemicds  lodine-containing compounds find use in  the
pharmeceuticad  industry, especidly in  thyrod gland thergpies Even though the
hydrofluorocarbons (HFCs) are manufactured using solid caidysts, many of the industria
halogenations of organic compounds are, a present, performed by free haogens ether in the
absence of catalyss or in the presence of Lewis acid catayss such as hdides of duminium
and iron (aromatic nuclear halogenations). The latter catalysts have certain shortcomings.

(1) Strict anhydrous conditions are required to avoid corrosion problems,

(2) In the case of nuclear hdogenations of aromatic compounds, the operation has to be
carried out in the absence of light to avoid Sde chain halogenation; and

(3) The hdides of iron and aduminium, being srong Lewis acids, dso cadyze other
undesrable dde reections like adkyl isomerization and transakylation or digplacement of
the akyl group by the hdogen. The latter are accentuated by increase in temperature, the
degree of subditution on the adjacent carbon atom and the acidity of the catadys. An

additiond maor handicap of the Lewis acid catdysts like FeCk or AICk, is the difficulty



of their digposd, after use in the halogenation reaction, in an environmentally acceptable
manner. The use of solid cataysts in haogenation processes will avoid corroson and
disposa problems. Work-up procedures to isolate and recover the desired product will
aso be esser leading to smpler and cleaner process routes. In addition, if zeolites are
used as the solid cadysts in nuclear haogenations, one may expect enhanced yidds of

the para isomer due to the shape selectivity of the zedlite.

1.4.2. Halogenation and halogenating agents

A comprehensve account of the properties of hdogens and ther intermediate
derivatives is given by Downs and Adams®! and eectrophilic hdogenation is reviewed by de
la Mare®?. Haogenation reactions can be, broadly, classified into two categories, namdly,
halogenation of diphatic compounds and haogenation of aromatics. Important industrid and
fine chemicds like vinyl chloride monomer, HFCs, HCFCs, CFCs, chloromethanes,
chloroslanes, fluoro- and chloro acetic and sulfonic acids etc fdl in the first category while
chlorotoluenes,  chloroxylenes, chlorophenols, chloroanilines, bromo bis phenols, the
chlorine—based pedticides and insecticides, chloramphenicol etc., bedong to the second
category. The haogen derivatives of diphatic compounds may be prepared by a vaiety of
methods. (1) By direct haogenation with dihdogen i.e. by subditution reactions (of H or
other halogen atoms) brought about by light, heet or catayss, a free radica chain mechanism
operates. In both photo—and therma halogenations, no carbon skeleton rearrangement occurs
a low temperatures and halogenations beyond the monohalo derivatives may be suppressed
by controlling the ratio of the substrate to hadogen ratio. The order of ease of subdtitution is
tertiary hydrogen > secondary > primary; (2) by the addition of halogen acids to an akene,

(3) by halogen-hadogen exchange this route is especidly important in the replacement of



chlorine by fluorine in the manufacture of fluorochemicas. And (4) by direct chlorination of
adkanes usng sulphuryl chloride in the presence of light. Mgor advances have been made in
the last decade in the manufacture of fluorodiphatic compounds required in the fine
chemicds indudry using <olid cadyds Ever snce the edablishment of a rdaionship
between ozone depletion and chlorofluorocarbons (CFCs) in the early seventies, the indudtria
production and use of chlorinated aliphatic compounds has been strongly discouraged. Hence,
most of the research efforts in the hdogenaion of diphatic compounds in recent years have
been in the discovery and use of solid catdyss for the manufacture of fluoro—and
hydrofluorocarbons.

Halogenation of aromatic compounds can lead to (1) addition compounds, (2) nuclear
substitution products and (3) side-chain subgtitution products. When trested with Ch or Br; in
presence of sunlight; benzene forms the addition compounds CgHsCls and CgHeBrs. Nuclear
subdtitution occurs in the presence of Lewis acid cadyss, like AICk or FeCls, by an
eectrophilic subdtitution mechanism. Solid acid catdysts as will be shown later can replace
these homogeneous catdysts. Side—chain hdogenation proceeds by a free radicd mechanism
and is, hence, favoured by high temperatures and light and the absence of Lewis acid
cadyss. Solid cataydts like dlica and NaY zeolite dso cadyze such haogenations. When
the aromatic ring aso contans € donaing groups like —OH or NHy, then the sde-chan
chlorination is suppressed.

A vaiety of compounds have been used as haogenation agents®®. Fluorination can be
caried out by molecular fluorine (F2), HF, fluoroxy compounds (hypofluorites such as
F.CO(CF3)s, (FO),CF; and F.OC(CFs)), XeF,, perchloryl fluoride (FCIOs) and metallic
fluorides (especidly CrFs and AlF3 or ther mixtures). Apat from molecular chlorine and
HCl, other popular chlorination agents include hypochlorous acids, t- butyl hypochlorite,

sulphuryl chloride and metdlic chlorides like InCh and SbCls. Smilaly, apat from Bry,

7



brominations can aso be caried out usng hypobromous acid (HOBr), bromine acetate
(BrOAc), t-butyl hypobromite and N- bromaosuccinimide. The iodine molecule is the least
reective of dl the molecular hdogens in effecting addition to or subditution in organic
compounds. Apat from I, other iodingtion agents like iodine chloride (ICl, mainly for

aromatic subgtitutions) and iodine acetate are aso used, commonly, as iodination agents.
1.4.3.Halogenation over solid catalysts

The beneficid effects of solid surfaces on the rates of haogenation reactions were
observed more than 75 years ago. Stewart and Edlund®® as well as Norris®* and Williums®®
sudying the bromination of ethylene on glass showed that the polarity of the glass surface

enhanced sgnificantly the rates of bromination. Studies in haogenation over zeolites are of

more recent vintage, darting from the early seventies. Holderich et a. have reviewed the
haogenation of arenes over zeolite cadysts®®. A summary of hdogerdtions over <olid
cadydsisgivenin Table 1.1

Tablel. 1 Halogenation over solid catalysts

Sr. | Reactant/ Product Catalyst Remarks Ref

No. | Halogenating
agent

A. FLUORINATION

1 1,11 Trifluoro-2- | HFC-134 a Cr/IMgO;Cr/AlL,Os; | Most active catalyst Cr | 87
chloroethane Cr/MgF,; Cr/TiO,; | MgO
(HFCF-133 @) Cr/zZrO,

2 1,1,1 —Trifluoro- 111, 2 —tetra- CrFs / MgF,-AlF; | Cr; / MgF, or AlF; are | 88
2-chloroethane fluoroethane CrFs/MgF, more active than CrF; /
(CRCH Q) Cri; / AlF; MgF,-AlF;

3 111 - Trifluoro- | HFC-134a MgO, Al,Os, AlF;, | Best activity with CrO/ | 89
2-chloroethane MgF;,TiO,, ZrO, | MgO
(HCFC-133a) or supported

chromium oxides

4 | CFC-113,CFC- Hexafluoroethane | Cr,Os; 300 — 500° C Vapour 0
1133, CFC- phase
114,CFC-114a,

CFC-115/HF
and Cl,
5 HCFC-133a HFC-134a Chromium oxide Sdlectivity to HFC —134 | 91

8




aisindependent of the

O/F ratio on the Cr
surface
6 CICH:CHF; 1333- Cr,05/ carbon 400°C 92
(chloratrifluoro- tetrafluoro- Sd =73.0%
propene) / HF propene
7 CCI;CH,CHCI,/ | 1,333- Cr,Os/carbon Sdl =28.8% 93
HF tetrafluoro-
(Pentachloro- propene
propane)
8 2-Chloro-1,1,1,2- | 11,12 - tetra- Meta cataysts/ 100- 250°C A
tetrafluoro-ethane | fluoro-ethane carbon
(CR;CHCIF) (CRCH,F)
9 CH,Cl,/ HF CH,F, Supported Cr 300-450°C 95
catalyst
10. | CH.Cl,/ HF CH,F, AlF; on a Cr-Ni Catalytic gas phase 9%
fluorination
11 | Chlorohydro- Fluoro- Chromium- 100-550°C; 97
carbons/ HF hydrocarbons hydroxide conv. =90 %
12 | Hydrochloro- Hydrochloro- Fluorinated metal | Room temp. 98
carbons/ HF fluorocarbons oxides
13 | 111-trifluoro-2- | 1,1,1,2- trangtion metals Vapour phase catalytic | 99
chloroethane tetrafluoro-ethane | on ag-AlF; fluorination
14 | SO, S,0O6F; AgF, on Copper Product yield in 100
turnings substantia quantities
15 | Fluoroakenes, Perfluorinated Supported NiF, Vapour phase, high 101
fluoroanhydrides, | liquid compounds selectivity for products
polyfluoroakenes
/',
16 | 1,1,1 Trifluoro-2- | CF,CH.F Cr,0O4 - 102
chloroethane
(CR:CH,CI) / HF
17 | CRCF,CHCI, CF;CF,CH,F halides or oxides | 280°C 103
by fluorination of Sd =73%
and reduction of Al,Cr,Mg,CaBa,
CF;CR;CHCIF Sr,FeNi,CO
18 | Chloropentafluor | Hexafluoroethane | Cr,Oz;Ni-Cr dloy | Purification of 104
oethane / HF pentafluoro
Ethane its mgjor
contaminant
19 | Acetylene/ HF Ethylenedifluoride | Al,Oz-Bi-Mn Gas phase catalytic 105
(HFC-152a) fluorination
20 | Hydrocarbon or Fluorinated Zn supported on Vapour phase 106
hal ogenated hydrocarbons auminium,Ni,CO,
hydrocarbon/HF Mn,Fe or Cu
21 | 1-chloro-1,2,2,2- 1,1dichloro-2,2,2- HF treated COCI, - 107
tetrafluoroethane | trifluoro- on Al,O;
(HCFC-124)/HF | ethane(HCFC-
and HCl 123)
22 1111 Fuoro- MeCCl;,C,Cl, or - 108
Trichloroethane/ | hydrocarbons MeCCl,Me
HF supported on SF;-




fluorinated g -

aumina
23 | CR;CHCI; or Pentafluoro- Cr,0s 350°C
CCIF,CHCIF or | ethane conv =~ 85.9% 110
CF;CHCIF or
CHF,CCIF,
24 | CF;CH,CI/HF Fluorinated Cr,0O; 350°C 109
hydrocarbons conv = 26.9%
25 | Tetrahaloethylene | 2,2-dichloro- Metd fluorideon | 250-450°C , gaseous 111
IHE 1,1,1-trifluoro- g-adumina phase
ethane,2-chloro-
1112-
tetraluoroethane
26 | Trichloro- Trifluoro- Cr-zeolite Gas - phase 112
acetaldehyde/H,O | acetaldehyde
J/HF (hemiaceta)
27. |1 111- Chlorofluoro- Fluorinated Room temp.fluorination 113
Trichloroethane/ | hydrocarbons g- dumina
HF
28 | CCl;CR/HF CFCI,CF3 Cr,05-Fe,05 320°C; conv=85%, 114
Sa=98%
29 | Perchloro- Freon substitutes | Cr,O5-MgO-Al,O; | 350°C, gas-phase 115
ethylene (R-122R-123R-
(C.Cl)/HF 124 R-125)
30 | CR,CICHCI, CF;CHCI,(R-123) | Cr,03/g-Al,O5 280°C; conv=84.4%, 116
(R-122)/HF Sel=82.6%
31 | MeCFy/F, C,F,CF, Cu-Shdloy 200°C, &d.,C,F=87.2% | 117
CF,=7.0%
32 C2C|3F3/F (CI FzC)z,CICFzCF FeF2/C 553UC, vapour pha% 118
3 C2F6
33 | CCI,CHO/HF CF;CH(OH)O- Cr,03/Al,03 250°C 119
C,Hs Cr-zeolite HF isfixed by H;BO; 221
34 | C,Clg/HF C,F,Cl, Fluorinated N,O; | 400°C,gas-phase 120
& CuCl, coated
A|203
B. CHLORINATION
35 | Ethylene/ Cl, 12— CuCl,-Al,O3 - 121
dichloroethane
36 | o-Chlorotoluene | o-chlorobenzyl - o-chlorophenyl- 122
/ Cl, chloride acetamide is obtained by
cynation and hydrolysis
of product
37 | Toluene/Cl, Benzyl chloride Composite Benzyl chloride 123
catalyst produced by direct,
catalytic and
photochlorination of
toluene
38 | Allylicsulfones | Mono or Phase-transfer High yidds 124
/ hexachloro dichlorinated catalyst
ethane or CCl, products
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39 CH3CI/HCI and CH2C|2, CHCI3 Alkai metd 360" C, conv. = 31.9 %, 125
ar chloridesor earth | sdl. for CH,Cl, = 78.8 %
chlorides or rare CHCl; =35%
earth chlorides on
g dumina
40 CH;CI/HCl and | CH,Cl,, CHCl; Cu-chloridesong | 330 Y C, conv. =10.5%, | 126
ar dumina sel. for CH,Cl, = 81.1 %
CHCI; = 5.2 %.
41 | Chlorobenzene/ | Dichlorobenzene | Slicaduming, Sd. to dichlorobenzenes | 127
Cl, zeolite, bentonite higher over zeolites
with FeCl,
42 CH,/Cl, CH;Cl S0,%/ZrO,, PY Continuous flow reactor, | 128
SO,%, ZrO,, atm. Pressure, CH,/Cl =
Fe/Mn/ SO,%/Zr0O, | 4; 200° C, Cl conv. =30
%, Sel. CH5Cl => 90 %.
43 | Trichloroacetic | Acid chloride Silica support 130°C, 5h, 129
acid Yidd =92%
44 | [14C]-UL- [14C]-UL-24,56- | Activated carbon | Tubular reactor,300°C, 130
Dicyamo- tetrachloro-1,3- Yidd=90%
benzene/C,, dicyanobenzene
(chlorothdonil)
45 Tetrafluoro- Chlorotrifluoro- Cr,0O4 150-350°C, 131
ethylene/HCl ethylene conv=52%
Sa=53%
46 | Saturated CH,Cl Cr(V1)-Cl/SO, 120°C, 132
hydrocarbons and Cr(VI)- Yidd = 30%
(CH,)/HCI Ru(lV) — CI/SO,
47 Propene/HCI/O, | 1-chloropropene MCI/PdCI,/CuCl,/ | Oxy-chlorination 133
1,2-dichloro- SO,
propane
48 CGHG or C6H4C|2 (o4 A|203 7OUC, Sl for 134
CsHsCl/Cl, para=75.5%
49 Phenol and p-and o- chloro- CuCl,/Al,O4 50°C, p-/-o chlorophenol | 135
akylphenols/ phenals, chloro- =22
Cl, akylphenols
50 m-Dicyano- Tetrachloro- Activated carbon | 280-320°C,gas-phase 136
benzene/ Cl, isophthalonitrile supported catalyst
51 | Ethylene/ClI2/air | Dichloroethane CuCl,-KCl/g Gas-phase 137
Al,Os
52 CH, or CcCl, CO/CrO, Gas-phase 138
chlorinated
CH,/Cl,
53 | Phthdic Tetrachloro- COCl,,BaCl,/activ | 320°C, 139
anhydride/Cl, phthaic anhydride | e carbon Yield=82.8 mal%
54 | Propylene/Cl, CH,=CHCH,CI LiCl/Slicagd, Vapour phase 140
AlCls,
FeCls/carborundu
m
55 CzHG/CIZ Cl CHZ'CH2C| CaC|2/A|203 Vapour pha% 141
5 | CsHsCHs/Cl, CsHsCH,CI,CsCls | Al,O3 supported 260-430°C 142
MoO;,Fe,03,CuO

and CuCl,, MoO;

1




and MgCl, on

silicagd

57 | CH,/Cl, CH,Cl Tantalum oxy- 235-300°C,higher yied 143

fluoride/Al,O5 for CH;Cl

58 | CsHe/HCI-O, CsHsCl Cr,05 400C,Yidd=35% 144

59 | Cumene/Cl, Chloro-cumenes Chemicdly Para/ortho ratio higher 145

modified silica

60 | CsHeor CsHsCl,CeHsCl,,C | Activated carbon | 250C,liquid phase 146
CsHsCH,/Cl, sHsCH,CI

61 | Propene/HCI/O, | CH2:CHCH,CI SnCl;,PrCl;,MnCl | 325-525° C, vapour 147

2, CrCl5/ALLO; phase

62 | C,H4/HCI or CICH,CH.CI CuCl,/TeO & 150-230° C 148
NH,4Cl/O, TeO,

63 Benzene/Cl, + Para- L-zedlite solvent = 1,2- 149
0, dichlorobenzene dichloroethane

64 | CsHsCI/Cl, Para- NaY para-dichlorobenzeneis | 150

dichlorobenzene the mgjor product

65 CH.,/Cl,; CH,Cl H-mordenite 3350°C, GHSV = 600; 151
CH;Cl, =4.1 sel. = 99.2%

66 | toluene/t-butyl (i)p-and o H-X, Na-X temp.25°C, conv.98%, 152
hypochlorite, chlorotoluene parasel = 82%, -
SO,Cl, (iCsHsCH,CI solvent = acetonitrile 155

67 CH,=CH-CH.Cl | 1,3 zeolite containing | 450-500°C 156
ICl, dichloropropenes | 1.5-2% ZnCl, or

TiCl,

68 | CH;CI/Cl, CH,Cl, zeolitecontg. Ag | 400°C; s&l.=97.5% 157

and Mn

69 2- 25 K-L zedlite 145-150°C for 14hrs; 158
haobenzotrichlo | dihaobenzotrichlo sel. = 89% vs 11% for
ride/Cl, ride FeCl; as catalyst

70 o-CIC¢H,F or 24- Na-Y 70°C for 4hr. conv. = 159
p-CICH,F/Cl, dichlorofluoroben 74% and sdl. = 80% vs 160

zene 55 and 70% for FeCl,

71 | C,H(/Cl, sym.tetrachloroeth | SK-400 300°C 161

anes (33.6%),
112-
trichloroethane
(25.8%),
pentachl oroethane
(15.5%)
72 | Biphenyl/Cl, 44 - K-L zedlite + temp. = 40°C; conv..= | 162
dichlorobiphenyl CICH,COOH 100%; s&l. = 96%;
dichloromethane

73 | C-C, 4-XCsH4R (R=C,, | L-zedlite 70°C; conv = 97%; sdl. = | 163
alkylbenzenes/ akyl: X=haogen) 63%; 2-/4-isomer ratio =
Cl, 0.5

74 CeHsCI/Cl, in 4-Cl,CsH, zeolite ECR-2 100°C; conv=92%; 164
presence of N, s=.=91%

75 | -ditto-/Cl, -ditto - various zeolites Gas phase 165

76 | -ditto-/Cl, -ditto - L-zeolite 3ha 70°C; sd. = 87.6% | 166

77 -ditto -/S,Cl, -ditto - Na-Y with sulphur | 100°C for 3h: conv.= 167
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compounds

64%; sel. 86%

78 | -ditto -/Cl, -ditto- L zeolite treated 100°C; conv.67%; 168
with NaOH sd. = 92%

79 CsHsCH4/Cl, 4-CICgH,CH34 zeolitewith 70°C; sd = 75% 169
CICH,COOH

80 CGH5CI/CI2 4"CI2CGH4 Na-Y with NaCl l(X)OC, conv = 78%, 170
s, = 85%

81 | CsHsR (R=Me, | -ditto- Zeolite X 97% para-sel; conv. = 153

Et, Me,CH, 92%
Me;C, Ph, Cl,
Br)/Me;COCI

82 CsHsCl/Cl, -ditto - L-zedlite 100°C; conv.57%; 171
sdl. = 88%

83 CsHsCH4/Cl, 4-CIC¢H,CH;4 L-zedlitewith 98.3% conv.; 74.2% 172

CICH,COOH para-sd.
84 -ditto-/Me;COCI | 4- and 2- X,Y,ZSM-5, 35% para 173
CICsH.,CH5 mordenite or L-
type zeolite with
amorphous SO,

85 -ditto-/Cl, -ditto- LZ-Y 52 conv. = 82%; 4-/2- 174-
isomer ratio = 1:0.85 176

86 -ditto-/Cl, 4-CICsH,CH3 L-zeolite sal. 81.4% 177

87 CsHsCl/Cl, 4-Cl,CgH, L-zeolite conv. = 66%; sal. =87% | 178

88 1,2‘CI2C5H4 1,2,4'C|3C6H3 zeolite-Y . =64.7% 179

89 CsHsCH,CeHs/ | Mono- and TSZ-500 KoA sd. for 4,4 -dichloro = 180

Cl, dichloro (KL zeolite) 34%
0 CsHs-CsHs/Cl, | 44 - zeolite L with 100°Cfor5h; sd. = 181
dichlorobiphenyl CICH,COOH 81.7%

91 CsHsCl/Cl, 4-Cl,CgH, zeolite L type very high sdl. for p- 182
dichlorobenzene

92 | CsHsCH,/Cl, 4-CICgH,CHs, zeolite containing | - 183

2-CICsH,CH; K,0 and Na,O

93 | CICH,CH.CI, chlorinated prods. | L-zedlite - 184

CH,CI/Cl,

A CsHsCH,CI /Cl, | 4-CICsH,CHCI K-L Conv=55.7%; isomer, 4 | 185
-/2- ratio = 3.53

95 4 —Chloro- 24 K-L 95°C, conv = 57.3% 186

toluene /Cl, dichlorotoluene isomer ratio, 2,4/3,4=3.5

96 1,2- Dichloro 1,24 tri- K-L + Conv=92.1%, isomer 187

benzene chlorobenzene CICH,COOH ratio,1,2,4-/1,2,3 = 14.0
97 Chlorobenzene/ | 14- K-L zeolite + 70°C; conv. = 26%: sdl. | 188
Cl, dichlorobenzene CICH,COOH = 86%

98 | Toluene/Cl, para-chlorotoluene | -ditto- conv. = 45%; sdl. = 189,
76.8% vs 44.1% and 190
32.9% resp. for FeCl,

99 -ditto- -ditto- -ditto- conv. = 58.7%; sdl. = 191
86%0; solvent = 1,2-
dichloroethane

100 | o-xylene/Cl, 4-chloro-o-xylene | K-L zeolite conv. 39% and sdl. = 194
92% vs 38.8% and 50% | 193
for FeCls

101 | m-xylene/Cl, 2-chloroom-xylene | -ditto- 80°C, conv. =38% and ditto
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sa. = 86%
102 | p-xylene/Cl, 2-chloro-p-xylene | -ditto- 80°C; conv. =41%and | ditto
sd. = 100%
103 | Naphthalene/ 1- -ditto- 80°C; conv. =27%and | 195
Cl, chloronaphthalene sel. = 95% 192
104 | para-chloro - 24 -ditto- 85°C; conv.= 50%; sol. = | 196
toluene/ Cl, dichlorotoluene 74.9%
C. BROMINATION
105 | CsHsCH4/Br, para- Na-Y Rapid deactivation; 197
bromotoluene . =81%
106 | -ditto-/Br, -ditto- -ditto- liquid phase; 198
initial reaction rates
higher than in Lewis
acids
107 | -ditto-/Br, -ditto- -ditto- s =64.2% 199
201
108 | -ditto-/Br, para- -ditto- zeolite-bromine- 202
bromotoluene oxirane system;
(98%) rapid deactivation
109 | -ditto-/Br, -ditto- y type zeolites Adsorptive bromination | 203
exchanged with di-
and trivaent cations
110 | isoprene- Brominated Na-X saturated with | Bromination in benzene | 204
isobutylene butyl rubber 45% Br, solution
copolymer (2%Br)
(Butylrubber)
/Br,
111 | Aromatics Addition prods. | Zeolites Raman spectral study 205
(CsHe)/Br>
112 | Chlorobenzene, | Bromochloro H-beta, H,SO, nuclear and sde-chain | 206
toluene, Xylenes | benzene,bromo- products
(o,m,p)/Br and | toluene,
NBS bromoxylenes
113 | 133 Octabromo- Fe powder Yied=97.2% 207
Trimethyl-1- 1,3,3-trimethyl-
phenylindan / 1-phenylindan
Br,
114 | CH,Cl,/HBr Chlorobromo- AlLO; 180-250°C 203
methane and
dibromomethane
115 | CHRJ/F, CBrF; Quartz rings 600°C, yidd=72 % 209
D. IODINATION
116 | Benzene/Hl;in CeHsl Na-X 34°C; conv. = 98% 210,
presence of O, 211
117 | Benzenell, iodobenzene Cu-ZSM-5 97.5% sdl. at 100% 212
conv.
118 | Toluene/ ICl Para- H-beta, H-K-L 90’ C, conv.ICI=51.5%, | 213
iodotoluene isomer ratio PIT / OIT
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=2.88
119 | Naphthaeneand | lodonaphthaene | K-X 250°C, conv. 214
aromatic compds | and Naphthalene = 20%
/1, and O, iodoaromatics conv.l,= 80-90%

1.4.3.1. Fluorination using solid catalysts

In generd, fluorination of organic compounds can be accomplished by various
methods™®
1) Halogen exchange

KF
RX 3%%® RF + KX  Therddive ease of replacementis| > Br > Cl

2) Replacement of hydrogen
1)->C-H + F, %%%® ->C-F + HF
2)->C-H + AgF,or CoFs %%%® ->C-F + HF
3) Direct fluorination with molecular
4) Reaction with ametd fluoride
2CoF; + F2 %% %® 2CoFs
RH + 2CoF; %%%® RF + 2CoF, + HF
5) Electrochemicd fluorination

The dectrolyss of an organic subdtrate in liquid anhydrous HF a a voltage below that
for the liberation of F, leadsto fluorinated organic products.

A mgor impetus to research in this area during the past two decades (especidly after
the 1987 Montred Protocol) has been the necessty to discover cataysts for the synthess of
dternatives  for  chlorofluorocarbons,  specifically  hydrofluorocarbons?®.  1,1,1,2 -
Tetrafluoroethane (HFC —134a; CFsCH,F) is a typica example of such a HFC dternative to
CFCs like CFC-12 (CF,Cly). HFCs can be synthesised by a variety of methods including HF

addition to olefing, hadogen exchange, isomerisation, disproportionation, chlorofluorination
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and hydrogenolysis. Solid catalysts have been reported for these reactions in both the liquid
and vapor phase processes. For liquid phase processes, homogeneous catdysts like SbXs,
BFs, TaFs NbFs and MoCls had been proposed®!’?*8, Vapor phase processes often use the
fluorides or oxyfluorides of chromium or duminium or their mixture’*®. Compared to the
liquid phase processes using homogeneous catayds, the vapor phase fluorinations are less
polluting and corrosve. The catalyst preparation involves two separate dtages. preparation of
the oxide and converson of the oxide partidly into an oxyfluoride phase usng HF or other
fluorinating agents. Oxides of chromium ether unsupported or supported on high surface area
supports like Al,O3 or MgO ae used. In the fluorination of 1,1,1-trifluoro—2- chloroethane
(HCFC-133a to HFC134a) over fluorinated chromium cataysts, Cho et a®?° reported that
converson increaeses as the cryddlinity of the chromia (both unsupported and supported on
various solids) decreases. The converson over supported chromia decreased in the order
MgO > AlLO3 > AlF; > MgF, >TiO; > ZrO,. The sdlectivity to HFC —134a was not strongly
dependent on the support type, but highest with MgO.

There are not many reports of the use of zedlites in fluorinaion reactions. Tasska and
Nakasora®®! have damed the fluorinaion of trichloroacetadehyde (CCLCHO) to
trifluoroacetaldehyde hemiacetd (CFsCH(OH)OC;Hs) over zeolites containing impregnated
chromium ions usng HF as the fluorinating agent. Boric acid was used to ‘fix’ HF (HF :
H3BO3s = 1. 2.7) to form borofluoric acid. It is probable that fluorides of chromium formed
“in Stu” in the zeolite by reaction of borofluoric acid with Cr** ions are the actud fluorinating

agents, especidly, since fluorides of chromium are known fluorinating agents 222,
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1.4.3.2. Chlorination using solid catalysts

1.4.3.2.1. Catalytic chlorination of aliphatics
Cadytic chlorination of diphatic compounds usng solid catayds is caried out in
either of two ways Electrophilic chlorination over adidic cataysts®® or oxychlorination in the
presence of dioxygen over copper—based catalysts'?:. Even though diphatic compounds can
be easly chlorinated by a radica mechaniam (in the presence of light, for example), the
reactions are rather nonsdective. When akanes containing different carbon-hydrogen bonds
ae chlorinated, dl possble monochlorinated isomeric products are obtained. Similarly,
chlorination of hydrocarbons with a single type of carbon-hydrogen bond, such as methane,
leads to a mixture of mono- and polychlorinated products. Chloromethane is an important
industrid fine chemicd. Olah e a'®® have reported the sdlective catdytic monochlorination
of methane to chloromethane over superacidic sulfated zirconia solid cataysts, like, SO4%
1ZrO,, Pt/S04%/ZrO, and FEMn/SO,*ZrO,. The reactions were carried out in a continuous
flow resctor under amospheric pressure. At 200°C with 30% chlorine converted the
sdectivity to chloromethane was aove 90% .The sdectivity could be enhanced by adding
plainum. The only byproduct was CH;Cl ,. The laiter is formed by the subsequent
chlorination of chloromethane. No chloroform or carbon tetrechloride was formed. The
authors podulated that chlorination occurs by an dectrophilic insertion of an dectron
deficient, metal co-ordinated, chlorine molecule into the GH bond of methane. One drawback
of the process was that above 225° C, part of the metal was removed as the metd chloride?®.
Formation and subsequent loss of volatile metd chlorides is one of the mgor pitfdls one
should avoid during vapor phase chlorination over solid cataysts.
The CuCl, supported on dumina-cataysed, gas phase, oxychlorination of ethylene with

HCl to 1,2-dichloroethane (ethylene dichloride or EDC) followed by the dehydrochlorination
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of EDC to vinyl chloride monomer (VCM) is a mgor indudrid process for the manufacture
of polyvinyl chloride, acommodity polymer.
H,C=CH; + 2HCI+050; %%%® CI-CH,-CH2-Cl + H,O

In a recent study of the CuCh-AlLOs cadyst system, Finocchio et a*?! discovered
that, at 250° C, while the oxychlorination reaction occurs on copper sites, the aumina surface
not covered by the copper species dehydrochlorinates the desired product, EDC, further, to

byproducts like vinyl chloride, trichloroethane and dichloroethylene.

1.4.3.2.2. Ml ecular chlorine as the chlorinating agent

Molecular chlorine is the traditiond reagent for chlorinating aromatic compounds.
However, in the absence of added catalyss, it reacts readily in an eectrophilic manner only
with activated aromatic compounds. Weskly activated or non-activated substrates are
generdly reacted with Ch in the presence of a Lewis acid such & AICk or FeCls. The Lewis
acid complexes the chlorine to form a highly polarized species, which, in its extreme form
may be represented as a chlorinium sat (CI'FeCly). It is this highly polarized complex which
is thought to be the active eectrophilic reagent.

Levina et d.%?® were one of the first to use zeolites in the halogenation of benzene. The
zeolite contained Fe** ions in cation-exchange positions. The composition of the product was
not mentioned. In 1974 Van Dijk et d.°? reported the interaction of aromatic compounds,
preadsorbed from CCl; solution in the pores of NaX, CaX or Ca-Fe-X, with molecular Cl, or
Bro.  An excess of zeolite (by wt) was used so that more than 95% of the subgirate was
adsorbed on the zeolite. After reaction with he haogen at 298 K, the zeolite was separated
from the solutions and destroyed with acid and t reaction products were extracted and

andyzed by GLC.
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Table 1.2. Chlorination with Cl, of pre-adsorbed aromatics in zeolites at 298 K (Ref.
152)

Substrate Catdyst | Conv. | Ring Sde-chan Polyhdog. | Para/
(%) | chlorination (%) | Subs.(%) (%) ortho
CsHsCHs4 none 100 21 79 - 0.6
FeCl; 92 87 5 - 0.5
CaX 54 42 7 6 5.0
FeX 93 95 3 - 1.0
CsHsCl FeCly 95 95 - - 2.0
CaX 80 76 - 4 24.0
FeX 86 85 - 1 6.0
CsHsBr FeCl; 0 838 - 2 1.7
CaX 63 68 - 0.5 23.0
FeX A 82 - 2 4.1

Both dkylbenzenes and haogenobenzenes were dudied. Alkylbenzenes gave mainly
and halogenobenzenes dmost exclusvely the para isomers.  Some representative results are
given in Table 1.2. It may be seen that the use of zeolites leads to a sgnificant increase in the
paralortho ratio. To our knowledge, these are the earliest results illudrating the beneficid use
of zeolites in controlling the regiosdectivity in haogendion reactions usng molecular
halogen.

In one of the earliest reports on the vapor phase chlorination of benzene with Ch over
zeolite catdysts, a 175° C, with a Ch:CsHg molar ratio ranging from 5:1 to 10:1, after 3 h of
resction time, Huizinga e a reported®* the formation of significant quantities of addition
products (presumably by a free radicd mechanism) rather than subgtitution products.
Contrary to expectations, the medium pore zeolite H-ZSM-5 gave more addition products
(87%) than the large pore zeolite, RE-Y (3%) as wdll as zeolite L (11%). Evidently, HZSM-
5 induces a free-radica reaction which takes place mainly on the externad surface and/or at
the pore opening of the zeolite. Also another large pore zeolite Hmordenite and slica catdyst
gave higher yidds of addition products (84% and 72%, respectively) than the subdtitution
products. Similarly, in the chlorination of toluene in the gas phas®®, a comparison of

duminoglicate, glica gd, fajeste and montmorillonite shows that the yidd of
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monochlorotoluene is 10 % higher with montmorillonite than faujaste. The paraortho ratio
of the chlorotoluenes was dso comparable over the various catadysts. These early studies
indicated that Sgnificant yidds of nuclear subgtitution products in haogenation over zeolites
ismore likely to be achieved under liquid phase conditions rather than in the gas phase.

In the liquid phase chlorination of monochlorobenzene by Ch in the presence of dkdi
cationexchanged zeolites (NaY, NaZSM-5, NaA, Na, K, Csoffreite/erionite, K-L),

Sekizava and co-workerst®%:226

reported that para-dichlorobenzene was the mgor product.
The para sdectivity was improved further on decreasng the acid drength of the zeolite by
exchange with akai caions. The zeolite was used in only cadytic quantities (1-5 wt.%).
The same authors aso reported®®® the chlorination of monochlorobenzene on various zeolite
catalysts in the vapour phase (Table 1.3).

Table 1.3. Vapour phase chlorination of monochlor obenzene with Cl (ref. 226)
MCBI/CI, = 2.0 mole/mole; 473K ; W/F = 124g-cat.nr/MCB mol

Catayst Cl, conv (%) DCB® sel (%) Para sel (%)
Na-A 16.1 96.3 68.8
H-Y 99.9 92.2 64.5
Na-Y 99.8 92.7 70.2
K-L 879 94.5 774
Na-ZSM-5 74.7 95.0 78.3
H,K-O/E 94.5 95.0 64.4
NaK-O/E 99.2 96.4 78.4
K-O/E 96.3 99.3 93.1
CsK-O/E 78.2 99.5 92.2
S0,-Al,0, 92.7 91.0 62.5
MgO 82.7 92.0 549

*DCB = dichlorobenzene
® = O/E: mixed crystals of offretite and erionite

The low activity of Na-A is probably due to its smaler pore width. Most of the reaction
occurs on the externd surface with a para sdectivity smilar to the amorphous SO,-Al,O3 and
MgO as well as homogeneous catalysts like FeCk. In the offretite/erionite series, the para
selectivity increases with the radius of the non-framework cation. The authors ascribed®®® the

high parasdectivity in K, Rb, Cs exchanged O/E zeolites (Table 1.3) to the steric effect of



the large cations (shape sdectivity) in addition to decrease of the acid strength. It is probable
that chlorination occurs by an dectrophilic subdtitution mechanism, the eectrophile being a
polarised chlorine molecule.

The criticdl role of exchanged cations in influencing the para sdectivity in the
chlorination of aromatics using Ch was later confirmed by Botta et d.1? in the chlorination of
biphenyl to 4,4 - Dichlorobiphenyl (species C, Fig. 1) in L-zeolites. This reection is dso of
dggnificant indudrid interes snce 4,4'-Dichlorobiphenyl is a precursor for some high
performance polymers.  Chlorination with conventiona Lewis acid catdyds like FeChk

gives'®? a complex mixture of mono and dichlorobiphenyls[Fig 1].

a0 O

O = =00 =00

D E

Figure 1.1. Chlorination of biphenle with Cl,: Reaction Scheme (Ref. 162)

Botta et a. performed the chlorinations with acidic and metd-exchanged zeolites of
various gructure and pore diameters.  The reactions were carried out in both the molten State
and various solvents (Table 1.4 and Table 1.5, respectively). It is obvious from the results of
Table 14 that the conventiona concept of geometry-related shape selectivity cannot be

invoked to explain the variaions in para sdectivity; zeolites of amilar pore diameter but of
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different structurd types behave in different ways. The authors concluded®? that the factors
that actudly direct the subditution are the ionic radius, charge and spatia arrangement of the
exchanged cations and their force fidds. It may be remarked from Table 1.4 that when
monochloroacetic acid is added to the reaction mixture, the para sdectivity is enhanced
sgnificantly (from 69.2 to 86.4%)

Table 1.4. Chlorination of molten biphenyl (ref. 162) with Cl,

P- 13% based on K-L zedlite

Table 1.5. Chlorination with ClI, of biphenyl at 293K over zeolite L; Influence of solvent

Product Distribution (wt%o)*
Catalyst A B C D E F Others | (B+C)
FeCl; 10 |64 9.1 13.2 154 23.7 312 155
Clay 0.1 [ 4.0 26.5 7.4 18.1 31.8 12.1 30.5
Na-X - 0.6 34.0 8.3 11.8 34.9 10.4 34.6
k-Omega - 1.2 47.0 3.2 16.5 25.5 6.6 48.2
H-mordenite - 31 45.0 24 134 27.6 8.5 48.1
H-L - 2.9 45, 6.5 7.5 25.4 119 48.7
NaK-L - 8.8 60.3 1.1 12.2 12.6 5.0 69.1
K-L - 2.7 66.5 2.2 5.0 16.8 6.8 69.2
K-L + - 2.7 83.7 04 2.1 8.1 3.0 86.4
CICH,COOH"
: SeeFig 1 for A-F

(ref. 162)2
Solvent A B C E F Others | (B+C)
CH,Cl, - 3.0 89.0 1.9 49 1.2 92.0
CHCl; 0.3 26.8 37.0 16.6 9.7 9.6 63.8
CCl, - 5.7 66.5 10.0 14.7 4.1 72.4
CH;COOH" 2.7 31.9 13.0 28.9 8.8 14.7 44.9
CsHsNO," - 19.2 29.5 18.1 4.4 28.8 48.6
CH3;CHCICH,CI 0.7 35.9 39.7 10.1 5.4 8.9 75.6
CCl;CH; 29.8 33.0 29 10.2 1.0 23.1 35.9

*SeeFig 1 for A-F
® 313K

The &bility of diphatic carboxylic acids or their sdts in sgnificantly enhancing para
chlorination during chlorinations udng K-L zeolites as catdysts had been camed earlier by
lhara chemica industry”?” in the chlorination of various aromatic compounds using Ch as the
chlorinating agent. Aromatic carboxylic acids like benzoic acid do not possess this ability. In
the chlorination of toluene, for the paa

example, isomer content amongst the



monochlorotoluenes was about 50 % in the absence of any catdyst. When a conventiona
Lewis acid catdys like FeChk, was used, the para selectivity varied between 50 and 60%.
When the same reaction was carried out in the presence of K-L zeolite and monochloroacetic
acid (about Iwt-% of =zdlite), the para sdectivity reached 74.2 wt. % a a toluene converson
of 98.3%. Other diphatic carboxylic acids like acetic acid, propionic acid, chloropropionic
acid, dichloroacetic acid, difluoroacetic acid etc or ther metd sdts dso behave smilaly in
enhancing para sdectivity. This effect was seen in the chlorination of aromatic subdtrates
containing eectron withdrawing subgituents dso.  In the chlorination of chlorobenzene with
Cl, usng K-L zeolite as the catdyst and in the presence of dchloroacetic acid, the sdectivity
for para dichlorobenzene reached 92.7 % in contrast to 60-70% obtained with conventiona
Lewis acid cadysts. Smilar para sdectivity enhancement was observed in the chlorination
of other aromatics containing eectrorn-withdrawing groups like fluorobenzene or anisole.

In the chlorination of inactivated aromatics like benzene with Ch, the formation of
addition products (rather than substitution products) is a significant festure®®*. If free radica
intermediates are respongble for this, then the addition of free radicd scavengers like O-
should lead to enhanced sdlectivity of substituted products. Nakamura et d.'*° chlorinated
benzene with CL usng K-L zeolite in the liquid phase a 343 K in the presence of . Both
the degree of nuclear chlorination and para sdectivity (amongst the dichlorobenzenes) was
increased by the presence of Q. This effect was seen both in the absence of solvents and in
the presence of solvents like ethylene dichloride.

Sngh e ad.'%1% have recently studied, in detail, the sdective chlorination of
toluene'®*19!  ngphthdene’®® and ortho, meta and para xylenes'™®® with Chb using zedlite
cadyss in the liquid phase. Chlorotoluenes are used as intermediates in the peticide,
pharmaceutical, peroxide and other industries’?®24°. The mgjor use of parachlorotoluene is in

the manufacture of para chlorobenzotrifluoride, a key intermediate in the manufacture of
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dinitroaniline and diphenyl ether herbicides. In the presence of conventiond homogeneous
cadyss like TiCly, SnCly, WCls, ZrCls, FeCls etc, the sdectivity for para-chlorotoluene is
rather poor Chlorination of toluene over various zeolite catadysts usng Chb is shown in Table
1.6'%°, Singh et d. found that the para selectivity decreased in the following order: K-L (with
CICH,COOH) >> K-L (without CICH,COOH) >> HK-L = K- Beta > K-Y > K-X = K-
Mordenite = K-ZSM-5 > FeClz > no catalys.

Table 1. 6. Chlorination of toluene over various zeolites” (ref. 190)

Catalysts Unconverted Yield (wt%o) p/o” isomer

toluene raio

(wt%)

PCT OCT |BC others

K-ZSM-5 56.4 16.1 23.3 2.6 1.6 0.69
K-mordenite 57.3 15.2 219 39 1.7 0.69
K-X 60.0 11.0 16.0 111 1.9 0.69
K-Y 55.5 18.1 23.2 2.3 0.9 0.78
K-beta 55.5 20.4 23.6 0.5 - 0.86
K-L 55.0 335 10.1 1.4 - 3.32
K-L® 547 27.1 154 2.1 0.7 1.76
H.K-L 59.2 17.7 20.2 0.7 2.2 0.87
FeCl, 55.9 11.7 239 5.6 2.9 0.49
None 515 0.5 1.2 45.0 1.8 0.42

“Reaction conditions. Catalyst = 5g/mol toluene: reaction temperature (K) = 353;
CICH,COOH/catalyst (by weight) = 0.2; toluene = 0.32 mal; Cl, flow (mol)/h = 0.04

°PCT: para-chlorotoluene; OCT: ortho-chlorotoluene; BC: benzyl chloride; others:
polychlorinated toluenes (di-, tri-, and tetrachl orotol uenes).

‘plo=PCT/OCT

“Reaction in the absence of CICH,COOH

The above order does not correae, in any smple manner, with the pore width of
zeolites confirming the results of earlier sudies (Table 1.4) that the conventional concept of
geometry-related shape sdectivity done cannot be invoked to explan the vaidion in para
sdectivity in chlorination reactions over zeolites. This crucid point is brought out in more
detail in Table 1.7, which illugrates the mgor influence of solvents on the para sdectivity in
the liquid phase chlorination of toluene with Ch over a single K-L zeolite'®®. The ratio of para
to ortho isomer varies six fold (from 0.65 for CHCk to 4.05 for CICH,CH»Cl) a samilar

converson levels and reection conditions over the same catays and chlorinating agent.
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Fectors like the competitive adsorption, diffuson and counter diffuson of subdrate vs.
solvent and ChL in the zeolite evidently play a mgor role in determining the sdectivity. Para
sectivity in liquid phase haogenations over zeolites cannot be predicted in a smple manner

from the pore Sructure or the nature/ content of the exchanged cation, nor from, gas phase

adsorption/diffusion Sudies.
Table1.7. Solvent effect in the chlorination of toluene over K-L zeolite® (. ref. 190)
Solvents Reaction | Unconverted Yied (wt%)’ plo
temp toluene (Wt%) ratio
()
PCT | OCT |BC Others
CH,Cl, 40 48.0 216 215 8.6 0.3 1.00
CICH,CH,CI | 80 48.5 393 |97 1.6 09 4.05
CICH,CH,CI | 40 53.8 181 22.0 04 5.7 0.82
CHCl; 55 59.0 171 18.6 3.8 15 0.92
CHCl; 40 52.9 14.7 22.6 3.6 6.2 0.65
ccl, 70 56.3 324 10.1 0.8 0.4 321
CCl, 40 514 19.2 21.2 7.8 04 0.90
No solvent” 80 55.0 335 10.1 14 - 3.32
No solvent 40 554 174 16.5 8.0 2.7 1.05

®*Reaction conditions; catalyst = 10g/mol toluene; CICH,COOH/catayst (by weight) = 0.2
toluene = 0.16 mol; solvent = 15ml; Cl, flow (mol/h) = 0.04

P°See footnotes to Table 1.6

“Reaction conditions are the same as those given in Table 1.6.

4-chloro ortho xylene is a desred indudrid intermediate in the production of
thermoplagtics, pharmaceuticds and agrochemicas. Lewis acid cadyds, like AICk, FeCls
and SbCls produce a large amount of less valuable products like the 3chloro isomer as wdll
as the polychloro xylenes**®24°. The results of the chlorinations of ortho xylene with Ch in

the liquid phase over various zeolite cataysts are shown in Table 1.8

At comparable
conversion levels there is a tenfold increase in the sdectivity for the 4-chloro isomer over
the K-L zedlite (4-Cl/3-Cl isomer ratio = 11.73 compared to 1.2 in the absence of catayst).
The authors found following decreasing order for the 4-Cl/3-Cl sdectivity over various
zeolite catalysts'®® K-L >> K-X > K-beta > K-Mordenite > K-ZSM-5 = slicagd > Hk-L >
no catadyst > FeCk. This order is different from that seen ealier for the chlorination of

toluene (Table 1.6) even though K-L zeolite isthe most sdective in both cases.

25



Table 1.8. Chlorination of o-xylene over various zeolites” (ref. 193)
Prod.(wt%)

Catalyst SO,/ | K7 exch. | oxyl. |4Cl- | 3-Cl- 2- others | 4/3
A|203 (%) (%) OoX OoX MBC

No catayst - - 61.6 13.2 10.7 52 9.3 12
Silicagd - - 65.2 19.7 13.8 0.2 11 143
FeCl; - - 61.2 16.1 16.1 - 6.6 1.00
K-ZSM-5 41.0 96.0 63.3 20.3 14.1 0.3 2.0 144
K-Y 4.1 92.8 59.2 21.2 14.2 0.6 4.8 149
K-mordenite | 22.0 89.8 57.7 24.5 15.8 0.3 1.7 155
K-beta 32.7 85.9 59.8 24.0 14.7 0.4 1.1 1.63
k-X 2.4 92.6 58.8 17.3 9.8 3.8 10.3 176
H-K-L 6.3 234 56.5 23.0 179 0.3 2.3 128
K-L 6.3 98.6 60.6 35.2 3.0 0.1 11 11.73

®Reaction conditions. catdyst = 21.2g/mol exylene; reaction temperature = 80°C; o-xylene = 0.08
mol; solvent (CICH,CH,Cl) = 30ml; Cl, flow = 0.04 mol/h

"Degree of K*-exchange (%) = 100 x moles of K/moles of Al

°4-Cl-ox, 4-chloro-o-xylene; 3-Cl-ox, 3-chloro-o-xylene; 2-MBC, 2-methyl benzyl chloride; others,
polychlorinated-o-xylenes (di-, tri-, and tetra-chloro-o-xylenes).

The influence of solvent and temperature in the chlorination of ortho xylene
over K-L zeoliteis shown in Table 1.9'%.

Table 1.9. Influence of solvent in the chlorination of oxylene over K-L zeolites® (ref.
193)

Product (wt%)
Solvent React. oxyl. | 4-Cl- 3-Cl- 2-MCB | others 4/3
temp. (°C) OX OX

CICH,CH,CI 80 60.6 35.2 3.0 0.1 1.1 11.73
CICH,CH,CI 40 58.3 2-6.7 |10.3 0.2 4.5 2.59
CHCl; 40 58.8 26.6 11.3 0.4 29 2.35
CCl, 70 58.6 304 8.4 0.3 2.3 361
CCl, 40 58.0 21.3 159 0.5 4.3 134
No Solvent® 80 56.8 24.5 121 5.3 1.3 2.02
No Solvent® 40 55.6 24.6 129 3.8 31 191

Reaction conditions as in Table 1.10.
®Abbreviations as in Table 1.10.
“Reaction conditions: catalyst = 5.7g/mol o-xylene; o-xylene = 0.28 mol; Cl, flow = 0.04 mol/h.

The sHectivities are compared a Smilar converson levels. The 4Cl/3-Cl isomer réio
increases twofold (1.34 to 2.59) when the solvent is changed from CCl, to CICH,CH.Cl at
313 K. However, a more dramatic five-fold increese in sdectivity is seen when the

temperature is increased to 353 K (2.59 to 11.73, Table 1.9) a the same conversion levd. In
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other words, in addition to its effect on the rate of chlorination, temperature dso affects the
regiosdectivity of chlorination, probably, through its influence on the solubility of Ch, the
relative adsorption, diffuson/counter-diffuson of subdtrate/solvent molecules, etc. Negligible
quantities of dde chan chlorination products were seen in these reactions. A amilar trend
was aso seen in the chlorination of meta- and para- xylenes.

The sdective monochlorination of polynuclear aromatics, like ngphthdene, with Ch
in the liquid phase, over zeolite cataysts has been reported by Singh and Kumar'®? (Table
1.10).

Table 1.10. Chlorination of naphthalene® (ref. 192)

Prod. (wt%)
Catalyst/ SO,/ALO; | K*exch.” | Naph. 1-CN | 2CN |PCN | 1-CN + 2
(%) Conv. % CN
K-ZSM-5 41.0 96.0 321 [763 |56 18.1 81.9
K-L 6.3 98.6 279 |876 |76 4.8 95.2
K-beta 32.7 85.9 311 [871 |76 5.3 947
K-Y 471 92.8 266 | 768 |61 17.1 82.9
K-X 2.4 92.6 305 [626 |47 32.7 67.3
FeCl, - - 281 [721 |54 225 775
slicagd - - 350 |751 |35 21.4 78.6
no catalyst 303 [493 |70 43.7 56.3

eaction conditions. catalyst 25. 4g/m0| naphtha ene; reaction temperature = 80°C; naphthalene =
0.06 mole; solvent (CICH,CH,Cl) = 30 ml; Cl, flow = 0.03 mol/h
PK* -exchange in zeolites (%) = 100 x moles of K/moles of Al.
1-CN = 1-chloronaphthaene; 2-CN = 2-chloronaphthalene; PCN = polychloronaphthalenes

Monochlorongphthalenes ae used in  dyes, fungicides, insecticides, wood
preservaives and as ingredients in specid cleansng agents.  Lewis acid catayds (AICk,
FeCls, SbCls) have traditiondly been used producing 1-chloronaphthaene and large amounts
of polychlorinated nephthadenes. The chlorination of molten ngphthdene with  molecular
chlorine in the absence of any catdys adso reaults in the formation of a large amount of
polychlorinated products. The use of FeCk as a catdyst leads to a sdectivity of aout 75 %
for monochloronaphthaene°

The reaults in Table 1.10 show that using zeolites like K-L or K-beta a sdectivity for

monochloronaphthaene up to 95 % (87 % of which conssts of the Xchloro isomer) can be
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achieved. The corresponding values for FeCk are 77.5 and 72.1%, respectively. This is a
sgnificant yidd/sdectivity advantage over and above other process advantages like ease of
catayst separation, product recovery, absence of acid dudge disposal, handling of corrosve
materid, etc, when compared to the conventiond processes usng FeClk/AlICk/ShCls
catayds.

Miteni (Italy), Ihara Chemicas (Japan) and Toray (Japan) utilize zeolite catdyds in
the synthesis of monochlorotoluenes (lhara)!’* and dichlorotoluenes (Miteni and Toray). The
latter process involves chlorination, isomerisation and separation and includes recycle of
unwanted isomers. In the isomerisation towards the equilibrium mixture, Toray researchers
use' > "®id-type MFI zeolites for isomerisation of chlorotoluenes and dichlorobenzenes and
mordenite for isomerisation of dichlorotoluenes.

More progress has been reported on the hdogenation of aromatics over zeolite
cataysts. Jang et d.'?’ studied the vapour phase catalytic chlorination of chlorobenzene using
vaious 0lid-acid catdysts such as dlicaduming, duming zeolites and modified day
(bentonite) impregnated with FeCls, The sdectivity to dichlorobenzenes was higher over the
zeolite catalyds.

1,2,4-Trichlorobenzene (1,24-TCB) is used as a dye carier (via 245
trichloronitrobenzene) in the production of dyes 124-TCB and 1,23-TCB (1,2,3-
trichlorobenzene) were the primary products, while smal amounts of tetra and penta
chlorobenzenes arise from secondary consecutive reections of trichlorobenzenes®™!. Zeolite K-
L and K-beta exhibit comparable activity and sdectivity. Further, the sdectivity for 1,24
TCB is grongly enhanced by the addition of CICH,COOH to K-L (1,24-TCB/1,2,3-TCB =
150). A smilar effect was aso reported earlier in the chlorination of biphenyl'®?. Compared
to FeCl; catdyst (1,2,4-TCB/1,2,3-TCB = 21), dl zedlite cadyss show higher sdectivity for

1,2,4-TCB.
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The liquid phase chlorination of para-chlorotoluene®®® (4-CT) over zeolites H.K-L, K-
L, K-beta, K-mordenite, K-ZSM-5, K-Y, K-X and in the absence of the catayst at 353 K
produces a mixture of 2,3-dichlorotoluene (2,3-DCT), 2,4-dichlorotoluene (2,4-DCT) and the
dde-chan chlorinated product (a,4-DCT). Zeolites H.K-L, K-L and K-beta produce
predominantly nuclear chlorinated products while K-ZSM-5, K-mordenite, K-Y and K-X
exhibit mainly the sde chain chlorinated product. The later was dso the main product in the
absence of zeolite. The highest yidd of a,4-DCT was observed over the zeolite K-X. The
results confirm that zeolite K-L is more active and sdective than the other zeolites.

The oxychlorination and oxybromination, under near-ambient conditions, of benzene,
toluene, phenal, aniline, anisole and resorcinol, using as cadyss the phthaocyanines of Cu,
Fe and Co encapsulated in zeolites X and Y were reported by Rga and Ratnasamy?®2. Both
H.O, and O were used as oxidants. HCl and akali chlorides/bromides were used as sources
of haogens. The metd phthdocyanines wherein the aromatic rings were subgtituted by —Cl or
NO, groups were more active. There was a dramatic increase in specific activity when the
complexes were encgpsulated in the zeolites The oxyhaogenation of both the arométic
nucleus and the akyl dde chan occurred. Okxidation of the aromatic ring (to phenols or
cresols, for example) did not occur. Alkyl sde chains, however, were oxidized by the oxidant
H,O, or O, to dcohols, ketones and acids. Halogen molecules, formed by oxidative liberation
from the corresponding hydrogen or dkdi hdides, hydrogen peroxide, were presumably the

ha ogenating agents.

1.4.3.2.3. other chlorinating agents:
Apart from Ch, other chlorinating agents like SO,CL**%7, tbutyl hypochlorite 22,

PhICL in trifluorcacetic acid®®, dkyl and acyl hypochlorites™®, CLO?° and N-
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chloroamines™!2%* _amides and sulfonamides™® have aso been used to chlorinate aromatic
substrates. Delaude et d.?® have recently reviewed the chlorination of organic compounds
usng SO,Cl, and t-butyl hypochlorite over solid caidysts. One advantage of sulphuryl
chloride, especidly in the lab, is that being a liquid, it is more easly handled than Ch. It s,
however, less reactive than ChL and reacts readily only with activated substrates such as
phenols. At low temperatures, SO,Cl, itsdf acts as an eectrophile®* 7. At higher
temperatures it may decompose to SO, and ClL. The latter may, then be the true chlorinating
agent.

Delaude and Lasz0?®® found that zeolites catdyze efficiently both the ring and side-
chain aromdtic chloringion by sulphuryl chloride.  They demondraed that while faujestes
with dgnificant BrOngted acidity favour nuclear chlorination by an dectrophilic mechanism,
the non-acidic NaX favoured the free radical chlorination of the sde chain. The latter is
enhanced by the presence of light or a radicd chain initiator. The Sde chain sdectivity (in the
chlorination of toluene, for example) sems from the grester sability and lifetime of benzyl as
compared to phenyl radicds. The dectrophilic ionic mechanism, on the other hand, will be
favoured in polar solvents which fadilitate the formaion of ion-pairs, such as CI'FeCl, tha
ae responshble for the regiosdective chlorination. In an effort to achieve a clean, sdective
sde chan chlorinaion of toluene avoiding ring chlorinaion, Ddaude and Laszd0®® found
that duminium-rich zeolites like NaA, Na-X and NaY, gave very high (about 80%) yidds of
benzyl chloride.  The yidd of chlorotoluenes was negligible (0-0.3%). Photochemica
irradiation and high temperatures enhanced the yidd of benzyl chloride ill further.  Free
radical traps like Oy, I or benzoquinone suppressed the reection thereby confirming that the
sde-chain haogenation, indeed, proceeded by a free radicd mechanism. Among the smdl
amount of chlorotoluenes, the ratio of ortho to para isomer was 58:42. The rdative rates of

chlorination of subgtituted toluenes followed the following decressng sequence p-
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CH3CgH4CH3 > CgHsCH3 > p-CICgH4CH3 > mCNCgHsCH3s > m-ClCeHsCHs > p-
CNCgH4CH3

Table 1.11. Chlorination of toluene by SO.Cl» over Na-X - Influence of solvent (ref. 266)

Solvent Yied %
Sde-chain ring ortho:para

CH,Cl, 81 0 -
CHCl; 78 0 -
Cccl, 74 0 -
CsHs 83 0 -
CsHsCl 79 0 -

CS; 70 0 -
CH3NO, 1 55 5347
CsHsNO, 3 35 54:46

Conditions: Reflux for 1 hr; toluene/SO,Cl, = 2 (mal)
Nuclear chlorination of toluene vis-a-vis Sde chain chlorination can be favoured ether

by increesng the polaity of the solvent or the Bronged acidity of the zeolite In the
chlorination of toluene with SO,Cl, over Nax?®, it was found that the use of polar solvents
like nitromethane or nitrobenzene dramaticdly increased the nuclear chlorination (Table
111). In the absence of any added solvent, exclusve sde chain chlorination took place.
Smilaly, increesng the Bronded acidity of the zeolite (exchanging the dkdi cation for
dither H" or Fe**) enhanced®®® the nudear chlorination (Table 1.12)

Table 1.12. Chlorination of toluene by SO,Cl, over zeolite X - Influence of Brénsted
acidity (ref. 266)

Catayst Yield %

sde-chan ring ortho:para
NaX 80 0.2 59:41
HX 23 22 58:42
Fe(l11)X 0.5 12 59:41

Conditions. Reflux for 30 min; toluene/SO,Cl, = 4(mal); no solvent.
The use of tert-butyl hypochlorite as the chlorinating agent for para-sdlective

chlorination of monosubgtituted benzenes (CsHsR) in the presence of H-NaX zeolites was
reported by Smith e a in 1985 (Table 1.13). There is a distinct enhancement in para
sectivity with the zeolite catdys.  Acetonitrile was found to be especidly suitable as a

solvet in chlorinaions usng tert-butyl hypochlorite as the chloringing agent. The
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chlorination was mog effective for akyl-, phenyl and haobenzenes giving high para
sdectivity indl cases.

Table 1.13. Chlorination of CsHsR with t-butyl hypochlorite over H-Na-X. Comparison
with homogeneous reaction (ref. 153)

R Yidd % (pto) | paralortho Homogeneous®
para/ortho/meta

CH; 100 82/18 42/58/0

C;Hs 100 90/10 48/52/0

i-C3H- 0 80/20 63/37/0

t-C4Ho 9 98/2 76/22/2

CsHs 86 86/4 50/50/0

Cl 9% 97/3 53/39/6

Br 75 97/3 55/42/6

a Solvent for zeolite catalyzed reactions is acetonitrile
® Chlorination in the homogeneous phase was carried out with Cl,/CH;COOH.

Benzenes with deactivating subdituents (for example benzonitrile, benzoic acid,
methyl benzoate and nitrobenzene) could not be chlorinated even a eevated temperatures.
Phenols reacted with t-butyl hypochlorite even in the absence of the zeolitee Hence no
regiosdectivity was observed. Smilarly anisole was chlorinated in acetonitrile a the same
rate whether in the presence or abisence of a catdyst. However, in this case, consderable
regiosdective control was possble using HNaX in CCl, to give a paralortho ratio of 82/18.
When dlica was used as the catdyd, the ratio was 70/30. One digtinct advantage in using t
butyl hypochlorite as the chlorinating agent in the presence of zedlites is that, snce no HCl is
evolved as a by-product of the chlorination reaction, Structurad damage to the zeolite (due to
the extraction of Al from the latice framework postions) is minima. That the chlorination
reaction was occurring ingde the pores of the zeolites was indicated by the fact that larger
cydds of the zeolite produce higher sdectivities (94% para in the chlorination of toluene)
under otherwise comparable conditions®®’. The reaction mechanisn probably involves t-butyl
hypochlorite oxonium ions?%8:2%°.

Photochlorination of nrakanes adsorbed on pentasil zeolites usng UV light (from a

low pressure Hg lamp) as the chlorinating agent was investigated by Turro e a®®°. Very
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intereingly, the sdectivity for the monochloringtion of the termina methyl groups was 20-
fold greater in the presence of the zeolites compared to the sdectivity observed when the
same reection is carried out in a homogeneous solution. This enhanced sdectivity was found
to be a function of the percent loading of the akane on the zeolite, the zeolite's dlicon to
duminum rdtio, the percent converson of the sarting materiad and the water content of the

zeolite,

1.4.3.3. Bromination using solid catalysts

The reactions of bromine and other brominating agents with organic compounds

70. 271 The differences are due to: (1) the larger size of

generdly resemble those of chlorine?
bromine compared to chlorine leading to a greater influence of deric effects on product
formation; (2) the greater ability of bromine to bear a podtive charge; (3) the wesker C-Br
bond (compared to C-Cl bond); molecular bromine is, hence, less reective than Ch. De la
Vega and Sasson272 had reviewed the literature on the bromination of arometic compounds
over zeolite cataysts upto 1988. Non-zeolitic catdyds (like (FeCk) exhibit a low paa
sectivity’’?. By contrast, zeolites exhibit a much higher para-sdectivity (Table 1.14,
[ref.272])

Table 1.14. Bromination with Br, catalyzed by zedites (ref. 272)

Zeolite Substrate Phase paralortho Yield (%)
Fe-X Toluene lig. 4.1 21
Fe-X CsHsCl lig. 33.0 58
Y CeHs gas 11.0 100
LZ-Y CsHsBr lig. 19.0 76
Ca-Y-82 CsHsBr lig. 16.5 77
Ce-Y-89 CsHsBr lig. 26 91

In 1966, Levina et d.?%> 2> 24 showed that bromination of benzene is catdyzed by Fe-
containing zeolites. In 1974, Van Dijk et a™? reported the liquid phase bromination of akyl
and hal ogenobenzenes with Bro/CCly using NaCaX and NaCaFeX zeolites.
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Table 1.15. Bromination of halobenzenes with Br, over zeolite X (ref. 274) at 298 K

Substrate Catdyst Conv. (%) p/oratio
CsHsCl FeCl; 89 7.0
CsHsCl CaX*® 9% 106.0
CsHsCl Fe-X" 58 33.0
CsHsBr FeCl; 9% 3.8
CsHsBr Ca-X® 91 80.0
CsHsBr CaX’ 59 11.0

%excess zeolite
Pcataytic amounts of zeolite

When the aromatic compound was completely preadsorbed in the pores of the zeolite
(excess zeolite) before contact with Bry/CCls, high paraortho ratios were observed.
However, when using these zeolites in cadytic quantities, much lower conversons and
paralortho ratios were observed®* (Table 1.15). In the bromination of akylbenzenes in the
presence of excess zeolite X, no sde chain haogenation took place. The enhancement in para
sdectivity was diminished at higher temperatures.

Wortel et d.?% sudied the bromination, by Br,, of halobenzenes a 298 K in the
presence of Y-type zeolites, partidly exchanged with di- and trivaent caions. Cadyst
activity and paralortho ratio depended upon the crysalinity of the zeolite, type of cation, the
extent of cation exchange, the activation temperature, the solvent and the amount of catdyst
used. In al cases, the paralortho ratio was substantidly higher than in the absence of cataysts
or conventiond caayss like FeCk. Catadys deactivation by HBr, liberated during the
reaction, was suppressed by adding NaHCOs; and zedlite K-A. The highest paralortho ratios
were obtained in a solvent-free system. The authors consdered that the active Stes were the
BrOngted acid sites of the zedlite:

Zeol-OH + Bry %%%® Zeo-OBr + HBr
The activities of different NaCaY zeolites could be corrdated with their acidity, which was
mainly of the Bronded type. The order of resctivity decreased in the following order: toluene

> benzene > fluorobenzene > chlorobenzene > bromobenzene. Both dectronic and seric



factors determine the rate of bromination. The larger sze of bromine (compared to chlorine)
leeds to a lower extent of ortho subdtitution. In an degant example of the shape sdectivity of
zeolites in the competitive addition of bromine (in CCly) to a straight chain and cyclic dkene
(2-octene and cyclohexene, respectively), Smith?®” reported that, under conditions when the
reaction occurs indde the pores of a zeolite, the linear dibromooctane was formed to the
extent of 83%. Its concentration was only 35 % in the absence of the zeolite. An interesting
festure of the results of Wortd et d.?%® is the catdyst deactivation by HBr, liberated during
the reactions, and its suppression by addition of NaHCO3; and zeolite K-A (Table 1.16). The
former absorbs the HBr liberated (by conversion of HBr to NaBr) and the latter (K-A) by
sectively absorbing the H,O formed in the reaction of HBr with hydrogen carbonate. In the
absence of the additives, there was a decrease in the activity and p/o sdectivity of the zeolite
catalysts both during the bromination reaction and on reuse.

Table 1.16. Bromination of bromobenzene by Br,/CCl, over zeolite catalysts - Influence
of NaHCO3/K-A zeolite absorbants (ref. 203)

Catayst additive Conv.after 5 hrs p/oratio
(%)
Na-Y none 12 14.0
Na-Y NaHCO; , KA 37 19.9
Na-X none <2 21.7
Na-X NaHCO; , KA 4 159
Ca-X none 13 9.5
Ca-X NaHCO; KA 33 13.2

Reactions at 298K ; C¢HsBr/Br, = 0.67 (mole)
In an atempt to find a better HBr scavenger without the formation of H,O or solid

sdlts, de la Vega and Sassor?”® found that propylene oxide addition dramaticaly improved the
sectivity of NaY zeolitecadyzed toluene bromination to yidd dmost pure p-
bromotoluene (98 %). In the absence of propylene oxide the initid rate of bromination was
gpproximately double but the para-sdectivity was only 81 %. In more recent studies on the
bromination of toluene in a bromine-propylene oxide-zeolite systen?’®2’® de la Vega et 4.

found that the sdectivity to the para bromotoluene increases due to two factors fird, the
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propylene oxide deactivates the Sites located on the external surface of the zeolite and second,
a bromine-oxirane complex is formed that is less active and bulkier than bromine.  The
increased bulkiness of this complex leads to an increase in Seric redriction within the zeolite,
which favours the formation of the para isomer. A mgor disadvantage of the sysem was the
rapid deactivation of the catalyst due to epoxide polymerization on the catayst surface.

In addition to their influence on paralortho sdectivity, zeolites affect the rates of
bromination adso; de la Vega and Sassorf’? had compared the initid rates of bromination of
toluene on various zeolites with that observed in the absence of zeolite The conversion, yidd
and paralortho isomer ratio levels were smilar.  Zeolites had a catalytic effect on the reaction,
increasng the initid rates 3 to 20-fold times in comparison with the uncatalyzed reaction. For
example, initid rates of bromination of toluene over NaY, LZY-52, 5A, NaX and in the
absence of any catayst were 0.98, 0.37, 0.14, 0.32 and 0.05 (mol/min g cx.) x 103
respectively. In addition to the sructura type of the zeolite, the charge of the exchanged, non
framework cation adso exerts an enormous influence on the rates of bromination (Table 1.17,
ref.[272]). The initid rates are compared a Smilar converson and yidds. The concentration
of benzyl bromide was dso negligible.  The increese in the initid rate on going from the
monovaent (N&, Li*) through the divaent (CU**, Ca?*, Co?") to the trivdent ions (La>*, Fe*")
is quite griking.

Table 1.17. Initial rates of bromination of toluene over Y-type zeolites - Influence of
non-framework cation (ref. 272)

Zeolite Caion | Na Exchange Initid rates”
charge (%)

ortho para Total p/o
NaY 1 - 0.34 0.64 0.98 188
Li-Na-Y 1 89.1 0.71 1.36 2.07 195
Cu-Na-Y 2 81.8 143 2.60 4.03 182
Ca-Na-Y 2 56.6 154 3.79 533 243
Co-NaY 2 454 2.03 347 550 172
La-Na-Y 3 519 6.50 18.9 25.4 291
Fe-Na-Y 3 53.7 9.20 14.7 23.9 159

% (mole/min/g cat.) x 10°



H-beta is cadyticdly active in the bromination of chlorobenzene to the 4- and 2-
bromo derivatives’’®. The solid catayst is less active but more sdective to the 4- bromo
isomer than H,SO,4. There was no converson in the absence of the catadyst. The conversion of
NBS, rate of NBS converson and isomer ratio (4-BCB/2-BCB) over H-beta is 11.2 wt.%,
0.61 mmol g*ht and 7.0, respectively.

The bromingtion of toluene with NBS over H-ZSM-5, H-mordenite, H-beta, H-Y,
conventiond catayst H,SO, and in the absence of any catdys yidd 2-bromotoluene, 4-
bromotoluene and the side-chain product, a-bromotoluene®”. Zeolite H-beta and H,SO4,
produce predominantly the bromo aryl products while HZSM-5, Hmordenite and HY yidd
manly the gde-chan brominated product in the bromination of toluene. Zeolite H-beta is
more para selective (para / ortho = 5.5) than other cataysts. The acidic HY gave a higher rate
of N-bromosuccinimide converson for the sde-chain product. H,SO, is found to be more
active but less para sdlective than H-beta.

The bromination of xylenes (o-, m, p-) with NBS over H-beta leads to nuclear as well
as dde-chain products whereas H,SO, exclusvely gave nucdear products. A higher yied of
consecutive reaction products is adso obtained over H,SO4. In the absence of any catalys,
only the sde-chain products from the corresponding xylenes are obtained. The bromination of
o-xylene over zedlite H-beta leads to the formation of 3bromo-o-xylene (3-BOX), 4bromo-
o-xylene (4-BOX) and a-bromo-o-xylene (a BOX). With m-xylene the reection gives 5-
bromo-m-xylene (5-BMX). Smilaly, brominaion of p-xylene gave manly a dgnge
monobrominated product, 2-bromo-p-xylene (2-BPX). Some amount of a- bromo-p-xylene is
adso detected in the bromination of p-xylene. The measured product ratio of 4-BOX/3-BOX

and 4-BMX/2-BMX are found to be 5.14 and 2.73, respectively.
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The sdective para-bromination of phenyl acetate over the sodium forms of zeolites X
and Y has, recently, been reported by Smith et a.?%°. The remova of the HBr formed by the
sodium ions prevents the formation of phenol. Bases, acetic anhydride and some meta

acetates also improve the selectivity.

1.4.3.4. lodination using solid catalysts

lodination by molecular iodine in the liquid phase occurs only with phenols and
anilines due to the week dectrophilicity of iodine. However, in the presence of oxidizing
agents, like nitric acid, H2O, or peracetic acid, iodination of benzene, akylbenzenes and even
benzene rings with deactivating groups occurs readily. ICl is an additiona popular iodination
agent. Electrophileslike I or 137, formed “ in-situ” are the probable iodinating species.

The concept of direct oxyiodination of benzene in the gas phase over zedlite 13-X was
suggested in a Japanese patent®’®. Some typica results are shown in Tables 1.18 and 1.19. It
may be noted that oxidation of benzene was negligible under the reaction conditions.
Sgnificant para sdectivity is observed in the di-iodobenzene fraction. More importantly the
catdytic activity was clamed to be stable for more than 800 h of continuous operation in the
case of K-13X wherein more than 75% of the Na" has been replaced by K.

Table 1.18. lodination of benzene over zeolites (ref. 212)2

Zeolite Benzene conv.(%) Products (wt%o)
Phl ,
Phi m p o]
Li-X 79 60.7 16.7 17.7 4.9
Na-X 98 56.8 124 275 3.3
K-X 15 57.7 12.0 30.3 0
CsX 54 56.9 19.3 238 0
Mg-X 62 724 12.1 114 4.1
Ba-X 44 50.5 12.4 341 3.0
Na-Y 10 62.9 75 252 4.4

*Reaction conditions: O,:benzene:HI; = 2.5:2.3:0.8 (molar); 345°C; GHSV = 1280hr™.
The concentration of CO, in the reaction effluent was negligible in all cases except Na-Y .



Surprisngly, the iodination of naphthalene (Table 1.19) occurred predominantly in the
2-postion. Conventiond iodination techniques in the liquid phase usng 1, and nitric acid or
other drong oxidants preferentidly produce iodination in the 1-postion. The ability of the
zeolite to iodinate the 2-pogstion preferentidly is of commercid ggnificance in the
manufacture of 2,6-ngphthalenedicarboxylic acids or esters. The latter are used in the
manufacture of polyesters with excdlent barrier properties when fabricated into films, bottles
or coatings.

Table 1.19. lodination of naphthalene (ref. 212)*

Zedlite Napht.conv. Products (wt%o)
(%)
Mono- Diiodo-
2-iodo 1-iodo 2,6 2,7 others

Li-X 8 30 70 0 0 0
Na-X 61 534 16.9 10.5 11.0 8.2
K-X 74 43.2 13.8 19.8 14.5 8.7
Rb-X 57 34.4 21.7 25.8 11.2 6.9
Cs-X 66 36.2 18.8 18.3 13.8 129
Ca-X 4 100 0 0 0 0
Mg-X 8 339 66.9 0 0 0
Ba-X 1 100 0 0 0 0
Sr-X 7 100 0 0 0 0
L 20 29.2 67.9 0.3 04 2.2

*Reaction conditions: O,:Napht.:l, = 1.0:1.0:0.5 (molar)
It may be seen from Table 1.19 that zeolites like Rb-X possess a high sdlectivity for

the 2,6-isomer amongst the di-iodonaphthaenes (about 70%). The concentration of CO, in
the reaction effluent was negligible in al cases except S-X, Li-X and Ba-X.

The use of ICl in the iodinaion of aromatic compounds is illustrated in Table 1.20,
ref.[281]. The iodination of toluene with ICl over various acidic and badc zedlites is
accompanied to some extent by smultaneous chlorinatior’®?2%®. The main products of the
reaction are the para and ortho isomers of iodotoluene and chlorotoluene. The absence of

sgde-chain products (benzyl iodide and benzyl chloride) suggests that haogendation of toluene



by ICl occurs by an dectrophilic rather than a homolytic process. Hbeta and H.K-L zeolites
are more para selective than other acidic or basic zedlites.

Table 1.20. lodination of toluene with ICI over zeolite catalysts® (ref. 281)

Catayst ICI Product (wt%)° PIT/ | CT/TO
Conv. oIT®
(Wt%)

PCT |OCT |PIT |OIT | Others
No catalyst 375 9.4 141 | 400 | 318 |47 1.26 0.33
S0,° 56.5 10.6 18.6 381 | 283 |44 135 043
H-ZSM-5 53.5 7.5 150 | 421 | 299 |55 141 0.31
K-ZSM-5 63.0 8.7 15.9 373 | 300 |81 124 0.40
H-mordenite | 68.5 9.6 175 | 379 |292 |58 1.30 0.40

H-beta 51.5 6.9 10.7 596 |20.7 |21 2.88 0.22
H-beta’ 97.5 4.4 8.8 479 (368 |21 1.30 0.15
K-beta 57.0 8.8 149 | 465 | 272 |26 171 0.32
H-Y 415 8.4 133 | 494 | 241 |48 2.05 0.30
K-Y 56.5 8.8 159 | 425 | 257 |71 1.65 0.36
H.K-L 52.0 5.8 12.6 553 214 |49 2.58 0.24
K-L 55.0 9.1 154 1409 |291 |55 141 0.35
H,S0O, 72.5 7.7 120 | 434 | 343 |26 127 0.25

®*Reaction conditions: Catalyst = 4.9g9/mol toluene; reaction temperature(K) = 363; Toluene/ICl (molar
ratio) = 5; toluene (mole) = 0.11; reaction time (h) = 0.25;

*PCT = para-chlorotoluene; OCT = ortho-chlorotoluene; PIT = para-iodotoluene; OIT = ortho-
iodotoluene; others = dichloro- and diiodotoluenes;

‘PIT/OIT = isomer ratio;

dCT/IT = ratio of chlorotoluenes/l odotol uenes;

*fumed silica;

'Reaction conditions: Solvent (nitrobenzene) = 5ml; catalyst = 4.9g/mol toluene; reaction temp. (K) =
363; toluene/ICl (molar ratio) = 5; toluene (mole) = 0.055; reaction time (h) = 0.25.



1.5. Isomerization over acidic zeolites

Isomerization is a shift in the conjugation of the molecule without change in the
number of atoms present. Commercia applications of isomerization generdly reflect dructure
changes in order to create a molecule that is more reective, has a higher performance leve or
has a more desrable property than the other isomers. The examples of mgor commercia

isomerization reactions are’®”:

Feedstock Product objectives
Aromatic isomerization
Xylene isomerisation Modify naturd distribution to meet market demands
Par affin isomerization
C4 pardfins Tertiary carbon which is more reactive
Cs / Cg padfins High octane motor fud

In isomerisation reaction of diphatic compounds a distinction must be drawn between
rearrangement of carbon skeleton, in which C-C single bonds are broken and formed, and
double bond isomerization reactions, in which the carbon skdeton remains unchanged. The
shape sdlectivity of the zeolites is intended to cause the reactions to take the desired path.

Isomerization may adso occur as pat of a complex reaction mechanism (such as
naphtha reforming) and can be used to control the ultimate product distribution. There are
many other examples of isomerization in the gpecidty chemica production and in the
phamaceutical industry such as iosmerization of dichlorobenzenes, dichlorotoluenes and
chlorotoluenes etc.

Zeolites have a subdtantia potential for the cadyds of isomerization reactions. In
some indudrid isomerization processes rddively large quantities of non-regenerable, liquid
acid catayss (AlCk, H,SO4) are used which can be replaced by zeolite catdysts leading to
clean technology. In addition, the use of solid catadyst introduces many advantages such as

possbility to perform the reection a higher temperatures than with homogeneous acids, the
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reduction of corroson and environmenta problems and the possble regeneration of the

caayst.

1.5.1. Isomerization of chloroaromatics

1.5.1.1. Isonerization of dichlorobenzenes

Isomerization of dihadobenzenes is interesting for the production of the meta-isomer,
which cannot be obtained directly and thus the indudtria processes follow more complicated
procedures. For these reasons the attractive route could be the sdective isomerization of o-
dichlorobenzene (odcb) or p-dichlorobenzene (pdcb) to get the mrdichlorobenzene (mdch).
The iosmerization of odcb has clamed to occur readily on a seies of acidic zeolites,
preferably, faujasites, mordenites, ferrirites and other pentasi| zeolites.

J. Pardillos, B. Cog, F. Figueras®®2%° have reported the gas phase isomerization of
odcb over a number of acidic zeolite cataysts such as HZSM-5, H-beta, H-mordenite and H
offretite having a varied range of the aduminium content. It was observed that the initid
activity of al these zeolites depends upon the sSliconto-duminium raio of the zedlite A
volcano-type relationship is observed between the activity of the zeolite and the Al-content of
the zedlite i.e. whatever may be the zeolite, the activities go through a maximum vaue of
S/Al 10, as is generdly observed for most of the acid catdyzed reactions. All the zeolites
deactivate by coking and pore blocking, the extent of which depends upon the type of the
zeolite. The odectivity of the reaction products depends, for the man pat, upon the
conversion level of odcb, according to the consecutive reaction scheme, as found in
homogeneous AICk-catalyzed reaction. However, coke depostion on H-mordenite and the

gze of the crystds for H-ZSM-5 enhances the yidd of the find product, pdcb.
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1.5.1. 2. Isonerization of dichlorotol uenes

The direct chlorination of chlorotoluene gives 24- and 2,5-dichlorotoluenes as the
main products, 2,6-, 2,3- and 2,4-dichlorotoluene isomers are present in low amounts and the
3,5~ isomer is absent. The isomerization of these dichlorotoluenes is achieved over large pore
zeolites such as beta, omega and mordenite in H-form a temperatures 300-350° C in
hydroger?®" 2% In one process, 2,4-dichlorotoluene (2,4-DCT) was passed over an acid form
of beta zeolite at 300° C for 4 h to give a product containing 4.72 %, 2,3-DCT, 2.18 % 2,6-
DCT and 3.88 % 3,5-DCT?°L. In another process®®?, a mixture of dichlororoluenes was passed
over the acidic omega catadyst to increase the content of 2,3-DCT, 2,6-DCT and 3,5-DCT
from 4.01, 1.00 and 0.00 %, respectively, to 4.25, 3.25 and 0.65, respectively. The gas phase
iosmerization of 24-dichlorotoluene has also been reported over a Zr-containing pentasi| type

of zeolite at atemperature of about 250-340° C range with hydrogen as the carrier gas™.

1.5.1.3. Isonerization of chl orotol uenes

Chlorotoluene form an important intermediate for the synthess of insecticides,
pedticides, fungicide, etc. It is prepared, in generd, by the chlorination of toluene, in which
the ortho- and para-isomers are formed owing to the directing effect of the methyl group.
Accordingly, when the metaisomer (MCT) is required in large amounts, it is dedrable to
isomerize the o-chlorotoluene (OCT) or p-chlorotoluene (PCT).

Conventiondly, iosmerization of haotoluenes have been shown to occur only in the
presence of a strong acid catalyst such as HF-BF3?%* and AICk in HCP®® or with water
promoted AlCls?*®. However, these homogeneous acid cataysts are highly unstable, very

much difficult to recover and are highly corrosive. Acidic zeolites such as protor exchanged



mordenites and Zr-containing pentasl type zeolites have been reported to be useful as
cadyds for the iosmerization of chlorotoluenes.

|somerization of o-chlorotoluene (OCT) with acidic zeolite H-mordenite?®’ with the
Si/Al ratio of 3.6 and the Na/Al ratio of 0.03, mixed with 10 % Al,O3, at 320° C, gave 25.1 %
m-chlorotoluene (MCT). The catdytic activity of H-mordenite was gppreciably enhanced by
the trestment with CF;Cl and other chlorofluorocarbons such as CF,CICF,Cl, CF,CICF;, in
the vapour phase isomerization of OCT as well as MCT and PCT. Enlargement of the H-
mordenite pore Sze on treatment with CF;Cl and other chlorofluorocarbons may contribute to
increasing the cataytic activity and then maintaining it?%8.

The isomerization of OCT in the presence of H as the carrier gas”>°, has been reported
with Zr-containing pentasil type zeolite a 250-340° C; the reaction product after 20 h gave
15.3 % OCT, 82.2 % MCT and 12.1 % PCT aong with 5.1 % toluene with a dow catalyst

deactivation 2% 39

1.6. Conclusions

There are dgnificant environmenta advantages in the use of solid caidysts during the
manufacture of fine chemicds egpecidly in paa—sdective nudear hdogenations and
isomerizations of aromatics indead of the Lewis acid catdysts (eg. AICk and FeCl) used at
present. The use of zeolites in such cases leads to enhanced yidds of the para isomer in case
of halogenation and the required meta-isomer in the isomerization reaction thereby lowering
the formation of byproducts and cost of separation. There is a need for a better understanding
of the mechanism of halogenaion over zeolite cadyds in the liquid phase. Compared to the
wedth of information avalable on haogenaion in the homogeneous, gaseous and liquid

phases, our knowledge about the detals of solid catadyzed haogeretion is mesgre. An



additional prerequiste for the greaster use of zeolites in such gpplications is the solution to the
problem of physcd and dructurd damage to the zeolite by the hydrogen haide liberated
during hdogenaions usng molecular hdogens The use of acid-resgant zeolites (like
mordenite, L etc) can in some circumgances lead to viable solutions. In view of the
increesng generd tendency in the chemicd indudry to replace corrodve and toxic
homogeneous catalysts (like HF, H,SO4, AlCk and FeCls) by solid cadyds, activity in this

fidd is expected to grow in the coming years.,

1.7. Objectives of the thesis

The use of the solid heterogenous cadyds, especidly zeolites, in  various
halogenation reactions has been reviewed. The literature on the isomerization of chloro-
aromatic compounds is aso presented in brief. It should be noted that the product sdectivity
depends on many reection parameters such as reaction temperature, reection time, cadyst
concentration, type of the solvert, haogenating agent in addition to the compostion and
dructure of the zedlite catalyst. Even though, in generd, zeolites are undable in the presence
of the hdo-acids liberated during the haogenation, recent developments like the use of L-
zeolite could lead to the indudrid use of zeolites in hdogenation reactions. Therefore, it
could be of importance to carry out highly sdective hadogenation reections over zeolites.
Smilaly, the isomerization of o-chlorotoluene, which is an indudridly important reaction,
for the production of m-chlorotoluene, could dso be optimized for giving the highest activity
and selectivity aswedl asfor reducing the deectivation of the H-ZSM-5 catayst.

The chemicd indudry in the present scenario is facing an increesng pressure to
reduce its impact on the environment; looking forward to replace corrosive and toxic

homogeneous catdysts by solid catdysts, which are more eco-friendly. Mogt of the indudtrid



halogenations and isomerizations are, a present, performed in the presence of mineral acids
or Lewis acid cadyds such as the hdides of aduminium and iron. Such reactions often
require large quantities of minera or Lewis acid catalyds that are destroyed or diluted during
the agueous work-up procedures, leading to problems with equipment corroson and to
effluent dreams that are difficult and expensve to treat. Furthermore, the reactions frequently
use excess of reagents and are poorly sdective producing undesired Sde-chain products
resulting in the need for costly separation processes and wastage of vauable resources. The
overdl result is the excessve energy consumption, wastage of large quantities of materids
and excessve impact on the environment. On the other hand, the use of solid cadysts like
zeolites can avoid the above mentioned problems. Zeolites due to their shgpe sdectivity,
thermo stability, regenerability as well as ease of separation from the products and their non
corosve and environmentdly friendy naure, have been widdy used in the fidd of
petrochemisgtry. However, the use of zedlite caidyds in fine organic synthess, paticularly, in
the ha ogenation and isomerization reactions of aromaticsis limited.

Halogen-containing compounds condiitute an important segment of fine and specidty
chemicds. Chloro-compounds form a dgnificant part of agrochemicas used as pedticides,
insecticides, herbicides and weedicides. Bromo-compounds are used in the preparation of
firgproofing or fire retarding/extinguishing chemicds whereas lodo-arometic compounds find
ther use in phameceuticad industry especidly in the thyroid gland thergpies. The
isomerization of chloro-aroméatics is adso an indudridly important reection producing the
meta-isomer, which is difficult to obtain in the norma chlorination reections. Thus, the large
volume of application of these materids has prompted us to develop highly efficient shape-
seective zeolite catdysts for making these valuable products.

Thus, the primary objective of the thess is to compare the surface properties and

cadytic activity of some medium and large pore zeolites (H-ZSM-5, K-L, K-beta, RE-Y and
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H-beta) and ther modified forms in some haogenation and isomerization reections, thus,
replacing the presently used hazardous, conventiond, homogeneous cataysts such as AlCh,
FeCl; and H2SO..

Another objective of this work is to deveop a sdective solid cadyst for the
production of some indudridly useful chemicds such as 4-chlorobenzyl chloride, 4-
chlorocumene, 4,4 -dichlorodiphenylmethane, 4-bromoethyl benzene, 4-iodochlorobenzene
and m-chlorotoluene.

The next objective is to improve the sdectivity for the desred product in the
halogenation and isomerization reactions by the use of zeolites and to compare the effect of
pore structure of different zeolites on the sdlectivity in the above reactions.

One more objective regarding the development of solid zeolite cadysts for the
haogenation and isomerization of aromatics is to sudy the effect of following parameters on
the converson aswell asthe sdectivity for the desired product in these reactions:

The type of the zeolite, Influence of solvent, Influence of reaction time, Influence of reaction
temperature, Influence of catalyst concentration Molar ratio of the reactants, Haogenating
agent, Influence of SOL/ALO3 ratio of the zeolite, TOScatalyst deectivation and Catayst

recyding.
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Chapter 2

Experimental



2.1. Materials

The materids used in the synthesis of zeolites aong with their purity are summarized

inTable2.1.

Table 2.1. Specification of the materialsused in the synthesis

Reagent and sour ce Chemical formula Purity

Sodium hydroxide, s.d. fine Chem. Ltd., India NaOH 97 %
Potassum hydroxide, s.d.fine Chem. Ltd., India KOH 85 %
Catapa B, Vista Chem., Oklahoma. AlLO3 65 %
Fumed slica (for K-L synthesis) Bhavnagar, India. S0, 95 %
Ammonium nitrate, LOBA Chemieg, India NHsNO3 98.5%
Tetraethylammonium hydroxide, Aldrich Chem. (C2Hs)4sNOH 35 wt.% sol.
Company, USA. in water
Fumed slica (for beta synthess), Sigma Chem. S0, 99.8 %
Company, USA.
Aluminium sulphate, LOBA Chemig, India Alx(SOg)3, 16H,0 98 %
Potassum nitrate, LOBA Chemie, India KNOs3 99 %
Sodium slicate NaSO3 28.9%
Sulfuric acd H2SO4 98 %
Tetrapropyl anmonium bromide (CH3CH,CH>)4NBr 98 %

Zeolite Source

Na-X Laporte Inorganics, Cheshire, UK.

NaY L gporte Inorganics, Cheshire, UK.

Na mordenite Laporte Inorganics, Cheshire, UK.




2.2. Procedures

2.2.1. Synthesis of zeolites

Synhtess of the zeolites was caried out in danless ded autoclaves under
hydrothermal conditions. Autoclaves were cleaned with agueous hydrofluoric acid (40 wt.%)
and polished with a carbon brush, prior to the synthesis. Typicd synthesis procedures for the

catalysts used in the study are presented below:

2.2.1.1. K-L and H.K-L

The synthesis of zeolite K-L was carried out according to the literature procedure. In
a typica procedure, 896 g of KOH and 155 g of Catapd B were taken in a 250 ml
polypropylene besker to which 20 ml warm, delonized water was added and the gd was
dirred for hdf an hour. 1244 g fumed dlica in 15 ml warm deionized water was added
gradualy under girring and the resulting gd was stirred for 1 h. The gd was then transferred
in a danless ded autoclave and subjected to hydrotherma treatment at 413 K. Full
cyddlinity was achieved in 64 h. The catdys was then removed from the autoclave by
filteration, washed with delonized water, dried a 383 K for 12 h and the resulting catalyst was
then subjected to characterization.

H.K-L was prepared by conventional ion-exchange method in which 5 g of K-L was
treated with 50 ml of 0.1 M aqueous solution of NHsNO3 a room temperature for 24 h. The
resulting NHsK-L sample was separated by filteration, washed with deionized water, dried at
373K for 6 hand calcined a 773 K for 12 h.

Various HCl trested (dedluminated) K-L zeolites were prepared by treating fresh

zeolite K-L (10 g each) with 100 ml aiquots of 0.05, 0.1, 0.3, 0.5, 0.7 molar agueous
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solutions of HCl a room temperature with continuous sirring. The dedluminated zeolites thus

obtained were further treated with 1 M KNO3 solution to get their K-form.

2.2.1.2. K-beta and H-beta

In a typicd synthesis?, 0.5 g NaOH, 0.3 g KOH and 184 g tetragthyl ammonium
hydroxide were taken in a 250 ml polypropylene beeker to which 6 g fumed slica and 10 ml
water were gradudly added and the gel was dirred for 1 h. 21 g duminium sulphate in 15 m
deionized water was added to the gel over a period of hadf an hour after which the dirring was
furhter continued for 1 more hour. 11 ml of deionized water was further added to the resulting
gd. This final gd with a pH 12.5 was trandferred into a stainless sted autoclave and subjected
to hydrotherma treatment at 413 K. Full cryddlinity was achieved in 7 days. The zeolite was
then separated from the mother liquor, washed with deionized water, dried at 383 K for 12 h
and calcined at 783 K for 16 h.

K-beta was prepared by three exchanges of the calcined beta sample with agueous
potassum nitrate solution (1 M; solid/solution (g/ml)= 1:10) for 8 h at 353 K.

H-beta was prepared by ion-exchange during which 5 g of cadcined beta cadys was
treated with 50 ml of agueous solution of 1 M NHsNOj3 at 353 K. The process was repeated
twice. The resulting NH;-beta was separated by filteration, washed with deionized water,

dried at 383 K for 12 h and calcined at 783 K for 16 h to get the H-form of beta.

2.2.1.3. K-ZSM-5 and H-ZSM-5

Zedlite ZSM-5 was synthesized as per the procedure described in the literature®.
Appropriate amounts of auminium sulphate and sulphuric acid were dissolved in didtilled

water to yied solution A. A cdculated quantity of tetrgporopyl ammonium bromide (TPABT)
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was added to a solution of sodium glicate of required srength to get a solution B. The
solutions A and B were then mixed in a danless sed autocdave with continuous girring to
form afree gd which had the molar compostion asfollows:
4.38 (TPA)20 : 27.6 NgO : Al,O3:44.2 SO> : 32.62 H,0.
The autoclave was then tightly closed and kept at the desred temperature (453 K) under
autogeneous pressure for about 24 h. The reactor was cooled, the contents were filtered,
washed with deionized water, the catayst dried a 393 K overnight. It was then cacined at
823 K for 8 h to decompose the organic template. Thus, NaZSM-5 was obtained.

The H-form of the sample was prepared by repeated exchange with 1 M NH;NO3
solution a 353 K to get NH4-ZSM-5 which was then calcined at 823 K to get H-ZSM-5.

The K-form of the sample was prepared by three exchanges of the Naform with

aqueous KNO3 solution (1 M; solid/solution (g/ml) = 1:10), for 8 h at 353 K.

2.2.1.4. K-X, K-Y, H-Y & RE-Y and K- mordenite

NaX, NaY and H-mordenite were obtained from Laporte Inorganics, Cheshire, UK.
They were converted into thelr respective K-forms by repeated (three times) exchange with
aqueous 1 M solution of KNOs in which 5 g of the sample was trested with 50 ml of the
solution a 353 K with stirring for 8 h, filtered and then dried at 423 K to get the catalysts K-
X, K-Y and K-mordenite,

H-Y was prepared from NaY by the ionexchange with 1 M agueous solution of
NHsNO3 thrice (1 M; solid/solution (g/ml) = 1:10, 8 h) and the resulting sample was then

cacined a 773 K for 12 h to get the H-form.



RE-Y was prepared from NaY by exchange with 1 M NHsNO; (three exchanges,
353 K, 8 h) and thus he resulting NHs-Y was treated with 5 % rare earth nitrate solution

followed by the anaogous procedure employed for NH4-Y exchange.

2.2.2. Catalyst Characterization

2.2.2.1. Chemical analysis

A known weight of the sample was placed in a platinum crucible, covered with a lid
and hested over a Mekker burner. The crucible was then kept in a desiccator for cooling. The
anhydrous weight of the sample was noted and this procedure was repeated until a congtant
weight was obtained. This resdue was then dissolved in 10 ml hydrofluoric acid (40 wt.%)
and evaporated. This procedure was repeated to ensure that al the SO, has been evaporated
as H,SFs. The remaning part of the sample was heated again and the weight of the sample
was noted after cooling it in a desccator. The difference between the weight of the resdue
and the origind weight (weight after initid heating) yidded the weight of SO, in the sample.
The resdue was then dissolved in 1:1 HCI till a dear liquid was formed and this solution was
diluled to a known volume by adding doubly didilled water. Chemicd andyds of this
solution was then performed by Atomic Absorption Spectroscopy (Hitachi, modd Z8000) to

estimate other components.

2.2.2.2. Powder X-ray Diffraction (XRD)

The catays samples were andyzed by XRD for phase identification. The XRD
patterns of the samples were recorded using a computer automated diffractometer (Modd D
Max Il VC, Rigaku, Japan) using Nifiltered CuKa radiation ( = 1.5404 A ). The samples

were equilibrated over a saturated CaCl, solution at room temperature for 6 h prior to the
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measurement. The samples were then packed on glass sample holders. Data were collected in
the 2 g range of 5 to 40 ° with a step size of 0.02° and a step time of 10 s with continuous

rotation of the sample during the scan. Silicon was used as an internal standard to cdibrate X-

ray line pogtions.

2.2.2.3. Scanning Electron Microscopy

The morphology and crystd size of the samples was sudied using a scanning eectron
microscope (JEOL, Stereoscan 440). The samples were durried with ethanol and deposited as
a thin film over a brass sample holder. All the samples were sputtered with Au before

conducting the SEM andysis to avoid surface charging of the sample in the dectron beam.

2.2.2.4. Surface area measurement

A commercid adsorption gpparatus Omnisorb 100 CX, (Coulter Corporation, USA)
was used for measuring the BET surface area of the samples. The sample was evacuated at
673 K for 2 h under high vacuum (10° mm). The anhydrous weight of the sample was
measured. The sample was then cooled to 94 K using liquid nitrogen and then dlowed to
adsorb nitrogen gas. Surface area of the sample was caculated by usng BET method. The
generd form of the BET equation may be written as follows:

WV ago(Po-P) = UV C + [C-UV i C] PIPg ------------- {eq. 1}
Where,

V ags = vVolume of the gas adsorbed at pressure P,

Po = saturated vapour pressure,

Vm = volume of the gas adsorbed for monolayer coverage,

C =BET congant



By plotting left Sde of equation 1 againgt PPy, a straight line is obtained with a dope of G
1V C and an intercept 1/V,,C. The BET surface areais cdculated using the formula

Seer = Xm.N.Ay.10%°

Where, N is the Avagadro’s number, Ay is the cross-sectional area of the adsorbate molecule

(N>, 16.2 A%) and Xy is the moles of N, adsorbed.

2.2.2.5. X-ray fluorescence Spectroscopy (XRF)

Slica to dumina raios and other metds (N&, K* ec.) of the zeolite samples were
veified by XRF usng a wavedength dispersve X-ray spectrometer (Rigaku, 3070) with
rhodium target energized a 45 KV and 40 MA. The borate fusion technique was applied for
sample preparaion. For the cdibration of glica and duming, a penta erythritd (PET) crysd
was used. For the anadlyss Ka lines were sdected and pulses were collected for 40 s using

flow-proportiona detector. A background correction was applied.

2.2.2.6. Acidity measurement

The acidity and the acid drength digtribution of the zeolites were measured by the
temperature programmed desorption (TPD) of ammonia on a fixed bed flow type apparatus
atached to a HCl solution trap (4,5,6). Approximately 1.0 g of the sample was activated in
flowing N, a 773 K for 4 h, and then ammonia was passed over the sample at 303 K for 30
min. The sample was subsequently kept in the flow of N2 (50 ml/min) a 303 K for 15 h in
order to diminate the physisorbed ammonia. Acid-strength distribution and NHgz chemisorbed
a 303 K were obtained by raising the temperature with a ramping rate of 10° C /min, from
303 o 773 K in a number of seps in the flow of nitrogen (10 ml/min). The NHs evolved was

trapped in HCl solution and titrated with a stlandard NaOH sol ution.



2.2.2.7. Catalytic reactions

The liquid phase cadytic hadogenation of aromatics was performed a atmospheric
pressure in a glass reactor equipped with a magnetic stirrer and a reflux condenser kept in a
thermodtat a the required reaction temperature. The aromatic subdrate, activated catayd,
solvent if used and the hdogending agent were introduced into the reactor in the order
mentioned. The mixture was then dirred and heated to attan the required reaction
temperature. Samples were taken periodicdly from the reaction mixture by a syringe for the
product andysis.

The vapour phase isomerization of o-chlorotoluene (OCT) was carried out in a fixed
bed reactor with a continuous flow system under amospheric pressure. The zeolite catayst
(0.2-0.3 mm size range) was packed in a glass reactor (1.4 1.D.) dong with inert ceramic
materid for support and placed in a vertica furnace. Prior to the reaction, the catayst was
activated in a flow of ar a 773 K for 12 h. The catays temperature was then brought down
to the required reaction temperaiure and alowed to sabilize in a flow of nitrogen gas (10
ml/min) for a least 30 min. The reaction was darted by passng the feed (OCT or OCT +
diluent) through the catalytic bed by a syringe pump with a required feed rate. The product
mixture was condensed at the reactor outlet and the samples were collected a different time
intervals.

The reaction products were andyzed by a gas-chromatograph (HP 6890 GC) equipped
with a FID and a Capillary column (50m x 200mm x 0.33 mm) with phenyl methoxy slicone
gum. The authentic samples as wdl as the GCMS (Shimadzu, QP 2000 A) anadyses

confirmed the products of the reaction.
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2.2.3. Results and Discussions

The X-ray diffraction patern of dl the syntheszed as well as modified zeolites
matched with those in the literature. In addition, the cryddlinity and phese purity of the
zeolite samples as well as the absence of any amorphous matter within the pore structure were
confirmed by XRD. Also, the XRD examindion gave no evidence of dructure damage or
change (except for HCl treasted zeolite K-L) of the zeolite as a result of various trestments.
The surface area and scanning eectron micrographs showed the absence of amorphous matter
indde the channds and on the externd surface of the zeolites, respectively. All the samples
conssted of particles of aout 0.2 — 1.0 nm Sze. The propeties as wel as chemicd
compodgtion of the zeolites used in the present study as obtained by a combination of wet
chemicd analyss and atomic absorption spectroscopy (AAS) and X-ray fluorescence

spectroscopy (XRF) are reported in Table 2.2.

Table 2.2. Physico-chemical properties of the zeolites

Zeolites SO,/AlLLO; Cation composition (wt.%)* Surface Crysta
area’ size
(molar ratio) " Na' K* (n? / g) (nmm)
K-X 2.4 - 7.4 92.6 615 1.0
K-Y 4.1 - 7.2 92.8 606 1.0
K-mordenite 22.0 7.5 2.7 89.8 542 10
K-ZSM-5 41.0 25 14 9.1 410 0.5
K-beta 26.0 9.8 4.3 85.9 743 0.5
H(26.1)K-L* 6.8 26.1 - 739 221 0.2
K-L 6.8 - 14 98.6 215 0.2

Na’” and K™ ions were analyzed by XRF. H™ was obtained by the difference between the Al
content and the sum of the alkali metal values. Values are reported as percent of the total
cation sites with Al content taken as 100%.

® Measured by N, adsorption.

¢ Value in parenthesis represent the percentage of H" in K-L.
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The results of the stepwise thema desorption of ammonia from the zeolites are

presented in Table 2.3. The tota amount of NHz desorbed at 303 K is aso given in the same

Table. The results reved that the tota acid Sites and the Ste energy distribution are dependent

on the type of the zeolite.

Table 2.3. Properties of acidic zeolites

Catdyst SO,/  Degreeof Crystal Surface  NH; desorbed (mmol/g) at different  NH;
H*or . a temp (K) chemis
AlLO; RE™ Sze area “orbed
molar  Bxchange () (WO a3 a3 s 513 6se
0,
(%) 33 433 513 653 773
H-ZSM-  41.0 >08 0.4 413 055 016 005 026 021 123
5
H-mord. 220 >08 1.0 552 020 017 015 012 007 071
H-beta 26.0 >08.7 0.5 745 014 024 005 016 016 075
H-RE 4.1 >70.6 1.0 659 017 010 026 011 010 074
(70.6)Y"
*N, adsorption

® The percentage of RE®* exchange in H-Y is given in the parenthesis.
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Chapter 3

|‘|i=llogenation over Zeolites



3.1. Chlorination

Chlorination reactions of aromatic compounds are indudriadly important reactions
producing a variety of vauable chemicas The uses of chlorinated products are humerous.
Many chlorinated aromatics are excellent insecticides, herbicides and fungicides. Perhaps,
the most important use of chloro-compounds is its function as a raw materia for hundreds
of other useful chemicals.

Conventiondly, these indudria chloringtions ae caried out by usdng
homogeneous Lewis acid cataysts such as AICkL, FeCls, SbCls, MnCl,, SnCl, and TiCl, in
the presence of a hdogenating agent. But there are certain disadvantages associated with
these catdyds such as requirement of stoichiometric amount of the catdyd, the formation
of polychlorinated products in subgtantid amounts, lower regiosdectivity and difficulty in
separdion of the catalyst from the finad product. Therefore, the need is to develop a new
olid cadys for the sdective chloringtion of aromatics The use of a heterogeneous
catays in liquid phase offers severd advantages over the homogeneous ones, such as ease
of recovery, enhanced odectivity and dability, recyding of the cadys ad
environmentdly friendly naiure  Zeolites ae wdl-defined microporous crysdline
materids and, because of their large diversty of composdtion and dructure, can display
outstanding catalytic properties. They are widdy used as sdective catdyds, paticularly in
the fidd of petrochemistry2. Zeolite catalysts are dso known to catalyze many organic
gynthesis reections much more efficiently and sdectively then the Lewis acid cadyds.
However, few reports are avalable on the sdective chlorination of aromatics using
zeolites 329, With this in mind, the catdytic liquid phase chlorination of different
aomatics such as benzyl chloride, cumene and diphenylmethane was invedigated over a

number of zedlite cataysts for producing industrialy important chemicals.



3.1.1. Selective chlorination of benzyl chloride to 4 -
chlorobenzyl chloride.

3.1.1.1. Introduction

4-Chlorobenzyl chloride (4-CIBC) is an intermediate in the manufacture of rice
herbicide, ‘Saturn’  ((S-4-chlorobenzyl) N, N-diethylthiol carbamate)??2. The ring
chlorinated benzyl chloride (BC) is dso used in the preparaion of quaternary ammonium
sts and as intermediate for pharmeceuticds and pesticides®?. Conventionaly, the 4-
chlorobenzyl chloride is produced by the direct sde chan chlorination of paa
chlorotoluene (PCT). Further, in the presence of an iodine catayd, chloringtion of benzyl
chloride yidds a mixture conssing mosly of the 2-chloro-and 4-chlorobenzyl chlorides
(2-CIBC and 4-CIBC) in equa amounts’. With strong Lewis acid catalysts such as ferric
chloride, chlorination is accompanied by sdf-condensatior?®. Industrialy, these reported
methods for the production of 4-CIBC are not attractive owing to the use of expensve
PCT and lower regiosdectivity of iodine catayst. In view of the above, it was of interest
to devdop a new s0lid catayst for the sdective synthesis of 4-chlorobenzyl chloride. The
am of the present work is to enhance the yiedd of 4-CIBC and to reduce the formation of
gde- chain and consecutive products in the chlorination of BC over zeolite cataysts. We
report herein, for the firg time, a cadytic method for the regiosdective chlorination of
BC to 4CIBC under mild reaction conditions using zeolites as catayst and chlorine gas as
the chlorinating agent. The effect of solvent, catadyst concentration, reaction temperature,
reection time, SO,/Al,O; raio of zeolite K-L (obtaned by HCl treatment), catayst
recycling eic. is dso invesigated on the converson of BC, product yieds and the

sectivity for 4-chlrobenzyl chloride (4- CIBC/2-CIBC isomer rétio).



3.1.1.2. Experimental

(a) Catalyst preparation and characterization

The zeolites used, their synthess, modification and physico-chemica characterization
have dready been reported in Chapter 2. Some important properties of these zeolites are

listed in Chapter 2, Table 2.2.

(b) Catalytic reaction experiment
The cataytic runs were carried out batch wise in a mechanicdly sirred, closed 100
ml glass reactor fitted with a reflux condenser, a thermometer, a N,/Cl, gasline and a
septum for withdrawing the samples. In a typicd run, an amount of benzyl chloride (0.158
mol in the neat chlorination and 0.08 mal in the presence of 10 ml solvent) was charged in
the reactor dong with the gppropriate amount of activated catadyst. The reaction mixture
was heated to the required emperature under stirring in the presence of N, (20 mi/min) for
30 min. Then N, gas was stopped and the reaction was started by passing Cl, gas (0.09
mol/h). Aliquots were removed a vaious time intevas filtered, neutrdized with
NaHCO; and andyzed by gas- chromaograph (Blue-star Modd 421, equipped with a
flame ionizetion detector and a capillary column, (50 m x 0.2 mm with methyl Slicone
gum). Products were identified by GC-M S and with reference to standard samples.
The converson is defined as the percentage of BC transformed. The rate of BC
converson (mmal g! h?') was caculated as the amount of BC (mmol) converted per h
over per g of the catdys. The yidd percentage of a product represents the amount of the

product calculated from the sdlectivity multiplied by the converson.



3.1.1.3. Results and discussion
3.1.1.3.1 Influence of various catalysts

Table 3.1 compares the rate of benzyl chloride conversion, product yieds and the
ratio of 4-CIBC/2-CIBC over various zeolites such as H(26.1)K-L, K-L, K-beta, K-
mordenite, K-ZSM-5, K-Y, K-X and in the absence of catdys in the chlorination of
benzyl chloride a& 353 K under smilar reaction conditions. The reaction produces a
mixture of 2-chlorobenzyl chloride (2-CIBC), 3-chlorobenzyl chloride (3-CIBC), 4-

chlorobenzyl chloride (4-CIBC) and side chain chlorinated product, a,a-dichlorotoluene

(@,a-DCT). The smal percentage of consecutive products (others) is aso detected

(Scheme 3.1).
CHZO (l;qu
Casysd
e + Othas+HA
B3K, Atm pres
BC 20IBC 3CIBC 4CIBC
Scheme 3.1

The formation of mono-chlorobenzyl chlorides takes place by pardld reaction
while di- and tri-chlorobenzyl chlorides are obtained by consecutive reactions of the
mono-chlorobenzyl chloridest*23, The most interesting fegture of the reection is that the
rate of benzyl chloride conversion, product yields and the 4CIBC/2-CIBC ratio depend on

the type of zeolite used.

As can be seen from the Table 3.1, zeolites H(26.1)K-L, K-L and K-beta
produce predominantly nuclear chlorinated products while the blank experiment (without
cadys), zedlites K-ZSM-5, K-mordenite, K-Y and K-X exhibit manly the sde chan
chlorinated product in the chlorination of benzyl chloride. The highest yidd of a,a-DCT
was observed over the zeolite K-X (Table 3.1) which is in agreement with the previous
literature and may be acribed to the lower SIO,/AlLO3 ratio then the other zeolites®®. In

A



addition, sde chan chlorination of BC in the absence of any catdyst and poorly dark
reection conditions may be dtributed to the photochlorination (by the free radicd

mechanism) of -CH,Cl group of benzyl chloride®?4,

Table 3.1. Chlorination of benzyl chloride?®

. d
Catalyst Reaction BC Cony. Product yields ( wt. % )c 4-/2-
conv. rate
time(h) (wt.%) (mmol A B c D E ratio
-1, -1,
g h)

K-ZSM-5 1 11.3 37.2 05 01 05 94 08 1.0
35.2 - 10 03 10 325 04 1.0
K-mordenite 1 11..3 375 05 01 05 102 01 1.0
3 46.5 - 08 02 07 440 038 0.9

None 1 151 - - - - 151 - -

3 41.7 - - 13 02 402 - -

K-X 1 15.2 50.0 01 00 00 146 05 -

3 61.3 - 02 00 01 591 19 -
K-Y 1 144 474 03 01 03 136 01 1.0
3 48.1 - 08 01 05 460 07 062
K-beta 1 14.3 47.1 35 11 78 17 02 220
3 344 - 71 21 135 112 05 1.9
H(26.1)K-L° 1 29.9 984 68 35 155 41 - 2.30
3 70.1 - 105 45 372 141 38 354
K-L 1 232 76.4 33 14 122 59 04 370
55.7 - 66 27 233 215 16 353

®Reaction Conditions; Catalyst = 3 g/mol of BC; Reaction temperature = 353 K; BC = 0.158
mol; Ck flow = 0.09 mol/h; Reaction time = 3 h.

"Rate of BC conversion in mmol g'lh'l is expressed as, amount of BC converted/ weight of the

. catalyst x reaction time (h).

A= 2-chlorobenzyl chloride; B = 3-chlorobenzyl chloride; C = 4-chlorobenzyl chloride; D =

da A -dichlorotoluene;E.= di- and trichlorobenzyl chlorides.

Isomer ratio of 4CIBC/2-CIBC. .

° Vaue in parenthesis represent the percentage of H' inK-L.

The results demondrate that zeolite K-L is more active and highly sdective and

both, the rate of benzyl chloride converson (76.4 mmolg-th?l) and the isomer ratio (4-

&)



CIBC/2-CIBC= 3.7) are found to be far superior over K-L compared to the other zeolites
except H(26.1)K -L after one hour of reection time. The acidic H(26.1)K-L gave higher
rate of BC converson ( 984 mmolgth!) and lower amount of the side chain chlorinated

product (a,a-DCT)® compared to the K -L (Table 3.1).

3.1.1.3.2. Influence of duration of the run on the conversion of BC over various
catalysts
The effect of duration of run on the performance of various cataysts, under identicd
reection conditions in the chlorination of BC is dso tested. Incressing reaction time

increased the conversion of BC over dl cataysts (Figure 3.1).

~ 801
=
\E/ 0 —s—K-L
o —0—K-X)
5 —A—K-Y)
5 04 —v—K-ZSM-5
'g —&— K-mordenitg
2 —+—K-beta
8 20 - —X—H.K-L
0

Reaction time (h)

Figure3.1. Conversion of BC over zeolite catalysts versus reaction time: reaction
conditions: catalyst = 3.0 g¢/mol BC,BC = 0.158 mol, reaction temperature
=353 K, Clzflow rate = 0.09 mol/h.

H(26.1)K -L yielded a consderably superior performance through out the reaction

and its activity is found to be higher compared with other zeolite catdysts The reason



could be the higher acidity of H(26.0)K-L®'°. The activity order of various zedlite
catdysts after 3 h of reaction time is as follows H(26.1)K-L > K-L > K-X > K-Y > K-

mordenite > K-ZSM-5 > K -beta

3.1.1.3.3. Influence of reaction time using zeolite K-L
A typicd reaction course according to the time is pointed out in Figure 3.2 for the
transformation of BC over zeolite K-L at 353 K.

The converson of BC increased dmogt linearly with the reaction time. BC leads
manly to ring (4-CIBC, 2CIBC) and ddechan (a,a-DCT) chlorinated products. Trace
amounts of 3-CIBC and others (consecutive products) are also observed in the reaction.
The results show that the reaction time influenced the converson of BC, but did not affect

the 4-CIBC/2-CIBC ratio to a greater extent.
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Figure 3.2.  Effect of reaction timeon the conversion of BC, rateof BC conversion and
product yields: reaction conditions. catalyst (K-L)=3.0g/mol BC,BC =
0.158 moal, reaction temperature = 353 K, Cl.flow rate = 0.09 mol/h.



3.1.1.3.4. Influence of solvent

The course of the liquid phase chlorination of aromatics over zeolite catdysts is
greatly affected by the type of the solvent used in the reaction®81523, The rate of benzyl
chloride converson (mmolg™ht), product yieds and the isomer ratio of 4-CIBC/2-CIBC
obtained in the chlorination of benzyl chloride usng zeolite K-L in 1,2-dichloroethane
(EDC), chloroform, carbon tetrachloride and in the absence of any solvent are shown in

Table 3.2.

Table 3.2. Solvent effect in the chlorination of BC over zeolite K-L2

. d
Solvent $eact|on BC Cong/. Product yields ( wt. % )c 4-/2-
emp. conv. rate
(K) (wt.%) (mmoal ratio
1. A B C D E
gh)
EDC 313 13.4 13.2 14 03 31 66 20 221
EDC 353 52.6 51.9 57 35 411 18 05 721
CHCE 313 2.8 2.8 06 0.2 0.5 1.0 05 083
CHCE 333 9.2 9.1 1.1 - 56 22 03 509
CCls 313 6.8 6.7 18 - 15 35 - 0.83
CCls 348 23.2 229 47 13 133 39 - 2.82
No Sol I 313 14.8 48.7 30 06 84 21 07 280
No Sol 353 23.2 76.4 33 14 122 59 04 369

* Reaction Conditions: Catalyst = 10.1 ¢/mol BC; BC = 0.08 mol; Clflow = 0.09
mol/h; Reaction time = 1 h; Solvent = 10 ml.

b,c,d

. " see footnotes to Table 3.1.
Reaction conditions smilar asin Table 3.1.

Among the solvents used, the higher activity (rate of BC converson) and
sectivity (4-CIBC/2-CIBC) is observed in EDC. The rate of BC converson and the 4
CIBC/ 2CIBC isomer ratio at 313 K in the presence of 1,2-dichloroethane are found to be
132 mmolgth? and 2.21 respectively. The use of other solvents (CHCl;, CCl,) has led to
a lowe sHedtivity for 4-CIBC and product yieds when compared with EDC a smilar
reaction conditions at 313 K (Table 3.2.).The rate of BC conversion at 313 K decreases by

changing the solvent in the following order: CICH,CH,Cl > CCl, > CHCl;
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The over dl trend of the isomer ratio (4-CIBC/2-CIBC) in these solvents at 313 K is found
to bein the order: CICH,CH,Cl > CCl; @CHCl3

A dgnificant enhancement in the rate of BC converson and the 4CIBC/ 2CIBC
isomer ratio is observed with the increase in the reaction temperaure in the presence of dl
solvents. In addition, twofold increase in the 4-CIBC/ 2CIBC isomer rétio is noticed when
the reaction is performed in EDC ingteed of neat chlorination at 353 K (Table 3.2). When
the temperature is raised from 313 to 353 K in the presence of EDC, the rate of BC
converson and the isomer reio of 4-CIBC/ 2CIBC increassed. Side-chain chloringtion of
BCto a,a-DCT to some extent is observed to be dependent on the reaction solvent. The
more selective reaction in 1,2-dichloroethane a 353 K is found to yied lower
concentration of a,a-DCT a higher converson leve of BC, whereas a higher amount of
a,a-DCT, is obtained a lower converson levd of BC n the neat chlorination at 353 K

(Table 3.2).

3.1.1.3.5. Influence of catalyst concentration
In order to darify the effect of catdyst concentration on the converson of BC,
product yields and the ratio of 4-CIBC/2-CIBC, the catdyst (K-L) concentraion was
increased from 3.0 g/mol of BC to 5.0 g/mal of BC (Figure 3.3).
The totd surface area available for the reaction depends on the catalyst loading.
The converson of BC increased and the formation of a,a-DCT is decreased when 5.0 g
catayst per mol of BC is used in the reaction because of the increase in the number of
basc dtes avalable for the reaction. However, the change in the isomer ratio is not
observed. In the absence of catdyst mainly the sdechain chlorinated product &,a-DCT)
is noticed. These results indicate that K-L cadyzes manly the ring chlorination of benzyl

chloride.
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Figure 3.3. Effect of catalyst (K-L) concentration on the conversion of BC, product
yields and 4-CIBC/2-CIBC isomer ratio: reaction conditions; BC = 0.158
mol, reaction temperature = 353 K, Clzflow rate) = 0.09 mol/h, reaction
time = 2h.

3.1.1.3.6. Influence of reaction temperature

The effect of the reaction temperature is studied on the rate of BC conversion,
product yields and the isomer raio of 4-CIBC/2-CIBC in the chloringion of benzyl
chloride. The results are depicted in Figure 3.4.

When the temperature is increased from 333 K to 388 K, both the rates of BC
converson and formation of 4-CIBC increased sgnificantly. In addition, the formation of
consecutive products (others), a,a-DCT, 2CIBC and 3CIBC is dso favoured a higher

temperatures (Figure 3.4) and hence a decrease in the isomer ratio is noticed® 14,
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Figure3.4. Effect of reaction temperature on the conversion of BC, rate of BC
conversion, product yieldsand 4-CIBC / 2-CIBC ratio: reaction conditions.
catalyst (K-L)=3.0g/ mol BC, BC =0.158 mal, Cl, flow rate=0.09 mol/h,
reaction time=2h.

3.1.1.3.7. Catalyst recycling

In order to check the dability ad cadytic activity of zeolite K-L in the
chlorination of benzyl chloride, three reection cycles are caried out usng the same
catalyst. The results are presented in Table 3.3. After workup of the reaction mixture, the
zeolite K-L was separated by filtration, washed with acetone and calcined for 16 h a 773
K in the presence of air before use in the next experiment. Thus the recovered zeolite after
each reaction was characterized for its chemicd compodtion by aomic absorption
spectroscopy  (AAS) and crystdlinity by x-ray diffractometry (XRD). All data refers to
cacined samples. AAS and XRD dudies showed a downward trend in the content of

duminum and potassum and cryddlinity of zeolite K-L dfter each recycle. The activity



of zeolite K-L decreases progressvely on recycling and it logt about 40% of its origind
activity after usng three times in the chlorination of benzyl chloride The hydrogen
chloride liberated during the reection probably promotes the extraction of aduminum and
potassium to some extent from the framework postions of the zeolite K-L. Such type of
extractions and decrease in cryddlinity of the K-L may be attributed for the decrease in
cadytic activity after eech cycle. The results reported here are in good agreement with the

earlier reported data on the halogenation of aromatics using zeolite catalyst< 152,

Table 3.3. Catalyst recycling?

Run SO/ Degree BC Conv. Product yields (wt.%) 4-/2- K-L
ALkOs of K-  Conv. rate cryst
reio in K-L wt%  mmal raio nty

g—lh-l) A B C D E %

0 6.82 98.6 59.8 500 95 37 301 127 39 32 100

st

1 6.97 96.7 53.0 523 81 35 322 7.1 1.7 40 89

2 7.09 95.0 44.8 44.2 70 28 201 135 14 29 64.7

3¢ 721 93.2 35.5 35.1 42 13 82 208 11 20 46.9

“Reaction conditions: catalyst = 5 g/mol BC; reaction temperature = 353 K; BC = 0.237 mal;
Gk flow = 0.09 mol/h; reection time = 2 h.
" see footnotes to Table 3.1.

3.1.1.4. Conclusions

Zeolite K-L cadyzes the chlorination of benzyl chloride sdectivdy to 4-
chlorobenzyl chloride with Cl, gas as the chlorinating agent and is superior to other zeolite
catadysts. Acidic H(26.1)K-L and higher concentration of K-L are favorable for better BC
converson and formation of the lower amount of a,a-DCT. 1,2-dichloroethane is found to
be a good solvent and gives the highest sdectivity for 4-CIBC a 353 K and lower yied
for the dde-chain chlorinated product (a,a-DCT). Incresse in the reaction temperaure in

&



the presence of 1,2-dichloroethane (solvent) increases the rate of BC converson and the
ratio of 4CIBC/2-CIBC. The converson of BC increases with the increase in duration of
run and reaction temperature. The sdectivity for 4-CIBC (4-CIBC/2-CIBC) is found not to
be influenced by the increase in BC converson. Recycling of the catdyst progressively
decreases the rate of BC converson due to the extraction of smal amounts of aduminum

and potassium by HCI (produced in the reaction) from the catalys.

3.1.2. Selective chlorination of cumene to 4-chlorocumene

3.1.2.1. Introduction

Chlorinated aomatic compounds are excdlent insecticides, herbicides and
fungicides®®. Chlorocumenes act as important raw materids for many other usefu
chemicds Conventiondly, 4-chlorocumene (4-CICm) is prepared by the chlorination of
cumene (Cm) in the presence of homogeneous Lewis acid catayss like ferric chloride or
duminium chloride, which produce 2-chlorocumene (2-CICm) as the mgor product and
aso give higher amounts of polychlorinated products. Further, in the presence of Fe and
FeS, Se, S, CS, or FeCl; and PtO,?"28, the chlorination of cumene with chlorine yields
chlorocumenes, but with a lower sdectivity (65 %) for 4chlorocumene. Another method
for the preparation of 4-chlorocumene involves the use of chemicdly modified slica gds
in the presence of Ch in CCl;*3. About 75% 4-chlorocumene is obtained by reacting
cumene with chlorine by means of a SbCl,-modified catays®?.  Furthermore, the
chlorination of cumene was catried out by organic chlorine-containing compounds like
MesCOCl in CCls in the presence of slica®®. However, industrialy, these reported
methods for the preparation of 4-chlorocumene are not suitable, owing to poor para-
sdectivity as wel as higher cost of preparation. Thus, the main purpose of this sudy is to
enhance the sdectivity for 4-chlorocumene and to reduce the formation of sdechan and

polychlorinated products in the liquid phase chlorination of cumene over zeolite cataysts



in the presence of aulfuryl chloride (SO.Cl;) under mild reection conditions The
chlorination of cumene using gaseous chlorine as the chlorinating agent has been dready
reported by us in a U.S Paent, where a combination of zeolite K-L, a co-catdys
chloroacetic acid and 1,2-dichloroethane serves as the best catdyst for the synthesis of 4
chlorocumene?®. But the detailed study of the chlorination of cumene has been carried out
by usng sulfuryl chloride as the chlorinating agent. Sulfuryl chloride, by virtue of its
being a liquid, is more easily metered and handled in batch reaction studies than molecular
chlorine. However, it is a milder resgent and reects readily only with the most ectivated
subdrates like phenol. Even then the reactions are duggish. In cases of activated
compounds, molecular sulfuryl chloride itsalf can act as an dectrophile®; it undergoes an
incipient  heterolytic  dissociation  into CI*-SO,CI¢, thus giving the eectrophilic
subgtitution a room temperature. In addition, since it is bulkier than chlorine, it produces
higher p-/o- ratios with little dichlorination. On the other hand, in cases of less activated
compounds like toluene, chlorobenzene, ethylbenzene and isopropylbenzene (cumene),
aulfuryl chloride decomposes into sulfur dioxide and molecular chlorine a eevated
temperatures, the latter being the chlorinating agent for the dectrophilic subdtitution.
Thus, the p-/o- rdios obtained in this case are identica with those for ether molecular
chlorineor sulfuryl chloride®.

The present work describes the use of various catadyds in the sdective chlorination
of cumene with sulfuryl chloride and adso compares their activity with the conventiond
cadys, AlCl;. The effect of solvent, catayst concentration, reaction temperature, reaction
time, cumene to SO,Cl, molar ratio, SO,/Al,O5 ratio of zeolite K-L (obtained by HCI
treestment), catalys recycling etc. is adso invesigaied on the converson of cumene,
product yieds and the sdectivity for 4-chlorocumene (4-CICmV2-CICm isomer ratio). In
addition, a few reactions usng molecular chlorine (Cl, gas) as the chlorinating agent in the

chlorination of cumene are dso discussed.



3.1.2.2. Experimental

(@) Catalyst preparation and characterization
The zeolites used, their synthess, modification and physco-chemicad characterization
have dready been reported in Chapter 2. Some important properties of these zeolites are

listed in Table 2.2.

(b) Catalytic reaction experiment

All the chemicds employed in this study were of high purity. Sulfuryl chloride
was freshly didtilled to a clear fraction (bp.69.5 °C) before each and every reaction. A
typica batch reaction procedure was as follows. A sample of activated cadyst (0.59),
cumene (0.04 moles) and sulfuryl chloride (0.02 moles) were taken in a mechanicdly
dirred 50 ml closed glass reactor fitted with a reflux condenser, a thermometer and a
septum for withdrawing the samples. This filled reactor was placed in a thermodtat a the
required reaction temperature. The samples were taken out periodicaly, degassed
thoroughly, neutralized by NaHCO; and andlyzed on a Gas-chromatograph (HP GC 6890)
equipped with a capillary column (50 m x 200 nm x 02 mm) with Phenyl methoxy
slicone gum. Product identification was done with reference to standard samples and
GCMS (Shimadzu, QP 2000A).

Converson is defined as the percentage of cumene trandformed. The rate of
cumene converson (mmolgth?) is caculated as the amount of cumene (mmol) converted
per h per g of the catalyst. The yied percentage of product represents the amount of the

product caculated from sdectivity multiplied by the conversion and divided by 100.



3.1.2.3. Results and Discussion
3.1.2.3.1. Influence of various catalysts

Table 3.4. compares the rate of cumene conversion, product yieds and the
sdectivity i.e. the 4CICm/2-CICm ratio over various zeolites such as K-X, K-Y, K-ZSM-
5, K-L, K-beta as wel as in the presence of conventional Lewis acid catdyst AICL and
ds in the absence of any cady4 in the chlorination of cumene a 333 K with sulfuryl

chloride (SO,Cl) under identica reaction conditions.

HC /G'|3 HC CH H, C CH HC CH HC\ /CHZO
\CH
2 Am.pres
+HAd 4
Om
4-CICm 2-CICm 3CCm €ICm
Scheme 3.2
Table3.4. Chlorination of cumene with sulfuryl chloride®
d
Catalyst Cm. Conv. Product yields (wt.%6)° 412 -
conv. b
rate
(wt.%) (T?PI 2- 3 4- a- others a0
9h)  cem ccm docm  cicm
K-X 6.2 5.2 0.3 0.1 0.5 2.9 2.4 1.6
K-Y 7.0 5.8 1.3 0.2 2.5 1.7 1.3 1.7
K-ZSM-5 8.8 7.3 3.3 0.2 34 1.1 0.8 13
K-L 27.7 23.0 6.4 0.2 20.3 0.1 0.7 3.2
K-beta 18.9 15.7 52 04 11.4 1.2 0.7 2.2
K-mord. 75 6.2 1.7 0.1 3.4 1.5 0.8 2.0
AlCls 23.8 19.8 2.7 0.5 34 2.3 14.9 19
No catalyst 24 - - - 0.5 1.1 0.8 -

* Reaction conditions: Catalyst = 12.5 g/mol of cumene; Reaction temp.= 333 K; Cumene = 0.04
moI Sulfuryl chloride = 0.02 mol; Reactiontime = 1 h.

® Rate of cumene conversion is expressed as amount of cumene converted / wt. of the catalyst x
reaction time.
¢ 2-CICm = 2chlorocumene; 3 CICm = 3-chlorocumene; 4CICm = 4chlorocumene; a-CICm =
a-chlorocumene; Others = di- and trichlorinated cumenes.

4-/2- ratio = |somer ratio of 4-chlorocumeneto 2-chlorocumene
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The reaction produces a mixture of 2chlorocumene (2-CICm), 3chlorocumene (3-
CICm), 4-chlorocumene (4-CICm) and the sde-chain chlorinated product (a-ClCm).
Smdl quantities of di- and tri-chlorinated products (others) are adso detected in the
reaction (Scheme 3.2).

The monochlorocumenes are formed by the pardle reaction, while the di- and tri-
chlorinated products are obtaned by the consecutive reactions of the
monochiorocumenes'?3. Table 2 shows that zeolites K-L and K-beta give higher rates of
cumene converson than the other zeolites studied, but K-L is found to be more active and
Hective than K-beta The rate of cumene converson and the 4CICnm/2-CICm ratio over
zeolite K-L is found to be 230 mmolg™th? and 3.2, respectively, after 1h of reaction.
Zeolite K-X and blank experiment (without catdyst) give the side-chain product a-ClCm
as the main product with a little activity wheress the other zedlites, viz. K'Y, K-ZSM-5,
K-mordenite, give both nucleer as wel as dde-chan chlorinaions, which are nether
active nor sdective. The highest amount of sSdechain chlorinated product is obtained over
zedlite K-X; this result is in agreement with the previous literature and may be ascribed to
the lower SIO,/Al,O; ratio®!®. Also the side-chain chlorination of cumene in the absence
of any caadys and poorly dak reaction conditions may be atributed to the
photochlorination by the free radical pathway?-24.

The adtivity of the conventiond Lewis acid caidys is found to be nearly
comparable with that of zeolie K-L, but gives a lower ratio of 4-CICm/2-CICm. AICk
mainly gives the di and tri-chlorinated products (others) and a substantiad amount of the
Sde-chan chlorinated product (a-CICm) is also obtained.

Thus, from the results it is clear that zeolite K-L is far superior to the other
zeolites and that the conventiond AICL catalyst can be replaced by highly active and

sective catalyst K-L in the chlorination of cumenewith sulfuryl chloride.



3.1.2.3.2. Duration of therun over various catalysts
Figure 3.5 compares the influence of reaction time on the peformance of
vaious catdyss a 333 K under amospheric pressure in the liquid phase chlorination of

cumene with sulfuryl chloride.
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Figure3.5 Chlorination of cumene with SO2Clz Effect of reaction time on the
per formance of various catalysts. Reaction conditions: Seethefootnotes
to Table 3.4.

As can be seen from the figure, the converson of cumene has been increased with
the reection time over the catayss K-L, K-beta, K-mordenite and AICl3, whereas the
activity of the other catdydts (K-X, K-Y, and K-ZSM-5) is found to be very much less.
Zeolite K-L and AICl; are the mogt active cataysts giving 40.5 and 48.2 wt.% conversion
of cumene, respectively, after 4 h of reaction time. Various cataysts used in this study can
be aranged according to their decreasing order of cataytic activity after 4 h of reaction

time asfalows AlCl; > K -L > K-beta > K-mordenite > K-ZSM-5 > K-Y > K-X > None.



3.1.2.3.3. Influence of reaction time using zeolite K-L
The performance of zeolite K-L catdys a 333 K in terms of cumene conversion,
product yidds and sdlectivity to 4CICm (4-CICm/2-CICm ratio) as a function of time of

stream is presented in Figure 3.6.
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Figure 3.6  Effectsof reaction timeon the conversion of cumene, product yieldsand
4-CICm/2-CICm ratio over zeolite K-L. Reaction conditions. See the
footnotesto Table 3.4.

Both the converson of cumene and the product yields increase with the duration of
run, whereas the 4-CICn/2-CICm ratio remains admost condant. The initid rate of
cumene converson, however, is found to decrease with time. The concentretion of the
gde-chain chlorinated prodict (a-CICm) is very much less and remains congtant, but the
di- and tri-chlorinated products (others) are found to increase with time because of

increased converson.



3.1.2.3.4. Influence of reaction temperature
The effect of reaction temperature on the converson of cumene, rate of cumene
converson, product yieds and 4-CICm/2-CICm ratio is studied after 1 h of reaction time;

the results are shown in Figure 3.7.
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Figure 3.7  Effects of reaction temperature on the conversion of cumene, rate of
cumeneconversion, product yieldsand 4-CICm/2-CICm ratio over zeolite
K-L. Reaction conditions: Catalyst (K-L)) = 12.5 g/mol of cumene;
Cumene = 0.04 mol; SO:Cl, = 0.02 mol; Reaction time=1 h.

It is evident that the rate of cumene converson increases sharply with increase in
the reaction temperature from 313 to 343 K and thereafter only a margina increase in the
rate of cumene conversion is observed up to 363 K. It is interesting to note that most of the
increese in the converson of cumene is due to the increese in the yidd of 4-CICm. The
yidds of 2-CICm, 3-CICm, a-CICm and others (di- and tri-chlorinated cumenes) remain

amost congant, even in the region of higher temperaiure. The sdectivity, i.e. 4-CICm/2-



CICm isomer ratio aso increases from 2.2 to 7.7 with increase in the reaction temperature

from 313 to 363 K.

3.1.2.3.5. Influence of solvent

Table 3.5. records the conversons of cumene, rates of cumene conversion, product
yields and the isomer ratios of 4-CICm/2-CICm obtained in the chlorination of cumene
usng zeolite K-L with sulfuryl chloride, in the presence of various solvents such as 1,2-
dichloroethane (EDC), carbon tetrachloride, chloroform, 1,1,1-trichloroethane and

dichloromethane,

Table 3.5. Effect of solvent on the chlorination of cumene over zeolite K-L?

Solvet  React. Cm.  Cony. Product yields (Wt.%) 4-12-°
conv. rate
! .
Temp  (Wt.%) (TrTf;l . 3. 4 a. Others retio
9 ciIcm CICm CCm  CICm
EDC 33 377 314 11 03 363 - - 33.0

313 6.1 51 0.8 0.1 2.8 0.9 15 35

CCla 348 20.1 16.7 4.8 0.4 116 1.0 2.3 24
313 5.7 4.7 12 0.1 25 0.7 12 21

CHCE 333 9.5 79 14 0.1 31 14 3.5 2.2
313 4.5 3.7 0.5 0.1 1.0 12 2.0 2.0

CHsCCk 345 15.7 131 4.2 0.3 9.1 0.6 15 2.2
313 55 4.6 11 0.1 24 0.9 1.0 2.2

CH2Cl2 313 6.7 5.6 11 0.1 4.6 0.1 0.8 4.2

No Solvt 353 40.2 334 8.5 0.5 30.5 0.2 0.5 3.6
313 7.5 6.2 2.3 0.1 4.6 0.1 0.2 2.0

* Reaction conditions: Catalyst (K-L) = 12.5 g/ mol of cumene; Cumene = 0.04 mole;
Sulfuryl chloride = 0.02 mole; Solvent = 10 ml; Cumene/solvent (wt./vol.) ratio = 0.5;
bf\;eaction time=1h.
™" Same asin Table 3.4.

The effect of these solvents is sudied a ther reflux conditions as wel as a 313 K

for comparison. As can be seen from Table 3.5, the converson of cumene a 313 K over



dl the solvents is found to be less compared with the neat chlorination (without solvent) at
313 K; the sdectivity, however, is higher in the presence of dichloromethane as a solvent
than in the presence of other solvents a 313 K. The rate of cumere conversion at 313 K
decreases by changing the solvent in the following order: CH,Cl, > CICH,CH,CI > CCl, >
Cl3C-CHs > CHCls.

Also the order of 4-CICnV2-CICm in these solvents a 313K is

CH,Cl, > CICH,CH,Cl > Cl,C-CH, > CCl, > CHCl,.

The rate of cumene conversion and the 4CICnv/2-CICm isomer rétio are found to
increase Sgnificantly with an increase in the reection temperature (reflux temperature of
that particular solvent) in the presence of dl the solvents. In addition, the sdlectivity has
been found to incresse dradticaly when the reaction is performed in the presence of 1,2-
dichloroethane a 353 K instead of neat chlorination at 353 K (Table 3.5). When the
temperature is raised from 313 to 353 K in the presence of EDC, the rate of cumene
converson as wel as the sdectivity is increesed many-fold. The sdechain chlorinated
product (a-CICm) as wdl as the others (di- and trichlorinated products), which are
observed in the neat chlorination at 353 K are not obtained in the presence of EDC a 353
K. Thus, the sdechan chlorination of cumene and dso the formation of polychlorinated

products to some extent are found to be dependent on the solvent used in the reaction.

3.1.2.3.6. Influence of cumene/ EDC molar ratio on the isomer ratio

Table 36. ligs the effect of the concentration of the solvent, 1,2-
dichloroethane, on the isomer ratio of 4CICm/2-CICm at 353 K. It is clear from the Table
that the isomer ratio increases with increase in the EDC amount up to a cumene to EDC
ratio of 0.5, and then further increase in the EDC concentration has not shown any

significant effect on the isomer ratio, which remains dmost congant.



Table 3.6. Influence of cumene to EDC (wt./wt.) ratio on the isomer ratio”

CmEDC Cm Cony. Product yields (Wt9%)" 4-12-°
Conv. rate
ratio (wt.%) (mmoal 0. 3 4 a- Others a0

g'hy ccm ccm <CCm  clcm

2 40.0 33.3 2.9 0.3 36.6 01 0.1 12.6
1 40.2 335 1.5 0.3 38.2 0.1 0.1 255
0.67 39.7 33.0 1.2 0.3 38.2 - - 31.8
0.5 37.7 31.4 11 0.3 36.3 - - 33.0
0.4 36.9 30.7 11 0.3 35.5 - - 32.3
0.33 34.4 28.6 1.0 0.3 33.1 - - 33.1

* Reaction conditions: Catalyst (K-L) =12.5 g/mol of cumene; Reaction temp. = 353 K;;
. C(.gumene = 0.04 mal; Sulfuryl chloride = 0.02 mol; Reaction time= 1 h.
" Sameasin Table 3.5.

3.1.2.3.7. Influence of catalyst concentration

In order to study the effect of catayst (K-L) concentration on the converson of
cumene, rate of cumene converson, product yidds and the sdectivity (4CICm/2-CICm
isomer rétio), the concentration of the catalyst is increased from 6.25 g/mole of cumene to
250 gmole of cumene (Figure 3.8). It is clear from the figure that the converson of
cumene increases with increase in catdyst concentration up to 125 g/mole of cumene
The rate dso has increased with increase in the catayst concentration up to 12.5 g/mole of
cumene. After this optimum catayst concentration (12.5 g/mole of cumene), however, the
increase in the cadys concentration has not shown any noticeable effect on the
converson of cumene. In the abisence of catalyst K-L, the sde-chain chlorinated product
(@-CICm) is mainly observed. The isomer ratio is incressed from 2.4 to 38.1 when the
cadys concentration is increesed from O to 25 g/mole of cumene. Thus, maximum

sHectivity for 4-CICm (96.7%) is obtained when 25 g catalyst K-L /mole of cumene is



used. In addition, the side-chain product (a-CICm) as well as the others (d- and
trichlorinated products) have disgppeared with increese in the catayst concentration.
Thus, the catayst K-L is highly active as well as sdective in the liquid phase chlorination

of cumene, giving exdusively ring chlorination.
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Figure3.8 Effects of catalyst (K-L) concentration on the conversion of cumene,
product yieldsand 4-CICm/2-CICm ratio. Reaction conditions: Cumene=
0.04 mol; SOLIl,=0.02mol; EDC =10 ml; Reaction temperature= 353
K; Reaction time=1 h.

3.1.2.3.8. Influence of HCI treated zeolite K-L

The chloringtion of cumene weas dudied with zedlite K-L with different
SO,/AlLO3 ratios obtained by the treatment of parent K-L with various molar solutions of
HCl (0.05 to 0.7 M HCI). The results are depicted in Table 3.7. As can be seen from the
results, the converson of cumene and 4-CICm/2-CICm isomer ratio decreases from 37.7
wt.% to 28.8 wt.% and 33.0 to 42, after 1 h of reaction time, when the framework

SO,/AlLO; réio of zedlite K-L increased from 6.82 to 9.01, respectively, because of

A



dedumindion. The higher cadytic activity of fresh zedlite K-L compared to the treated
zeolite K-L may be due to the lower SO,/Al,O5 ratio, thus giving a higher concentration
of duminium, which in tun gives a higher number of basc Stes for the reection. The
lowest activity of 0.7 M HCI treated zeolite K-L may be attributed to a combined effect of
higher SO,/Al,O3 ratio and lower cryddlinity of zeolite K-L. Thus, higher numbers of
basic dtes as well as good cryddlinity of zeolite K-L are the most important factors for

the liquid phase chlorination of cumene.

Table 3.7. Influence of HCI-treated zeolite K-L2

Cata S0z  Degree Cm Conv. Product yields (wt.%)° 4-12-°
lyst Al20s of K- Conv. rate

K-L raio inK-L ~ (wt%) (mmol 2-CI 3-Cl 4Cl a-Cl Others rtio
gh) Cm Cm Cm Cm

K-L 6.82 >08 37.7 314 1.1 0.3 36.3 - - 33.0

K-L . 743 >08 37.2 31.2 1.2 0.3 35.8 - - 29.8

(0.05)

K-L 8.02 >08 36.0 30.0 1.7 0.3 34.1 - - 20.1
e

(0.1)

K-L 8.63 >08 33.7 28.0 3.7 0.5 295 - - 8.0

03)°

K-L 8.73 >08 30.2 25.1 3.6 0.3 26.2 - - 7.2

(05)°

K-L 9.01 >08 28.8 24.0 54 0.4 22.8 - 0.2 4.2
e

0.7)

* Reaction conditions: Catayst = 12.5 g/mol of cumene; Reaction temp. = 353 K; Cumene =
0.04 mol; Sulfuryl chloride = 0.02 mol; EDC = 10 ml; Cumene/solvent (wt./vol.) ratio = 0.5;
chgeaction time: 1h.
™ Sameasin Table 3.4.
Values in parentheses correspond to the molarity of HCl solution taken for K-L treatmemt.



3.1.2.3.9. Influence of cumene/sulfuryl chloride molar ratio

Figure 3.9. represents the effect of cumene/SO,Cl, molar ratio on the
converson of cumene, rate of cumene converson and product yidds. As expected, the
converson of cumene decreases from 928 to 16.1 wt% with an incresse in the
cumene/SO,Cl, molar ratio from 0.33 to 4. It is to be noted that the increase in the
converson of cumene with an increase in the SO,Cl, concentretion is mainly because of
the increase in the concentration of 4CICm. The side-chain product (a-CICm) as wel as
others (di- and trichlorinated products) are detected only a cumene/SO,ClL molar retio of

0.5and 0.33i.e. at higher concentrations of sulfuryl chloride.
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Figure3.9 Effects of Cumene/SO.Cl.molar ratio on the conversion of cumene, rate
of cumene conversion and product yields over zeolite K-L. Reaction
conditions. Catalyst (K-L) = 12.5 g/mol cumene; Cumene = 0.04 mal;
EDC = 10 ml; Reaction temperature = 353 K; Reaction time=1 h.



3.1.2.3.10. Recycle of zeolite K-L
The results of the cadytic recycing experiment usng zeolite K-L in the

chlorination of cumene a 353 K are shown in Table 3.8.

Table 3.8. Recycle of the catalyst K-L#

o

R SO  Degree Cm  Cony. Product yields (wt.%) 4/2-" K-L

u AROs of K- Conv rate Crys

n raio in (wt. (nl1mol 2-Cl 3-Cl 4-Cl g-Cl Others ratio tnty
KL % gh) Cm Cm Cm Cm %

0 6.8 >08.6 37.7 314 11 03 36.3 - - 33.0 100

1 7.0 >06.7 294 24.5 2.0 03 271 - - 13.6 75

2 7.9 >04.8 6.4 5.5 11 0.1 3.1 0.9 1.2 28 Amp.

*Reaction conditions: Catalyst = 12.5 g/mol of cumene; Reaction temp. = 353 K; Cumene =
0.04 mol; Sulfuryl chloride = 0.02 mol; EDC = 10 ml; Cumene/solvent (wt./vol.) ratio = 0.5;
bCI'-\;eaction time=1h.
" Sameasin Table 3.4.
Amp. = amorphous

After the completion of each reaction, the zeolite K-L was separated from the
reaction mixture by filtration, washed with acetone and cdcined in ar a 773 K for 12 h.
Each sample is then characterized for the chemica compodtion and crygdlinity. All the
data refers to the cacined samples The duminium and potassum content as well as
ayddlinity of K-L samples have been found to decrease dafter each recycle. The activity
of zeolite K-L decreases progressvely on recycling and the sample lost dmogt dl its
adtivity after the 39 recyde. The sulfur dioxide and hydrochloric acid evolve continuously
during the reection, which affects the catdyst activity. In addition, the HCl formed in the
reaction extracts duminium and to some extent potassum from the framework postions
of zeolite K-L. Such type of extractions and the decrease in the crystdlinity of zeolite K-L

leads to the decrease in the catdytic activity of zeolite K-L in the chlorination d cumene

after each recycle.



3.1.2.3.11. Chlorination of cumene with molecular chlorinein presence of K-L

Table 3.9. illudraes the results of the liquid phase chlorination of cumene at 383

K under atmospheric pressure with molecular chlorine as the chlorinating agent (Scheme

3.3).
H CH HC CHC]
HC H, He S N S 3 2
H d
+ Q, Cadyst’ + + + © + Others +Hal}
38K
a
d
Cm 40ICm 2-ClOm 3CICm -CIC
Scheme 3.3

Table 3.9. Chlorination of cumenewith molecular chlorine?

Catalyst Cm. Convl; Product yields (Wt.%)° 4-/2-
Conv. Rate
o .
(wt.%) (Thmf;l 2 3 4- a- Others ratio
9 CCm CCm CICm CICm
K-L+ 66.6 66.8 5.3 1.2 58.0 0.5 1.6 10.9
CICH2COOH
FeCls 22.2 22.3 10.5 1.7 7.6 - 2.5 0.7
No catalyst 11.6 11.6 1.3 0.1 1.9 4.5 3.7 1.5
K-L+
CICHz(e:OOH 68.8 23.8 2.9 0.8 64.5 - 0.6 226
+ EDC

* Reaction conditions: Catalyst = 5 g/mol of cumene; CICH.COOH = 0.2 g/g K-L; Cumene =

Qf166 moal; Clz flow = 0.09 mol/h; Reaction temperature = 383 K; Reaction time=2 h.
Same asin Table 3.4.

° Reaction conditions: Catdyst = 10 g/moal of cumene; CICH2COOH = 0.2 g/g K-L Cumene

=0.08 mal; Ck flow = 0.09 mol/h; EDC = 10 ml; Cumene/ EDC (wt./val.) ratio = 1;

Reaction temperature = 353 K; Reactiontime =2 h.

The reaction is peformed in the presence of a combination of zeolite K-L and
chloroacetic acid (CICH,COOH) as a co-cadyd, with the conventiond Lewis acid

catdyst FeClz and without any catalyst under smilar reaction conditions. In addition, the



chlorination of cumene is dso carried out in the presence of 1,2-dichloroethane at 353 K
dongwithK -L + CICH,COOH.

As can be seen from Table 3.9., the combination of K-L and CICH,COOH is found
to be highly active and sdective and the rate of cumene conversion and the 4 CICm/2-
CICm isomer ratio are found to be 66.8 mmolght and 10.9, respectively, at 383 K after 2
h of reection time. The conventiond catalyst, FeCk manly gives higher amounts of
polychlorinated product with a very poor sdectivity. The chlorination without any catayst
produces sde-chain product (a-ClCm) predominently with a subgantid amount of
polychlorinated products, with much le ss activity and sdectivity.

In the presence of 1,2-dichloroethane a 353 K, the combination of K-L +
CICH,COOH gives a dragtic increase in the isomer ratio of 4CICm/2-CICm. The isomer
ratio is increased from 10.9 to 22.6 with a conversion of 68.8 wt.%. Further, no sde-chain
product isformed and only atrace amount of consecutive products is detected.

Thus, the combination of zeolite K-L, CICH,COOH and 1,2-dichloroethane serves
as the best cadys for the sdective chlorination of cumene to 4-chlorocumene with
molecular chlorine. Presumably, the interaction of CICH,COOH with the basic sites (K¥)
of the zeolite produces hindrance in the zeolite channds for the diffuson of the products
due to formation of ZeokOH-K*OOCCH,Cl, resllting in higher para-sdectivity of the

reactionss.

3.1.2.4. Conclusions

Zedlite K-L caayzes the chlorination of cumene sdectivdly to 4-chlorocumene
with sulfuryl chloride and is found to be superior to other zeolite catdysts as wdl as to the
conventional Lewis acid catalyst AICL. The converson of cumene and the isomer ratio of
4-CICm/2-CICm increase with increase in the reaction temperaiure with zeolite K-L.

Among the solvents, 1,2-dichloroethane is found to be the best solvent; it gives the highest



sHectivity for 4-chlorocumene (4-CICmV2-CICm = 33.0) a 353 K without formation of
any ddechan (a-CICm) or polychlorinated product. Higher concentration of zeolite K-L
in the presence of 1,2-dichloroethane increases the converson of cumene and produces
dill higher Hectivity for 4-chlorocumene. The converson of cumene decreases with the
increese in the SO,/ALO; ratio (obtained by HCI treatment). Increase in the concentration
of the chlorinating agent (lower cumene/SO,ClL, molar ratio) increases the converson of
cumere. The dde-chain as wel as polychlorinated products are detected a higher
concentration levels of aulfuryl chloride The activity of zeolite K-L decreases
progressively on recycling due to the changes in chemicd compostion and cryddlinity of
zedlite K-L by HCI (produced in the course of the reaction as a by- product.

Zeolite K-L in combinaion with chloroacetic acid is found to be highly active and
sective in the chloringtion of cumene with molecular chlorine a 383 K under
amospheric pressure. 1,2-dichloroethane is the best solvent and gives higher isomer ratio
when used dong with zeolite K-L and chloroacetic acid a 353 K in the chlorination of

cumene with molecular chlorine.

3.1.3. Selective chlorination of diphenylmethane to 4,4’-
dichlorodiphenylmethane

3.1.3.1. Introduction

Ring chlorinated dichlorodiphenylmethane (DCDPM) is useful in the preparation
of agriculturdl and pharmaceutical chemicds or as a plagicizer for vinyl resn®’.
Traditiondly, it is known that, on chlorinating diphenylmethane (DPM) with molecular
chlorine, methylene group chlorinated compounds are formed: When DPM is chlorinated
in the presence of azobigsobutyronitrile in CCl, solvent, then 6667 % a-
chlorodiphenylmethane and 32-33 % a ,a -dichlorodiphenylmethare (a,a-DCDPM) are
obtained®®. DPM in the presence of PCls with chlorine gas gives only the side-chain
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chlorinated product®®.  Furthermore, DPM when chlorinated in the presence of FeCl; as
cadys in CCly, gives monochlorodiphenylmethane (MCDPM) with a low yidd and
sHectivity for the para-product®. In another method, DPM in the presence of CCl,,
azobissobutyronitrile and ammonium molybdate a 333 K gives MCDPM with molecular
chlorine®. Thus, these methods are not suitable for the preparation of 4,4-DCDPM. Also
the homogeneous Lewis acid catdyds pose many problems in the chlorination reection as
discussed earlier in this chapter. The use of heterogeneous catdyst, on the other hand,
offers severd advantages compared to their homogeneous counterparts. Zeolite based
cadyss are effective in meeting current industrid processng objectives and more
gringent environment pollution limits which require the development of new more active
and sdective caidyds. The chlorination of diphenylmethane in the presence of zeolite
cadyds is limited to patents*?#3. The main purpose of this study, therefore, is to enhance
the sdectivity for 4,4-dichlorodiphenylmethane in the liquid phese chlorination of
diphenylmethane with sulfuryl chloride (SO,Cl,) as the chlorinating agent using zeolite K-
L as the catdys under mild reaction conditions. Sulfuryl chloride, though a milder reagent
than molecular chlorine, is more easlly metered and handled in batch reaction studies, by
virtue of itsbeing aliquid.

The present work describes the use of various catalysts in the liquid phase sdective
chlorination of diphenylmethane with sulfuryl chloride and adso compares ther activity
with the conventiond cadys, AIC;. The effect of solvent, catayst concentretion,
reaction temperature, reaction time, DPM to SO.,Cl, molar raio, SO,/ALO3 ratio of
zeolite K-L (obtained by HCI trestment), catdyst recycling etc. is dso investigated on the
converson of DPM, product yieds, DCDPM/MCDPM ratio and the sdectivity for 4,4'-

dichlorodiphenylmethane (4,4 -DCDPM/2,4'-DCDPM isomer rétio).
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3.1.3.2. Experimental

Table 22. summarizes some physico-chemica properties of the zeolites used in
the study.

The experimentd set up and the procedure for the catdytic batch reactions
conssted of a sample of activated catayst (0.3 g), DPM (0.006 mole), sulfuryl chloride
(0.012 mole) and 1,2-dichloroethane (EDC) with the rest of the things being smilar to that
described in Section 3.1.2.2. (b).

Converson is defined as the percentage of DPM transformed. The rate of DPM
converson (mmolght) is cdculated as the amount of DPM (mmol) converted per h per g
of the caidys. The yidd percentage of product represents the amount of the product

caculated from sdlectivity multiplied by the conversion and divided by 100.

3.1.3.3. Results and Discussion
3.1.3.3.1. Influence of various catalysts

Table 3.10. compares the converson of DPM (wt.%), rate of DPM converson
(mmagth?), product yields (wt.%), DCDPM/MCDPM ratio and the sdlectivity for 4,4’-
dichlorodiphenylmethane (4,4 -DCDPM/2,4 -DCDPM isomer ratio) over various cadysts
such as K-X, K-Y, K-L, K-ZSM-5, K-beta, K-mordenite, H.K-L and dso the Lewis acid
cadyst, AICl; and without any cadyst (blank), in the chlorination of diphenylmethane
with sulfuryl chloride a 333 K under identica reaction conditions. The reaction produces
a mixture of MCDPM such as 2-chlorodiphenylmethane (2-CDPM) or  (A), 3-
chlorodiphenylmethane (3-CDPM) or (B) and 4-chlorodiphenylmethane (4-CDPM) or (C)
and DCDPM like 24'-DCDPM (D), 2,2-DCDPM (E) and 4,4-DCDPM (F). Smaler
amounts of the sde-chain chlorinated product (a,a-DCDPM) (G) and polychlorinated
products (others) (H) are dso obtained (Scheme 3.4). The MCDPM are formed by the

pardld reaction by an interaction of an eectrophile (CI) with DPM whereas the DCDPM



are obtained by the consecutive reaction of the MCDPM**23, |t is dear from the results
that zeolite K-L is highly active as well as sdective in this reaction compared to the other
catdysts and the converson of DPM, the rate of DPM converson, DCDPM/MCDPM
ratio and 4,4 -DCDPM/2,4-DCDPM rétio over zeolite K-L are found to be 96.8 wt.%,

192 mmolgth', 0.7 and 7.4, respectively, after 1 h of reaction time.

G0 GO o @
Qoo Gl =
el OO T

MCDPM DCDPM
Scheme 3.4

Table 3.10. Chlorination of diphenylmethane over various catalysts?

Catalyst DPM Conv - 0/\C DC/ 44]
Rate” Product yields, (wt.%) e 04"
(wt.  mmol MCDPM DCDPM raio  raio
1, -1
% 9gh A B ¢ D E F G H
K-X 13.7 2.7 4.9 0.6 6.2 - - - 03 17 - -
K-Y 20.0 4.0 5.8 0.7 8.3 - - - 01 51 - -
K-L 96.8 19.2 2.5 20 527 46 08 340 01 01 0.7 7.4
K-ZSM-5 140 2.8 4.7 4.3 43 01 0.1 - 04 01 002 -
K-mord. 17.7 35 6.9 2.0 81 08 02 02 03 03 007 0.3
K-beta 34.9 7.0 8.1 48 174 24 02 14 04 02 013 0.6
H.K-L 48.5 9.7 119 41 294 18 - 11 02 - 0.06 0.6
AICls 34.1 6.8 122 20 123 16 - - 0.7 53 006 -
Blank 12.2 - - 105 1.7 - - - - - - -

* Reaction conditions: Catalyst = 50.5 g/mol of DPM; DPM = 0.006 mol; SO2Ck = 0.012
moI 1,2-dichloroethane = 2 ml; Reaction temperature = 333 K; Reactiontime =1 h.

Rate of DPM conv. is expr%sed as the mmol of DPM converted per gm of catayst per hour.
“MCDPM = monochlorodiphenylmethanes; DCDPM = Dichlorodiphenylmethanes;

A = 2-chlorodiphenylmethane; B = 3- chlorodiphenylmethane; C = 4
chlorodiphenylmethane; D = 2,4'-dichlorodiphenylmethane; E = 2,2'-

dichlorodiphenylmethane; F = 4,4’ - dichlorodiphenylmethane, G=a a-

dICthI’OdI phenylmethane; H = Others (polychlorinated diphenylmethanes).

“DCMC ratio = dichlorodi phenylmethanes’ monochlorodiphenylmethanes ratio

“44 124 ratio = 4,4 - dichlorodiphenylmethane/2,4 - dichlorodiphenylmethane isomer ratio.
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Zeolites K-X, K-Y and K-ZSM-5 and the conventiond Lewis acid catays, AlCls,
ae found to be less active giving only MCDPM and higher amounts of polychlorinated
products (others). Zeolites K-beta, K-mordenite and H.K-L are dso less active and give
little dichlorination. Blank reection adso gives very less converson with monochlorinated
products. Thus, the converson of DPM and product yields mainly depend upon the type

of the catalyst used in the chlorination reection.

3.1.3.3.2. Duration of run using various catalysts
The converson versus reaction time in the chlorination of DPM over various

cataysts under Smilar reaction conditionsis given in FHg. 3.10.
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Figure3.10. Chlorination of DPM with SO:Cl2: Effect of reaction time on the
performance of various catalysts. Reaction conditions: Seethe footnotesto
Table 3.10.

The converson of DPM increases over dl the catdyss with the progress of the
reaction. However, zeolite K-L is highly active giving 96.8 wt.% converson of DPM after

1 h which increased to 99.4 wt.% after 6 h of reaction time. Thus, the reaction is very fast
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inthe presence of zeolite K-L. The converson of DPM over the Lewis acid catdyst, AICh
is found to be lower initidly but increesed dowly with time giving 100 wt.% converson
after 5h.

Based on the conversion of DPM after 6 h of reaction time, the trend in the activities of
the catdyss sudied is asfollows.

AlCl; > K -L > K-Y > H.K-L > K-mordenite > K-X > K-ZSM-5 > Blank.

3.1.3.3.3. Effect of reaction time using zeolite K-L
The peformance of zeolite K-L catdyst a 333 K in terms of DPM conversion
(Wt.%), product yields (wt.%), DCDPM/MCDPM and 4,4-DCDPM/2,4' -DCDPM ratios

asafunction of time on stream is presented in Figure 3.11.

Conversion
2-CDPM
3-CDPM
4-CDPM
2,2-DCDPM
2,4-DCDPM
4,4-DCDPM
, -DCDPM
Others
DC/MC ratio
4.4-/2,4- ratio

oOl ¥XX+ed4dpom

Conversion of DPM & product yields (wt.%)
solrel NddOa-¥2/- ¥y ® WdADW/INdaDd

o

0 1 2 3 4 5 6
Reaction time (h)

Figure3.11. Effect of reaction time on the conversion of DPM (wt.%), product yields
(wt.%), DCDPM/MCDPM and 4,4-DCDPM/2,4'-DCDPM ratios over
zeolite K-L. Reaction conditions: Seethe footnotesto Table 3.10.

The converson of DPM and product yields increase with the duration of the run.

The concentration of DCDPM increases with reection time at the expense of MCDPM and



herce the DCDPM/MCDPM rétio increases with time It is interesting to note tha the
yidd of 4-CDPM decreases and smultaneoudy the yiedld of 4,4 -DCDPM increases with
the time which suggests that the formation of 4,4'-DCDPM takes place by the consecutive
reection of 4-CDPM. The levd of DPM converson (Wt%) and the yidd of 4.4'-
dichlorodiphenylmethane (wt.%) are found to be 99.4 wt.% and 48.5 wt.%, respectively,
after 6 h of reaction time. The sdectivity for 44 -DCDPM (4,4 -DCDPM/2,4 -DCDPM
ratio) shows adight decrease with time on stream. The polychlorinated products (others)
are found to increase with time due to the increased converson of DPM. The sdechain

chlorinated product (a,a-DCDPM) remains amost constant throughout the reaction.

3.1.3.3.4. Influence of solvent

Table 3.11. presents the converson of DPM (wt.%), rate of DPM
converson (mmolgtht), product yields (wt.%), DCDPM/MCDPM as wel as 44 -
DCDPM/2,4-DCDPM ratios obtained in the chlorination of DPM using zeolite K-L in the
presence of dichloromethane (CH,Cl,), 1,2-dichloroethane (EDC), 1,1,1-trichloroethane
(CLCCHg) chloroform (CHCl;) and carbon tetrachloride. The nature of the reaction
medium (solvent) plays an important role in the course of the liquid phase chlorination of
aromatics over zeolite cataysts"®1%23 . Among the solvents used, the highest activity (rate
of DPM converson) is observed in CH,Cl, whereas the highest sdectivity (4,4'-
DCDPM/2,4-DCDPM ratio) is obtained in EDC a 313 K. The other solvents led to a
lower activity as well as sdectivity under smilar reection conditions a 313 K. Thus, the
activity of K-L usng these solvents can be aranged in the decreasing order of their
activity at 313 K asfallows:

CH,Cl, > CH3CCl3 > EDC > CHCL; » CCl4
The overdl trend of the isomer ratio over these solvents at 313 K is found to be as

follows:



EDC > CH,Cl, > CH;CCl3; > CHCL » CCla

Table 3.11. Solvent effect?

solvent  React. DPM  Conv. Product yields (wt.%)° DC 44
/

b , €

Temp  Conv  Rae MCDPM DCDPM '(\:/ld 24-

(K) wt.  (mmol A B C D E = G H ratio

g

EDC 313 674 134 32 07 58 15 03 83 03 23 02 55
3¥3 981 194 19 08 443 46 13 444 04 04 11 97

CCh 33 36 07 11 04 08 - - - - - -
M8 471 93 121 42 280 23 - 08 03 06 01 03

CHCls 313 502 99 71 28 388 23 03 31 02 06 01 13
383 504 100 157 39 259 25 - 10 09 07 01 04

CHsCCls 313 723 143 75 16 495 36 06 79 04 13 02 22
M5 698 138 107 14 464 37 05 63 04 04 02 17

CH:Cb 313 758 150 41 16 553 32 04 107 - - 02 33

* Reaction conditions: Catdyst = 50.5 g/mol of DPM; DPM = 0.006 mol; SO2Ck = 0.012
mol; Solvent = 2 ml; Reactiontime=1h.

bcde

The rate of DPM converson has increased markedly on increasing the reaction
temperaure to the respective reflux temperatures in case of dl the solvents except CHCl,.
Thus, EDC is found to the best solvent and the converson of DPM (wt.%) and the 4,4’ -
DCDPM/2,4-DCDPM isomer retio obtained are 98.1 wt. % and 9.7, respectively, with a
DCDPM/MCDPM rétio of 1.1, at 353 K after 1 h of reaction time. The other solvents give

less selectivity at higher temperatures as compared to EDC.

See the footnotes to Table 3.10.
EDC = 1,2-dichloroethane; CHsCCls = 1,1,1-trichloroethane.

3.1.3.3.5. Influence of catalyst concentration

Figure 3.12. shows the effect of concentration of zeolite K-L in the range of O to

117.8 g/mol of DPM on the converson of DPM, product yields, DCDPM/MCDPM and

4.4 -DCDPM/2,4'-DCDPM ratios a 333 K for 0.083 h (5 min) of reaction timein the

chlorination of DPM with SO,Cl,.
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Figure3.12.  Effect of catalyst (K-L) concentration on the conversion of DPM (wt.%),
product yields (wt.%), DCDPM/M CDPM and 4,4'-DCDPM/2,4-DCDPM
ratios. Reaction conditions: DPM (mol) = 0.006; SO.Cl,=0.012 mol; EDC
=2 ml; Reaction temperature = 333 K; Reaction time = 0.083 h.

Only MCDPM is formed with a very low converson of DPM when no catays is
used. The converson of DPM increased from 30.4 to 98.6 wt.% when the catayst loading
is increased from 16.8 to 117.8 g/mol of DPM, respectively. Also, the yield of 4.4'-
DCDPM increases with a decrease in the 4-CDPM vyidd as the concentration of catalyst
K-L isincreased. Thus, 47.1 wt.% 4,4 -DCDPM is obtained at 98.6 wt.% converson leve
of DPM after 0.083 h of reaction time a the catayst concentration of 117.8 g/mol of
DPM. The DCDPM/MCDPM as well as 4,4-DCDPM/2,4' -DCDPM ratios aso increase

with an increase in the catalyst concentration.



3.1.3.3.6. Influence of reaction temperature

The effect of reaction temperature on the converson of DPM (wt.%), rate of DPM
converson  (mmolgthY), product yidds (wt.%), DCDPM/MCDPM as well as 44 -
DCDPM/2,4-DCDPM raios over zeolite K-L in the liquid phase chlorination of DPM

with SO, Cl; isillustrated in Figure 3.13.
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Figure 3.13.  Effect of reaction temperature on the conversion of DPM (wt.%), rate of
DPM conversion (mmolg~h™), product yields (wt.%), DCDPM/MCDPM
and 4,4-DCDPM/2,4-DCDPM ratios over zeolite K-L. Reaction
conditions: Catalyst (K-L) = 50.5 g/mole of DPM; DPM = 0.006 mal;
S0O2Cl2= 0.012 mol; Reaction time = 0.083 h.

As expected, the rate of DPM conversion  increases from 66.3 to 196.6 mmolg *h!
when the reaction temperature is increased from 313 K to 363 K, respectively, after 0.083
h (5 min) of reaction time. At lower temperature (313 K) no DCDPM is detected. The
DCDPM/MCDPM as wel as the 4,4'-DCDPM/2,4'-DCDPM ratios increase with an
increase in the reaction temperature.

The formation of 4,4 -DCDPM is favoured at higher temperature. The yied of 4

CDPM decreases thus increasing the required product (4,4-DCDPM) with an increase in
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the reection temperature. Thus, 255 wt% 4,4 -DCDPM is obtained a 827 wt.%

converson levd of DPM after 0.083 h of readtion time a 363 K.

3.1.3.3.7. Influence of HCI treated K-L catalysts
The chlorination of DPM was dudied with zeolite K-L with different
SO,/AlLO; ratio obtained by the treatment of parent K-L with various molar solutions of

HCI (0.05t0 0.7 M HCI). Theresults are presented in Table 3.12.

Table 3.12. Influence of HCI-treated zeolite K-L °

K-L SO Deg DPM Conv. Product yields (wt.%)° DC 44
fé'; of  conv Rate MCDPM DCDPM f(\:"d 21‘
ratio K- %t' éTtTl‘;' A B C D E F G H
KL 68 >98 674 1609 32 11 539 11 03 376 01 01 02 69
é‘_(LB)e 743 >98 662 1563 31 08 534 11 01 74 01 02 02 65
E(O_.&)e 802 >98 602 1437 33 07 474 11 03 68 03 03 02 6.2
E(O'_;)e 863 >08 552 1340 32 06 447 08 02 50 03 04 01 63
E(o-.lé)e 873 >98 461 1101 28 05 380 06 02 33 03 04 01 55
KL 901 >08 441 1050 23 05 372 05 01 26 04 05 01 52

0.7

* Reaction conditions: Catalyst = 50.5 g/mol of DPM; DPM = 0.006 mol; SO-Ck = 0.012
) mgl; 1,2-dichloroethane = 2 ml; Reaction temperature = 333 K; Reaction time = 0.083 h.
e’ " See the footnotes to Table 3.10.
Vaues in parentheses correspond to the molarity of HCI solution taken for K-L treatmemt.

As can be seen from the reaults, the conversion of DPM decreases from 67.4 wt.%
to 44.1 wt.% after 0.083 h (5 min) of reaction time, when the SO,/Al,O5 ratio of zedlite
K-L is increased from 6.82 to 9.01, respectively. The DCDPM/MCDPM and 4,4'-
DCDPM/2,4'-DCDPM ratios decresse with an increase in the framework SIO,/Al,O3 rétio

of zeolite K-L. The higher cataytic activity of fresh zeolite K-L compared to the treated
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zeolite K-L may be due to the lower SO,/Al,O3 ratio thus giving higher concentration of
duminium which in tun gives higher number of basic dStes for the reaction. The low
activity of 0.7 M HCI treated zeolite K-L may be attributed to a combined effect of higher
SO,/AlLO; ratio and lower cryddlinity of zeolite K-L. Thus, higher numbers of basic
gtes as wdl as good crysallinity of zeolite K-L ae the most important factors for the

liquid phase chlorination of DPM.

3.1.3.3.8. Influence of DPM/SO2Cl> molar ratio
The converson of DPM, product yields, DCDPM/MCDPM as well as 4,4 -
DCDPM/2,4-DCDPM ratios obtained a diffeeent DPM/SO,Cl, molar ratios are

demonstrated in Table 3.13.

Table 3.13. Influence of DPM/SO,Cl, molar ratio®

DPM/ oM o Product yields, (Wt.%)° bcl ‘z"j,f e
0:Cl2 MC '
Molar (wt mmol MCDPM DCDPM ratio  ratio
o %) gh T A B ¢ D E F G H

0.33 73.3 175.0 31 2.1 552 15 03 105 01 05 0.2 7.0
0.5 67.4 160.9 32 11 539 11 03 76 01 01 0.2 6.9
1.0 434  103.6 23 08 367 05 - 2.9 - 02 0.2 58
2.0 23.7 56.6 2.8 12 19.7 - - - - - - -
3.0 17.3 41.3 0.6 0.2 16.5 - - - - - - -
5.0 17.2 41.1 - - 17.2 - - - - - - -

* Reaction conditions: Catalyst = 50.5 g/mol of DPM; DPM = 0.006 mol; 1,2-dichloroethane = 2
. chL; Reaction temperature = 333 K; Reaction time = 0.083 h.
" See the footnotes to Table 3.10.

The converson of DPM and the rate of DPM converson decrease from 73.3 to
17.2 wt.%, and 175.0 to 41.1 (mmolgth?), respectively, when the DPM/SO,Cl, molar
ratio is increased from 0.33 to 5, after 0.083 h (5 min) of reaction time. The higher molar
raios of DPM/SO,Cl, (DPM/SO,Cl, = 2,3 and 5) give only the formation of MCDPM
with a lower converson of DPM. The DCDPM garts appearing a the DPM/SO,Cl, molar
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ratio of 1. Thus, 29 wt.% 4,4-DCDPM is obtaned a a DPM/SO,CL molar raio of 1
which is increased to 10.5 wt.% at a DPM/SO,Cl, molar ratio of 0.33 and a 0.083 h (5

min) reection time.

3.1.3.3.9. Recycle of the zeolite K-L

Table 3.14. gives the results of a catdyst recycling experiment usng zeolite K-L in
the chlorination of DPM a 333 K. After the completion of each reaction, the zeolite K-L
was separated from the reaction mixture by filtration, washed with acetone and calcined in
ar a 773 K for 12 h. It is then chaacterized for the chemicd compostion and

cryddlinity. All the data refers to the calcined samples.

Table 3.14. Recycle of the catalyst K-L?

R SO0/ Deg. DPM Conv Product yields (wt.%) DC 44 K-L
b / -/

. conv  rate Crys

u ARO K- (wt. mmo M 24 tnty

i %) Ig-lh- MCDPM DCDPM Iy
n raio K-L A B C D E F G H

0O 68 986 674 1609 32 11 539 11 03 76 01 01 02 69 100
I 70 967 438 1046 79 27 292 16 01 15 02 06 01 09 &

& Reaction conditions. Catalyst) = 50.5 g/mol of DPM; DPM = 0.006 mol; SO,Cl, =
0.012 mol; 1,2-dichloroethane = 2 ml; Reaction temperature = 333 K; Reaction time =
b0.983 h.

%€ See the footnotes to Table 3.10.

The duminium and potassum content as well as crysdlinity of K-L samples has
been found to decrease after the firgt recycle. It has been observed that the activity of
zeolie K-L is decreased in the firs recycle with a drastic decrease in the 44'-
DCDPM/2,4-DCDPM rétio from 6.9 to 0.9, respectively, after 0.083 h (5 min) of reaction
time. The sulfur dioxide and hydrochloric acid evolve continuoudy during the reection,
which dffects the cadyd activity. In addition, the HCI formed in the reaction extracts

aduminium and to some extent potassum from the framework postions of zeolite K-L.



Such type of extractions and the decrease in the crystdlinity of zeolite K-L attribute to the

decrease in the catdytic activity of zeolite K-L in the chlorination of DPM.

3.1.3.4. Conclusions

44 -DCDPM is formed <dectivdy over zeolite K-L in the liquid phase
chlorinaion of DPM with sulfuryl chloride as the chlorinating agent under mild reaction
conditions. Other zeolite catadysts as well as the conventionad Lewis acid cadys, AlCl;,
are less sdective compared to zeolite K-L. The yield of 4,4-DCDPM increases with the
duration of the run, cadyst (K-L) concentration, reaction temperature and concentration
of the chlorinating agent (SO,Cly). In dl these cases, the 4,4-DCDPM is obtained at the
expense of the 4-CDPM, thus reducing the yield of MCDPM. 1,2-dichloroethane is found
to be the bet solvent and gives the highest sdectivity for 44 -DCDPM (4,4 -
DCDPM/2,4-DCDPM isomer ratio = 9.7) a 353 K after 1 h. The increase in the SO,/Al-
203 molar rdio of zeolite K-L (by HCl trestment) progressively decreases the activity as
wdl as the sdectivity of the catdys. On recycling, the converson of DPM and 4,4 -
DCDPM/2,4-DCDPM isomer ratio decreases due to the extraction of smal amount of
auminium and potassum (by HCI produced in the reection) as well as the decrease in the

cryddlinity of zeolite K-L.



3.1.4. Reasons for higher selectivity in the chlorination of

aromatics over zeolite K-L

The reaults obtained in highly sdective chlorination reections of benzyl chloride,
cumene and diphenylmethane over zedlite K-L demondrate that the conventiona concept
of geometry related shape sdectivity couldn't be reated done to explan the role of
zedlite K-L in enhancing the parasdectivity. It is seen that zeolites of smilar pore
diameter but different structurd types behave in different ways®'2. In addition, Wortd et
d.? (in the bromination of haobenzenes), Botta et d.® (in the chlorination of biphenyl)
and Sngh e d.2 (in the chlorination of toluene) suggested that factors such as dze,
charge and postion of the cations and the eectrogtatic forces produced by them in the
zeolite channds direct the subditution to get higher sdlectivity for para-products. It is dso
observed by Van Dijk e d.# that highly sdective para-subtitution in the hdogenation of
aromatics over zeolite caldysts may be attributed to a specific orientation of the subdtrate
in the cavities of the zeolites resulting in the Seric hindrance & the ortho-podtion and
activation of the parapogtion by the dectrogatic influences in the zeolite crystd. The
combined effect of dl these factors may be responsble for the sdective formation of the
para-products in the chlorination of above aromatics over zeolite K-L.

An increase in the isomer ratio is observed in the presence of 1,2-dichloroethane
(EDC) a its reflux temperature (353 K) in case of the chlorination of al the above
aomdics viz., benzyl chloride, cumene and diphenylmethane over zedlite K-L. The
reasons for this higher sdectivity may be summarized as presumably, the higher didectric
congant of EDC (ionic medium) favours the easy formaion of dectrophile (CI*)*7 thus
preventing the formation of radica (Cl), which enhances the sde-chain chlorinaion of the
aromatic substrate®. The higher 4-/2- or 4,4-/2,4 - isomer ratios observed in EDC in the
chlorination of benzyl chloride, cumene or diphenylmethane a 353 K over zeodlite K-L

may be attributed to the higher polarity of EDC. In addition, it is adso suggested®® that
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solvents may influence the activation of the reectants or may affect the diffuson and
transport processes in the zeolite channels, which may enhance the formation of the para

products.

3.1.5. Mechanism for the zeolite catalyzed chlorination of

aromatics
In the plausble mechanism™% Cl, molecule is dissociated (e 2)
heterolyticdly into an dectrophile (CIY) over zedlite catalysts which then tekes part in the
eectrophilic  subdtitution process (Figure 3.14) resulting in the formation of ring
chlorinated products®1®. The sidechain such as the a-chlorination of aromatics takes place
by radica mechanisf 24,

In case of wulfuryl chloride as the chloringting agent, it (SO,Ch) is fird
decomposed thermally to sulfur dioxide and molecular chlorine (eg. 1). The later in the
presence of zeolite catdyds cleaves heteralyticaly or is polarized and the podtive haogen
(CI") sarves as the dectrophile for the aromatic subditution (eq. 2). The dichloro-

aromatics are obtained by the consecutive reaction of the monochloro-compounds.



| WhereR=CH»>Cl | CH (CH3)20r
C HCH
2
+ HCIT °°

cl

Figure 3.14. Mechanism for chlorination of aromatics over zeolites.
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3.2. Bromination

Bromination processes are of importance not only for preparing specific desred
end products (e.g. bromine-containing flame retardants), but dso as a means of preparing
reactive intermediate®®. Conventiondly, the ring bromination of aomatics with N-
bromosuccinimide (NBS) or liquid bromine (Brp) is catayzed by Lewis acids such as
chlorides of duminium, zinc and irorf®. Lambert e d.5° reported on the brominaion of
benzene and toluene usng the NBS-H,SO,-H,O system. However, these methods are
unsuitable for the industrid bromination of aromatic compounds owing to the need for

doichiometric amount of the catadyst, formation of polybrominated products and difficulty
of separation of catayst from the fina product. During the last decade, there has been an
increasing demand for the solid catdyss due to important advantages over soluble minerd
acids and metd hdides In addition, the bromination of aromatics mediated by slica ge
has been reported®-54. Zeolites are well-known materids widely used in petrochemica
industries™?. More recently, zeolite catalyzed chlorination of aromatic compounds has
dtracted considerable atention owing to their smplicity and shape sdectivity'2C.
However, the use of zeolite as catdys in the bromination of aromatics has been
limitecP>5>61, Thus, the am of the present study is to cary out liquid phase sdlective
bromination of ehyl benzene over zedlite catdyds for the synthess of indudridly

important para- compounds.

3.2.1. Selective bromination of ethyl benzene to 4-

bromoethylbenzene

3.2.1.1. Introduction

Ring brominated akyl benzenes ae usful as intermediates for fungicides,

insecticides and fire retardants®?.  Conventionally, the ring bromination of aomaics is
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cadyzed by homogeneous Lewis acids such as AlClL;, FeCls or ZnClL*°. The nudear
bromination of ethyl benzene (EB) has been achieved in the presence of slicic acid with
bromine as the hadogenaing agent®. Furthermore, brominated ethyl benzenes have been
obtained with GaBr; as a catalyst in the presence of CCL%3. But this method mostly gives
polybrominated ethyl benzenes. In another method, monobromination of ethyl benzene
was carried out with NaBr or KBr in the presence of NaOCl in acidic medium containing
ag. HCl or ag. H,S0,%% In addition, Swamy et d, have reportec®® N-N’-trimethylenebis
[2-aminobenzamide] and lanthanide chlorides to catadyze the brominaion of arenes by
bromine stereospecificaly. But these reported methods are not suitable industridly and
thus the need is to brominate ethyl benzene sdectively, to 4-bromoethyl benzene, (4-
BrEB) in presence of zeolite catayss. A couple of reactions with N-bromosuccinimide
(NBS) as the brominating agent have aso been reported. The influence of various
cataysts, catadyst concentration, reaction temperature, EB:Br, molar ratio as wel as the
recycle of zeolite K-L has been examined on the converdon of EB and product yidds
(Wt.%), rate of EB converson (mmolgth?), and the sdectivity for 4-bromoethyl benzene
(4-BrEB/2-BrEB isomer rdio) usng zeolite K-L in the bromination of ethyl benzene with
liquid bromine. The results obtained over zedlite K-L (with bromine) and with zeolite H

beta (with NBS) are compared with hose obtained over the conventiona catdysts, FeCk

or H,SO,, respectively.

3.2.1.2. Experimental

The synthess of various catdyss ther modification and charecterization are
caried out as described in Chapter 2. Some physico-chemica properties of the zedlites
used in this study are presented in Tables 2.2 and 2.3.

In a typica batch reaction a sample of activated catdyst (0.75 g), EB (0.047

moles), and liquid bromine or NBS (0.0094 moles) were taken in a mechanicaly sirred,



closad, 50 ml glass reactor fitted with a reflux condenser, a thermometer and a septum for
withdrawing the samples. The batch reactor was placed in a thermogtat a the required
reaction temperature. The samples were taken periodicaly, neutrdized by NaHCO; and
andyzed by Gaschromatograph (HP GC 6890). Product identification was done with
reference to standard samples and GCM S (Shimadzu, QP 2000A).

Converson is defined as the percentage of EB trandformed. The rate of EB
convarson (mmolgth?) is cdculated as the amount of EB (mmol) converted per hour per
gram of the catays. The yield percentage of product represents the amount of the product

calculated from sdlectivity multiplied by the conversion and divided by 100.

3.2.1.3. Results and Discussion
3.2.1.3.1. Influence of various catalysts

The bromination of ethyl benzene (EB) with liquid bromine over various cadyds,
without any catdyst and the conventionad Lewis acid catayst, FeCl, is presented in Table
3.15. The Bromination of EB over Hbeta and H,SO, with N-bromosuccinimide (NBS) is
aso carried out under identica reaction conditions, and the results aso are listed in Table
3.15. The reaction produces a mixture of 2-bromoethylbenzene (2-BrEB) and 4-
bromoethylbenzene (4-BrEB) as the main reaction products and the sde chain brominated
products, a-methylbenzyl bromide (a-MeBBr) and phenylethyl bromide (PhEBr) as the
gde-chain products. In addition, o- and p-ethyldiphenylethane (others) are aso obtained
over dl caayss (scheme 3.5). The consecutive products (polybrominated products) are
not observed may be because of lower reaction temperaiure and higher EB:Br, (5:1) or
EB:NBS (5:1) molar ratio. The formation of 2BrEB and 4-BrEB takes pace by pardld
reactions'®4, wheress the firmation of side-chain brominated products such as a-MeBBr

and PhEBr takes place by the radicd mechanism®”%®. Further, PhEBr rescts with
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dghylbenzene reaulting in  the formaion of o-ehyldiphenylethane and p-

ethyldiphenylethane (Scheme 3.5).
CHCH, OH,CH, CHCH CHBr(:H3 HCH, B
Cadys Br «
+ Br 2/ NBS —— > " + + + + Others
3B3K
Br
Br
EB 2BrEB 3BrEB 4BrEB  -MeBBr PhEBr
CH CH.,Br
s oCH, QH,CHy
o-ethyldiphenylethane p-ethyldiphenylethane + HBr

| |
) Othe's
Scheme 3.5

Among the zedlite catdyss dudied, zeolite K-L and zeolite H-beta gave
comparable sdectivity (4-BrB/2-BrEB = 2.3) whereas a very high amount of others are
observed over H-beta (10.6 wt. %) compared to K-L (2.2 wt. %). The higher amount of
others over zeolite H-beta may be attributed to its sirong acidity. Zeolites K-ZSM-5 and
H.K-L are active catdysts for the nuclear brominated products and give less amounts of
the sde chain products and others. The reaction with zeolite K-X and without any cadyst
produces mainly the sde-chan products and others in higher yidds. The conventiond
catdyst, FeCl;, is found to be comparable with zeolite K-L in terms of activity and
sectivity. However, no sde-chain product and trace amount of others are obtained over
FeCl; catalyst.

Zeolite Hbeta is found to be superior to the conventiona catayst, HSO, in terms
of sdectivity for 4-BrEB when the reaction was carried out with N-bromosuccinimide

(NBS) under identical reaction conditions (Table 3.15). Mainly the nuclear brominated



products are obtained over H-beta®®"®! with less amounts of others and side chain

products, when NBS was used as the brominating agent.

Table 3.15. Bromination of ethyl benzene®

Catalyst EB Conv. Product yields (wt.%)" 4-Br/2-
Br
b . d
ot ) (Rrr?rslol 2 4 a PhE Others '
' g—lh-l) BrEB BrEB MeBBr Br

K-X 12.6 15.8 1.9 3.8 2.6 0.1 4.2 2.0
K-mord. 16.2 20.3 2.7 5.3 1.0 - 7.2 2.0
K-ZSM-5 15.2 19.1 43 8.9 0.2 0.1 2.1 2.1
K-L 19.5 245 5.0 11.3 0.8 0.2 2.2 2.3
H.K-L 11.1 139 24 4.3 0.1 0.1 3.5 1.8
K-beta 18.0 226 18 4.0 1.7 - 105 2.2
H-beta 17.7 222 2.1 4.6 0.4 - 10.6 2.3
FeCls 20.0 25.1 5.8 135 - - 0.7 2.3
No catalyst 10.9 137 1.0 2.0 2.7 - 5.2 2.0
H-beta’ 8.2 103 0.9 4.0 0.2 - 3.3 4.5
H2904° 7.8 9.8 2.3 34 0.4 - 1.8 1.5

* Reaction conditions: Catalyst = 15.93 g/mol EB ; Ethyl benzene () = 0.047 mal; Lig. Brz =
0.0094 mol ; Reaction temperature = 353 K; Reaction time = 0.5 h.

. Rate of EB conversion is expressed as the millimoles of EB converted per hour per g of catalyst.
2-BrEB = 2-bromoethyl benzene; 3BrEB = 3-bromoethyl benzene; 4-BrEB = 4-bromoethyl
benzene; a-MeBBr = a-methyl benzyl bromide; PhEBr = Phenylethyl bromide; Others = o-
ethyldiphenylethane and p- ethyldiphenylethane.

¢ | somer ratio of 4-bromoethyl benzene to 2 bromoethyl benzene.

¢ Bromination with N-bromosuccinimide (NBS); Reaction conditions: Catalyst = 15.93 g/mol EB;
Ethyl benzene = 0.047 mol ; NBS = 0.0094 mol; Reaction temperature = 353 K;

Reaction time (h) = 2.

3.2.1.3.2. Influence of catalyst concentration

The effect of concentration of zeolite K-L on the converson of EB, product yidds
and SHectivity for 4-BrEB (4-BrEB/2-BrEB isomer ratio) in the bromination of EB with
liquid Br, is presented in Fig. 3.15.

The catdyst amount was changed every time by keeping the moles of EB congant

in the reaction mixture under identica reaction conditions.
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Figure 3..15. Effect of catalyst (K-L) concentration on the conversion of EB (wt.%),
product yields (wt.%) and 4-BrEB/2-Br EB isomer ratio.
Reaction conditions: See footnotesto Table 3.15.

When the catdyst concentration was increased from 0 to 15.9 g/mol of EB, the
converson of EB increased from 10.9 to 185 wt.%, respectively, beyond which it leveled
off. This increese in the EB converson is manly because of dgnificant increase in the
yidd of 4-BrEB with increase in the catayst concentration. Furthermore, the yields of sde
chan products as wel as others are found to be reduced on incressing the catdyst
concentration. The selectivity shows a margind increese with an increese in the catdyst
concentration. Thus, zeolite K-L mainly gives the nudear brominated ethyl benzenes with

liquid Br,.

3.2.1.3.3. Influence of reaction temperature

Figure 3.16. represents the effect of reaction temperature on the converson of EB,
product yidds and sdectivity for 4-BrEB (4-BrEB/2-BrEB isomer raio) in the

bromination of EB with liquid Br.



The converson of EB and the rate of EB conversion incressed from 12.1 to 20.0
wt.% and 15.2 to 25.1 mmolgth?, respectively, as the reaction temperature is increased
from 313 to 373 K. The increase in the EB conversion is associated with increased yields
of the nuclear brominated products. The concentration of the sde chain products as well
as the sdectivity remains dmost congtant with increase in the reaction temperature. The

yields of others, however, increase with an increase in the reection temperature.
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Figure 3.16.  Effect of reaction te{nrl)eratureon the conversion of EB (wt.%), rate of EB
conversion (mmolg h"), product yields(wt.%) and 4-Br EB/2-BrEB isomer
ratio. Reaction conditions: See footnotesto Table 3.15.

3.2.1.3.4. Influence of EB:Br, molar ratio

The EB:Br, molar ratio was changed by keeping the amount of EB congtant. The
converson of EB and the rate of EB converson decressed from 80.7 to 12.2 wt.% and
1013 to 153 mmolg*h?! as the EB:Br, molar ratio was increased from 1 to 7,

respectively. The isomer ratio, however, remains dmost congtant. (Fig. 3.17).
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Figure 3.17.  Effect of EB:Br. molar ratio on the EB (wt.%), product yields (wt.%) and
4-BrEB/2-BrEB isomer ratio.
Reaction conditions; See footnotesto Table 3.15.

3.2.1.3.5. Recycle of zeolite K-L

Zeolite K-L was recyded two times in the bromination of EB with liquid Br, under
identical reaction conditions (Table 3.16.). The catayst was separated from the reaction
mixture after the completion of the reaction, washed with acetone, dried and heated a 773
K in ar for 12 h and then characterized by XRD and chemica andysis after each run. It is
clear from Table 3.16, that there is a decresse in the converson of EB as wdl as the
isomer ratio of 4-BrEB/2-BrEB after each run. Also, the yields of the sde chain products
as well as others are increased condderably after each recycle. This deactivation of the

catays after recycling may be attributed to the reduced cryddlinity of the catadyst as well
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as extraction of some amount of K and Al from the zedlite by the HBr liberated during the

reaction.

Table 3.16. Recycle of zeolite K-L?

R S0/ K EB Coy Product yields (wt.%)° 4Br K-L

u AROs deg Cow rae 2Br  Crys

n raio in (wt.  (mmol 2Br 4Br a-Me Ph Others rdio tnty
KL %) g¢h') EB EB BBr EBr (%)

0 6.8 986 195 245 50 113 0.8 0.2 2.2 23 100
I 71 965 133 16.7 21 4.1 15 0.2 5.5 19 nd°
[ 80 941 9.8 31 12 1.8 1.7 0.3 4.8 15 Amp.

ab,cd

. See the footnotes to Table 3.15.
Amorphous.

3.2.1.4. Mechanism

Mechanigtically, it is believed?#%678-81 that bromination of ethyl benzene proceeds
by the generation of an dectrophile (Br*) which is produced by the heterolytic dleavage of
Bro/NBS by the catdyst. Thus, the generated Br™ atacks the benzene ring resulting in the
formation of brominated nuclear products. The side-chan or a-bromination of aromatics

takes place by radica mechanism.

3.2.1.5. Conclusions

Zeolite K-L is found to be compaable in activity and sdectivity to the
conventional Lewis acid catalyst, FeCl; in the liquid phase bromination of EB with Iquid
Bro. Zeolites K-beta, K-mordenite and H-beta give higher yidd of others with Bry,

wheress, zedlite K-X and the reaction without any catdys manly gives the sde chain



product, a-methylbenzyl bromide. Zeolite H-beta is found to be superior to the
conventiond catays, H,SO, in the liquid phase bromination of EB with NBS, giving less
amounts of the side chain products and others compared to those with liquid Br,. Increase
in the catalyst K-L concentration as wel as reaction temperature favours the formation of
4-BrEB with a decrease in the sde chain products as well as others with liquid Br,. An
increese in the EB:Br, molar ratio decreases the EB conversion and product yields keeping
the sdectivity dmost congtant. The catdyst K-L was recycled two times with a decrease
in the EB converson and sdectivity for 4-BrEB after each run because of the reduced
cyddlinity of K-L as wel as the extraction of smdl amounts of K and Al from the zeolite
dter each cyde. The plausble mechanism involves an aromatic eectrophilic subdtitution

by an electrophile (Br*) generated by the polarization of Br, or NBS by the catayst.



3.3. lodination

3.3.1. Selective iodination of chlorobenzene to 4-

iodochlorobenzene.

3.3.1.1. Introduction

lodoaromatic compounds are important in metabolisn and radio labeling sudies.
Thyroid hormones, amphetamines and cortico-geriods have been investigated using radio-
iodine derivatives®’. Direct chlorination and bromination of aromatic compounds are well
known. However, the direct and sdective iodinaion of aomatic compounds with
molecular iodine is much more difficult owing to lower eectrophilic strength of iodine
molecule. Conventiondly, the iodination of chlorobenzene (CB) has been achieved with
ICl or a CH mixture in the presence of homogeneous catalysts such as MoCk, FeCls
and/or lanthanide chlorides with a p-/o- ratio of 5.5%. Furthermore, in the presence of ag.
CF;COOH, the iodination of chlorobenzene has been carried out with akdi or anmonium
meta hdides with nitrate promoterS®. Direct iodination of chlorobenzene in HOAc
containing H,SO, and HNO; gave 65% yidd of para-iodochlorobenzene after 35.5 min a
384 K. The use of minerd acids and metd halides in the iodination reactions poses some
maor problems like the difficulty of separation of the catdyst from the find reection
mixture, requirement of gtoichiometric amount of the catays, lower parasdectivity and
hazardous reaction conditions. ICI, without involving a FriedelCrafts cadys has aso
been used as an iodinating agent, but its gpplicability so far is limited because the reaction
is not para-sdective’*"®. The direct iodination of chlorobenzene has aso been reported
with IF made in stu from the corresponding eements without a Friedd-Crafts catayst®’,
but again with a lower sdectivity. Recently, zeolite caidysts have been found to catdyze
the sdective chlorination”2° and bromination 235881 of a variety of aromatic substrates.

However, only a few reports are available on the sdective iodination of aromatics over

127



zeolites™®. Furthermore, the reports regarding the use of zeolite catdyst in sdlective liquid
phase iodination of chlorobenzene with ICl are scarce. In one method’”, the vapour phase
iodination of chlorobenzene at 300° C is carried out with air and | in the presence of Na X
zeolite. Therefore, the am of the present work is to achieve the formation of paa
iodochlorobenzene (p-1CB) in high sdectivity with ICl in presence of zedlite cadyds
under mild reection conditions. Thus, the present work reports liquid phase iodination of
chlorobenzene sdectively to para-iodochlorobenzene with ICl in the presence of zedlite
catdysts. The results obtained over the zeolite catalysts are compared with those over the
conventiona  homogeneous catalysts. The influence of various parameters such as cadyst
concentration, reaction temperature, reection time, chlorobenzene to ICI molar ratio and

recycle of the catalys has aso been sudied.

3.3.1.2. Experimental

The zeolites used, their synthess and physico-chemicd characterizetion have
dready been reported in Chapter 2. Table 2.3. listss some of their important properties.
The zeolite samples were activated in air a 473 K for 2 h, prior to the reaction.

In a typica reaction procedure, 5 g (0.04 mol) of chlorobenzene, 1.44 g (0.0088
mol) of ICl and 0.5 g activated catdyst were mixed in a smal round bottom glass flask,
fitted with a condenser and a rubber septum for withdrawing the samples. The flask was
hested at the required reaction temperature (363 K) with continuous stirring. The product
was collected periodicdly and analyzed by gas-chromatograph (HP 6890) equipped with a
FID detector and a Capillary column (50m x 200mm x 0.33 nmm) with phenyl methoxy
dlicone gum. The authentic samples as wel as the GCMS (Shimadzu, QP 2000 A)
analyses confirmed the products of the reaction.

The converson of CB is cdculaied as the amount of CB transformed wheress the

rate of CB converson is the millimoles of CB converted per g of catdyst per hour. The
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product yieds are cadculated as the sdectivity for a particular product multiplied by the

converson.

3.3.1.3. Results and discussion
3.3.1.3.1 Influence of various catalysts

Table 3.17. ligs the results obtained in the liquid phase iodination of CB with ICl
over vaious catayds a 363 K under atmospheric pressure after 5 min of reaction time. In
al the reactions, the iodiantion of CB is accompanied by simultaneous chlorination’®75,
the extent of which depends upon the type of the catalyst used. The reaction produces a
mixture of para-iodochlorobenzene (p-1CB), orhto- iodochlorobenzene (o-ICB), meta-
dichlorobenzene (mDCB), para-dichlorobenzene (p-DCB), ortho-dichlorobenzene (o-

DCB), along with trace anount of polyhalogenated products (others), as shown in Scheme

3.6.
a Cl
|
+
Cl
|
|
cadyst
+ Id v oICB p-ICB
am. pressure + Others
363K
Cl cl a
CB a |
+ +
Cl
Cl
m-DCB oDCB p-DCB
Scheme 3.6

It is clear from the results that the sdectivity for pICB (p-1CB/o-1CB isomer ratio)
as well as the extent of iodination (ICB/DCB ratio) depend strongly upon the type of the

catayst used in the reaction. Zeolites HY and RE (70.6)Y are highly active and selective



and the rate of CB converson and the sdectivity (p-ICB/o-ICB isomer ratio) over these
caayds is found to be 128.8 and 1355 mmolg™h?! and 13.4 and 13.8, respectively, after 5
min of reection time. Zedlite RE-Y is, however, more superior to H-Y in that it gives
higher yield of iodinated products (ICB) than the chlorinated products (DCB) (ICB/DCB
= 2.7). Zeolite Hbeta is found to be sdective (p-ICB/o-ICB = 11.5) buit is less active and
gives lower yields of iodinated products compared to H-Y and RE Y. Other zedlite
cataysts (H-ZSM-5 and H-mordenite) as wel as SO, are nether active nor sdective. The
conventiond catdys, H,SO4, is moderady active but poorly sdective. The reaction
without any catadyst gives the lowest sdectivity to p-ICB. The lower converson of CB in
the absence of any catalyst may be attributed to the presence of unreactive I Cl, (or HICl,)
gpecies in the reaction mixture produced by the combination of iodine monochloride and

liberated hydrogen chloride during the course of the reaction (eg. 4 of scheme 3.7 7,

Table 3.17. lodination of chlorobenzene (CB) 2

Catalyst CB  Conv. Product yields (wt.%) p-ICB/  I1CB/
Cov Rate DCB ICB o-IcB° DCB°
(wt. (r_T11n_110I m p- o- p- o- Others
%) gh) DCB DCB DCB ICB ICB
H-beta 69 766 01 30 13 23 02 003 115 0.6
H-Y 116 1288 01 30 14 67 05 - 134 1.3
H-ZSM-5 57 633 004 29 12 11 02 01 7.1 0.3
H-mord. 49 544 01 27 11 08 02 - 5.2 0.3
RE 122 1355 - 23 10 83 06 - 138 2.7
(70.6)Y
90: 45 507 01 24 10 08 01 01 6.4 0.3
H2S04 78 86 01 35 14 24 06 01 4.1 0.6
None 83 922 01 44 19 15 04 - 4.3 0.3

* Reaction conditions: Catdyst = 11.25 g/mol CB; CB = 0.04 moal; ICl = 0.008 mol; Reaction
femperature = 363 K; Reaction time = 0.08 h.
Conversion rate is expressed as the mmol of CB converted per g of catalyst per hour.
¢ DCB = dichlorobhenzenes; ICB = iodochlorobenzenes.
m-DCB = meta-dichlorobenzene; p-DCB = paradichlorobenzene; 6 DCB = o dichlorobenzene;

p-1CB = paraiodochlorobenzene; ol CB = orhto-iodochlorobenzene; Others = Polyhalogenated

roducts.

isomer ratio of para-iodochl orobenzene/ortho-iodochlorobenzene.

® ratio of iodochloroberzenes/dichlorobenzenes.



Table 3.17. shows that the sdectivity for pICB not only depends upon the pore
sructure of the zeolite but probably on the acid sirength of the catalys, eectrostatic forces
produced in the zeolite channels and the redtricted orientation of the adsorbed molecule in
the pores of the zeolite”81417:2358 Thug zedlite RE-Y is found to be the most active and

sective catdys in the iodination of chlorobenzene to p-iodochlorobenzene with ICl.

3.3.1.3.2. Duration of run using various catalysts
The influence of reaction time on the converson of CB over vaious cadyds a

363 K under atmospheric pressure isillustrated in Fig. 3.18.

16
<
S —a— H-beta
E 121 —e—H-Y
3] —A— H-ZSM-5)
o) —Wv— H-mordenite
S —e— RE-Y
. R E— 1
g g- S|O2
E —X— No catalyst
3 X R0,
+
4 T T T T
0.0 0.5 1.0 15 2.0

Reaction time (h)

Figure3.19. lodination of chlorobenzene with I1CI: Effect of reaction time on the
performance of various catalysts. Reaction conditions: Seethefootnotes
to Table 3.17.

Increasing the reaction time increased the converson of CB over dl the catdyds.
However, in case of zeolites H-Y and RE-Y, the reaction is very fag and a higher

conversion of CB is observed in the initid 0.083 h of reection time showing that zeolites



H-Y and RE-Y ae the most reactive catdydts in the iodination of CB. In case of other

cadyds the converson increesed dowly with time. Zeolite H-beta and the conventiond

cadys, H,S0O, ae found to be less active initidly compared to H-Y or RE-Y, but the

converson increesed gradudly with time. Zedlites H-ZSM-5, Hmordenite and SO, are

less active,

3.3.1.3.3 Duration of run with H-beta and RE-Y

The performance of zeolites H-beta and RE-Y a 363 K in terms of CB conversion,

product yields, ICB/DCB ratio and p-1CB/o-ICB ratio as a function of time on sream is

presented in Fig. 3.20.

20

15+

CB conversion & product yields (wt.%)
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Figure3.20. Effect of reaction time on the conversion of CB and product yields

(wt

%), p-1CB/o-ICB isomer ratioand | CB/PCB ratio over zeolitesRE-Y

and H-beta. Reaction conditions: Seefootnotesto Table 3.17.
The converson of CB as well as the product yields increase with reaction time in

cae of bhoth the

cataysts. As seen in Fig. 3.20, zeolite Hbeta is less active initidly, but

the converson increases gradudly with time. Also the extent of iodination (ICB/DCB



ratio) is found to be less in case of Hbeta and gives lower yields of iodinated products.
Theyidd of p-1CB, howewer, increases with time, thusincreasing the p-1CB/o-1CB rétio.

Zeolite REY (Fig. 3.20) is highly active catdyst and dmost maximum converson
of CB is achieved in the initid 5 min (0.08 h) only without giving any noticegble change
as the reaction is proceeds. The yields of iodinated products are far higher than that of the
chlorinated products in case of zeolite RE-Y, thus giving higher ICB/DCB ratio. The
sectivity for p-ICB (p-1CB/o-ICB ratio) is higher than that for zeolite H-beta and

remansamost congtant throughout the reaction.

3.3.1.3.4. Influence of catalyst concentration
The effect of different catdyst concentration for the zeolites H-beta and RE-Y on

the conversion of CB, product yields, ICB/DCB ratio and pICB/o-ICB ratio is illusraed

inFig. 3.21.
3
< L2
% -% —— CB conv.
% ;5 L1 —e— m-DCB
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S w
S .= 5 —v—0-DCB
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s 3 ] S | —x— Others
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25 10 .
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0 5 10 15
Catalyst concentration (g/mol of CB)

Figure3.21. Effect of catalyst concentration on the conversion of CB and product
yields (wt.%), plCB/o-ICB isomer ratio & |CB/DCB ratio. Reaction
conditions: See the footnotesto Table 3.17.



An increase in the catalyst concentration of Hbeta (Fig. 3.21) does not produce a
remarkable change in the converson of CB. However, the sdectivity (p-1CB/O-ICB rétio)
as well as the extent of iodination (ICB/DCB retio) increases from 4.0 to 14.5 and 0.3 to
0.7, respectively, asthe catdyst concentration is increased from 0 to 15.75 g/mol of CB.

In cae of zedlite REY (Fig. 3.21), the converson of CB, the sdectivity (p-
ICB/O-ICB rétio) as well as the extent of iodination (ICB/DCB rétio) increases from 5.2
to 12.6, 0.3 to 2.6 and 4.0 to 170, repectivdly, with an increese in the catdyst
concentration from O to 15.75 g/mol of CB. Thus, zeolite RE-Y is found to be superior to
H-beta in terms of higher CB converson, higher sdectivity to p-ICB and higher yidd of
iodinated products. The increaese in the converson and sdectivity with an increase in the
catdyst concentration may be attributed to the increase in the totd number of active Stes

of the catalys.

3.3.1.3.5. Influence of reaction temperature with zeolite RE-Y

Fgure 322 illudrates the effect of different reaction temperature on the
conversion of CB, rate of CB converson, product yields, ICB/DCB ratio as well as p
|CB/0-1CB isomer ratio with zeolite RE (70.6)Y .

With an increase in the reaction temperature from 328 to 383 K, the rate of CB
conversion increases from 111.1 to 240.6 mmolgth?, respectively, after 5 min of reaction
time. There is a remarkable increase in the yidd of p-ICB with an increase in the reaction
temperaiure thus giving higher ICB/DCB ratio a higher temperaure. The sdectivity,

however, remains dmost congtant with increasing the reaction temperature.
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Figure3.22. Effect of reaction temperature on the conversion of CB (wt.%), rate of
CB conversion (mmolg a1l ) p-1CB/o-1CB isomer ratio and 1CB/DCB
ratio over zeolite RE-Y. Reaction conditions: Catalyst = 6.75 g/mol CB;
CB = 0.04 mol; ICl =0.008 mol; Reaction time =0.083 h.

3.3.1.3.6. Influence of CB:ICl molar ratiowith zeolite RE-Y
The effect of different CB: ICl molar ratio on the converson of CB, rate of CB

converson, product yields, ICB/DCB ratio as well as p-ICB/o-ICB isomer ratio with

zeolite RE (70.6)Y is demonstrated in Table 3.18.

Table 3.18. Influence of CB: ICl molar ratio®

CB/ICI CB Con\{). Productyields(w’[.%)c p-ICBé ICB/e
Molar Cow. Rae DCB ICB oICB° DCB
Ratio  (wt.%) (mmoI m P o p- o Others

h ) DCB DCB DCB ICB ICB

41.9 7755 05 221 95 8.8 1.3 0.2 6.8 0.24
16.1 2980 0.1 4.8 2.1 8.2 0.8 0.1 10.3 13
10.7 1981 001 2.8 1.2 6.2 0.5 - 124 17
8.4 1555 002 1.6 0.7 5.6 0.4 0.02 14.4 2.6

~N o1 W

* Reaction conditions; Catalyst = 6.75 g/mol CB; CB = 0.04 mol; Reaction temperature = 363 K;;
Reja:hon time=0.08 h.
= See footnotes to Table 3.19.



As the CB: IClI molar ratio is increased from 1 to 7 (reduced concentration of 1Cl),
the converson of CB decreased from 41.9 to 8.4 wt.%, respectively. The ICB/DCB ratio
as wel as p-1CB/o-ICB isomer ratio, however, increases with an increase in the CB: ICl
molar ratio. Thus, the reaction becomes more sdective to iodochlorobenzenes, particularly

to para-iodochlorobenzene, when a higher molar retio of CB: I1Cl istaken.
3.3.1.3.7. Recycle of zeolite RE-Y
Table 3.19. presents the results obtained in the recycle of zeolite RE-Y at 363 K

after 5 min of reaction time.

Table 3.19. Recycle of zeolite RE (70.6)Y?

R CB Product yields (wt.%) p-lo- ICB/ %
u  conv DCB ICB ICBY DCB®* Crys
n (wt.%) m p- o p- o- Others ratio talinity

DCB DCB DCB ICB ICB

0 10.8 0.03 2.8 1.2 6.3 0.5 0.01 12.6 1.7 100

| 59 0.02 2.7 12 1.8 0.2 0.1 8.2 0.5 -

Il 55 0.02 2.6 1.1 1.5 0.3 0.03 5.0 0.5 17
acde gen footnotes to Table 3.17.

The catdys is recyded two times with a progressve decline in its activity. The
used catdys is activated each time a 773 K in ar and characterized for its chemicd
composition and crygdlinity. From fresh to the second recycle, the converson of CB
decreases with a decrease in the yield of iodinated products (ICB/DCB rétio) as well as the
sectivity (p-1CB/o-ICB isomer ratio) after each run. The decrease in the catdytic activity
with recycling may be atributed to the reduced cryddlinity of the catdyst. The
deactivation of the catalys is caused, probably, due to the HCI liberated during the course

of the reaction.



3.3.1.4. Mechanism

The formaion of iodochlorobenzenes (ICB) as wdl as little amount of
dichlorobenzenes (DCB) takes place by an dectrophilic aromatic subgtitution mechanism
(Scheme 3.6)""®. The ionization of ICl molecule gives rise to an eectrophile (I*) (eg. 1)
which then attacks the aromatic ring of CB giving rise to the iodochlorobenzenes (eg. 2-
3). Smilaly, it is beieved that the chlorination of CB adso proceeds by eectrophilic
substitution. The fact that 1Cl molecule dissociates into eements (I, + Chb) to a little extent
(eg. 5), suggests that zeolite catadyst or other ICl molecule (Lewis acid) polarize the Ch
molecule into an dectrophile (CI") which then reacts with the aromatic ring resulting in

the formation of dichlorobenzenes (DCB) (eg. 6-8)"°.

caays or _
0 —— .a ()
no caayst
a a Cl
H
- +
+ l..... Cl —_— l..... C:I —_— | + H O ________ (”)
* T LM e (iii)
H + 0 — s Hd
no catayst
Ha + IC — N t . s (iv)
— > HIJ > ——— H + |C|2
210 —— Lotd, V)
catalyst + —— (vi)
02 - x> de a
cl
<H
+ i T N —
+ Qo O_—> a.. a___ s ada+ H d (vii)
---------- (viii)
+ —
H + d — > Hd
Scheme 3.6.
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3.3.1.5. Conclusions

Zeolite REY cadyzes the liquid phase iodination of chlorobenzene sdectively to
p-iodochlorobenzene with ICl as the iodinating agent under mild reaction conditions and
is found to be superior over the other zedlite catdysts as wel as the conventiond catays,
H,SO,. Zedlite H-Y is ds0 an active and sdective catdyd, but gives lower ICB/DCB
ratio compared to RE-Y. Zedlite H-beta is a sdective cadys, but gives lower yidds of
iodochlorobenzenes (lower ICB/DCB rétio) than those with HY or RE-Y. However, the
yields of iodochlorobenzenes increase with the reaction time and cadyst concentration.
Also, with zeolite REY, increese in the duration of run, catayst concentration and
reaction temperature increases the converson of CB with a subgtantid increase in the
iodochlorobenzene yidds. An increese in the CB:ICl molar ratio decresses the CB
converson, but the sdectivity (p-ICB/o-ICB isomer ratio) is increased aso increasing the
ICB/DCB ratio. Zeolite RE-Y is recycled two times with a progressve decrease in the
converson of CB and the sdectivity for p-ICB because of decreased crysalinity of the
cadys. The reection pathway involves an dectrophilic aromatic subgtitution mechanism
giving iodochlorobenzenes as well as dichlorobenzenes by the formation of respective

dectrophiles (1*/CI) from ICl by the catays.
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Isomerization

4. Isomerization of o-chlorotoluene to m-chlorotoluene

4.1. Introduction

Chlorotoluenes are important intermediates in the synthess of pharmaceuticals and
agriculturd chemicds and are produced by the liquid phase chlorination of toluene in the
presence of Lewis acid catalysts' or zedlite cataysts” in which 6 and p-isomers are produced
together owing to the directing effect of the methyl group. Accordingly, when m
chlorotoluene (MCT) is required in large amounts, it is dedrable to isomerize o-chlorotoluene
(OCT) or p-chlorotoluene (PCT) to MCT. In addition, the isomerization of OCT to PCT is
aso important because the paraisomer is epecidly useful as a rawv materid for pedticides,
peroxides, dyes, pharmaceuticals etc®.

Conventiondly, MCT s prepared by the liquid phase rearrangement reactions of OCT
or PCT by heating with homogeneous Lewis acid catdyds like AICk and FeCls or with
H.S04*°. The isomerization of OCT is aso known to occur with water-promoted A,Clg® or
with strong acid catadyst HF-BFs’. However, thee catdysts are unstable, very difficult to
recover and highly corrosve. In order to overcome the difficulties of the homogeneous
gysem, the development and utilization of a solid catdys is important. In the pioneering
work of Venuto and Landis®, it was demonstrated that solid acids in many catdytic reactions
could replace liquid acids. In addition, Singh e d have shown the use of s0lid cataysts in
selective halogenation reactions of aromatics°. In this shift from homogeneous catdysts to
heterogeneous ones, zeolites play a mgor role because of ther acidity, shape sdectivity and

regenerability?.
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With regard to the functiondized aromatics, most of the relevant work is reported in
the paent literature deding with the isomerization of cresols'?, haotoluenes’®*® and
dihalobenzenes'"*® on zeolites Different zeolites induding faujasites, mordenites and pentasil
type zeolites were cdlamed to be the active catalysts. Among these, zeolite HZSM-5 has been
a popular catdyst for the isomerization of substituted toluene'®. It has strong acid sites and its
intermediate Szed pores resst the coke formation better than the large pore faujasites. The
three-dimensonad pore dructure is more ressant to blockage than the one-dimensond
gtructure of mordenites.

The vapour phase isomerization of OCT under a pressure of 20 kg/en? has been
reported in Japanese and European patents*?2. In addition, Okazaki and Jouhoujji®® have used
chlorotrifluoromethane treated H-mordenite catadyst for the vapour phase isomerization of
OCT. However, details concerning the stability and regenerability of the catdyst as a function
of time on dream are scarce. In view of this, the present investigation dedls with the vapour
phase isomerization of OCT under aimospheric pressure over zeolite cataysts. The paper
discusses the influence of various zeolites, SI/Al ratio of H-ZSM-5, WHSV (hY), partid Na
exchange in H-ZSM-5, reaction temperature, different diluents, time on dream and
regeneration of the H-ZSM-5 catdyst on the converson of OCT, product digtribution,

disproportionation (1/D ratio) and deectivation of the catalyst in the isomerization of OCT.

4.2. Experimental
(a) Catalyst preparation and characterization

The zedlites used, their synthess, modification and physico-chemica characterization
including acidity measurement have dready been reported in Chapter 2. Some important

properties of these zeolites are listed in Table 2.3.
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The modified forms of H-ZSM-5, such as H.Na (28.9) ZSM-5 and H.Na (34.1) ZSM-5
(28.9 and 34.1 are the vaues of the percent of Na' exchanged in H-ZSM-5), were prepared by
the exchange of fresh H-ZSM-5 catays with 0.1 M and 1 M NaNOj3 solution, respectively,
for 8 h at 353 K, followed by washing with delonized water and hegting at 423 K for 2 h.

The protonic form of H-ZSM-5 was shaped into extrudates usng hydrated dumina as
a binder, with a H-ZSM-5. AlL,O3 wt. ratio of 65:35, in the presence of 3 % acetic acid
solution. The machine-made extrudates were dried and then cacined in ar a 500° C
overnight. The extrudates were broken into uniform 0.2-0.2 mm pieces and used in the

isomerization of OCT.

(b) Catalytic reaction experiment

The vapour phase isomerization of OCT was carried out in a fixed bed reactor with a
continuous flow system under atmospheric pressure in the temperature range of 520 to 585 K.
The experimentd set up as well as the product andyss is done according to the procedure
given in Chapter 2, Section 2.2.2.7.

The converson of OCT is caculated as the amount of OCT transformed. The product
yields are cdculated as the sdectivity for a particular product multiplied by the conversion.
The 1/D ratio is the ratio of the summation of the isomerization products to the summation of

the disproportionation products.

4.3. Results and Discussion

4.3.1. Influence of various catalysts
Table 4.1 compares the results obtained in the vapour phase isomerization of OCT
over zeolites H-ZSM-5, H-mordenite, H-beta and HRE(70.6)Y a 563 K under atmospheric

pressure with aWHSV (h?) of 1.
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The reaction produces manly a mixture of m-chlorotoluene (MCT) and p-
chlorotoluene (PCT) by the consecutive reaction pathway (eg.l) as the isomerization products
(1) whereas smdl amounts of chlorobenzene (CB) and chloroxylenes (CIX) are detected as the
disproportionation products (D) (eg.2). Trace amount (@%) of toluene (Tol) is dso obtained

due to the dechlorination of OCT (eg.3).

H3 CH3 CHy
| \/Cl Zeolite catalyit ©\ S L | e —— (eq. 1)
= 563 K, atm. pres. Cl
Cl
OCT MCT PCT

Isomerization

CH
C|:H3 ﬁﬂ 3
' Zeolite catalyst =
5 eolite catalyst S Y ——— (eq. 2)
563 K, atm. pres. \CH3
OCT CB CIX

Disproportionation

CH
3 CHS

_Cl _
Zeolte catalyst ¢ > (eq. 3)

563 K, atm. pres.

Dechlorination

As can be seen from Table 4.1, zeolite H-ZSM-5 exhibits higher catdytic activity
compared to the other zeolite cataysts. The I/D ratio obtained over HZSM-5 is much higher
than those for the other zeolites. This may be attributed to a higher concentration of strong

acid sites for HZSM-5 than the other zedlites (Table 2.3). In addition, the HZSM-5 channd
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system has spatid condraints on the digproportionation reection. This has been shown earlier
by others®?° for the xylene isomerization/disproportionation reaction. The results obtained
here for the chlorotoluene sysem ae thus in agreement with the xylene isomerization

reaction.

Table4.1. Isomerization of OCT over various catalysts®

Catalyst Conv. of I/D MCT/

OCT Product yields (wt.%) raio  PCT
raio

W) 1y CB  OX MCT  PCT

H-ZSM-5 508 11 32 29 322 114 71 28

H-beta 10.1 12 19 32 28 10 07 28

H-Mord. 113 0.8 25 36 36 08 07 45

H-RE 26 05 08 10 02 01 0.2 20

(70.6)Y

? Reaction conditions: Catdyst = 2 g; Temperature = 563 K; OCT feed rate = 2 mi/h;
Reaction time =2 h.

The influence of time-on-stream (up to 6 h) on the converson of OCT over these
caadyss under identica reaction conditions is shown in Fgure 4.1. It is clear from the
caayst comparison that while dl the cadyds teted undergo dgnificant aging under the
reaction conditions, H-beta, H-mordenite and H-RE-Y age much more rapidly compared to
zeolite H-ZSM-5 which retains dmost 68 % of its initid activity after 6 h of reaction time.
This is because of the shape sdective, three-dimensond, peculiar medium pore structure of
H-ZSM-5 which sgnificartly inhibits the coke formation, thus reducing the desctivetion.

Since H-ZSM-5 (without binder) is found to be superior in the isomerization of
OCT, the further study of this reection is carried out over HZSM-5 catalyst. Unless otherwise
stated, the same catdyst HZSM-5 (SO,/Al,03 = 41) diluted with 35 % Al,O3 as a binder, in

the form of extrudatesis used in the reactions.
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Figure4.1 Influence of reaction time on the conversion of OCT over variouscatalysts.

Reaction conditions: See footnotesto Table 4.1.

4.3.2. Influence of SIO/AlI,Oz molar ratio

Figure 4.2 represents the influence of dlica to dumina molar ratio of H-ZSM-5 on the
converson of OCT, product yieds, I1/D and MCT/PCT ratio in the isomerization of OCT at
583 K under amospheric pressure at a WHSV (h?) of 0.8. The conversion of OCT decreased
from 58.4 to 25.5 wt.% as the SO2/Al,03 molar ratio is increased from 41 to 79, respectively.
This shows that as the number of total acid Stes increases, a higher converson of OCT is
obtained. On the other hand, the MCT/PCT as well as I/D ratio increases from 2.5 to 3.6 and

44 to 11.3 respectively, as the SO2/Al,03 molar ratio is increased from 41 to 79. The
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increase in the 1/D and MCT/PCT ratios with increesed SO»/Al,O3 molar ratio may be

attributed to the increase in the acid strength of the zedlite.
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Figure4.2 Influence of SIO,/Al;O; molar ratio of H-ZSM-5 on the conversion of OCT,
product yields, I/D and MCT/PCT ratios. Reaction conditions: Catalyst H-
ZSM -5 (extrudates) = 3.1 g; Reaction temperature=583K; OCT feed rate=2
ml/h; Reaction time= 2 h.

4.3.3. Influence of partial Na-exchangein H-ZSM-5

The results obtained by usng partidly Naexchanged zeolites H.Na(28.9)Z2SM-5 and
H.Na(34.1)ZSM-5 in the isomerization of OCT a 563 K under atmospheric pressure with a
WHSV (hh) of 1 are presented in Table 4.2 and compared with the parent zeolite HZSM-5.
The data shows that the converson of OCT decreases in the following order: H-ZSM-5 >

H.Na(28.9)ZSM-5 > H.Na(34.1)ZSM-5. This may be aitributed to the decrease in the number
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of acid sites of ZSM-5 due to the exchange of N&'- in HZSM-5. The MCT/PCT ratio as well
as the 1/D ratio, however, increases with decrease in he conversion of OCT (Table 4.2). The
reduced acidity of H-ZSM-5 as a result of Na-exchange suppresses the disproportionation of

OCT aswdl asisomerization of MCT to PCT.

Table 4.2. Influence of Na-exchanged H-ZSM -5 on OCT isomerization®

Catalyst Conv. of I/D MCT/
ocT Product yields (wt.%) raio  PCT
ratio
(WL.%) To CB OX MCT PCT
H-ZSM-5 50.8 11 32 29 322 114 71 28
H.N&(28.9) ZSM-5° 27.4 03 04 06 204 57 261 36
H.Na(34.1) ZSM-5° 224 02 03 03 178 38 360 47

#Reaction conditions : H-ZSM-5 = 2 g; Reaction temperature = 563 K; OCT feed rate = 2 mi/h.
¢ the percentage of Na-exchanged in H-ZSM-5 is given in parenthesis.

4.3.4. Influence of reaction temperature

Figure 4.3 represents the influence of the reaction temperature on the converson of
OCT, product yidds (wt.%) as wel as on the I/D ratio in the isomerization of OCT under
amospheric pressure at aWHSV (h?) of 0.8.

The converson of OCT increases from 5.9 wt.% to 58.4 wt.%, when the temperature
is rased from 523 to 583 K, respectively, after 2 h of reaction time. It is dso clear from Fig.
4.3 that the I/D ratio decreases with the increase in the reaction temperature. Dechlorination
adso becomes prominent at higher temperaiure, thus giving higher amount of toluene (2.6
wt.%) a 583 K. The decrease in the I/D ratio with increase in the reaction temperature is due
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to the formation of chloroxylene (CIX) and chlorobenzene (CB) by the disproportionation of
OCT a higher temperature. In addition, higher temperature favours the formation of PCT due
to the consecutive reaction scheme and hence the MCT/PCT ratio has been found to decrease

from 8.5 to 2.6 in the isomerization of OCT.
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=
O 207
O
S
= |
S 10
@)

523 543 563 583
Reaction temper atur e (K)

Figure4.3 Influence of reaction temperature on the conversion of OCT, product
yields, I/D and MCT/PCT ratios. Reaction conditions: Catalyst H-ZSM -5
(extrudates) = 3.1 g; OCT feed rate = 2 ml/h; Reaction time= 2 h.

The effect of the reaction temperature on the converson of OCT versus time on
dream in the isomerization of OCT is shown in Fgure 44. The initid converson of OCT
decreases progressively from 2 h to 6 h of reaction time for each reaction temperature due to

the deactivation of the H-ZSM-5 catayst.

150



60_
O2h
50— B4h
B6h
S 40
2
|_
(@)
O 309
ke
>
c
O
© 201
10
C T T T 1
523 543 563 583
Reaction temperature, (K)
Figure4.4 I nfluence of reaction temper atur eon the conversion of OCT ver sustimeon

stream. Reaction conditions: Same as for Figure 4.3, reaction time =6 h.

4.3.5. Influence of diluent

Diluting the OCT feed may reduce the aging of the catdys. Thus, the influence of
different diluents like benzene, toluene, chlorobenzene, o-dichlorobenzene and n-hexane on
the isomerization of OCT over zedlite H-ZSM-5 at 563 K, under atmospheric pressure and a
WHSV (h') of 0.8 is studied and the results are represented in Table 4.3. The OCT/diluent

molar ratio in each caseis 2.
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It is dear from the results tha benzene (B) is a good diluent among dl other diluents
dudied and the initid activity of the catdyd is nearly retained after 6 h of the reaction time
without any appreciadble change in the MCT/PCT and 1I/D ratios. The diluent may inhibit the
coke depostion indde the zeolite pores, thus reducing the deactivation. This is in agreement
with the data of Tada et.ad'* where benzene was used as the diluent in the conversion of 6

dichlorotoluene on H-ZSM-5 at 338 K.

Table 4.3. Influence of diluent in theisomerization of OCT?

Sovet  TOS  OCT Product idlds (wt. %) |/[t)_ MCT/
Conv. ralio - pct
® W% 5y B ax McT  PCT ratio

CeHe 2 52.3 0.9 0.4 0.3 36.5 14.2 724 2.6
6 51.0 0.9 04 0.3 35.5 139 70.6 2.6
CeHs CHg 2 51.0 - 13 0.7 35.2 138 245 2.6
6 42.6 - 13 0.6 30.7 100 214 31
CsHs Cl 2 65.9 0.5 - 0.9 454 19.1 717 2.4
6 39.0 0.3 - 0.4 27.9 104 958 2.7
0-CeH,4Cl, 2 55.7 0.5 0.5 0.4 38.0 16.3 60.3 2.3
6 40.6 0.4 0.6 0.3 28.8 105 437 2.7
N-CeHa4 2 32.6 1.4 1.0 0.4 219 7.9 21.3 2.8
6 26.5 11 0.8 0.4 17.0 7.2 20.2 2.4

# Reaction conditions; Catalyst H-ZSM-5 (extrudates) = 3.1 g; Temperature = 563 K;
OCT/solvent (molar ratio) = 2:1; feed rate =2 ml/h.

Table 4.4 represents the influence of different OCT/benzene molar rétio on the
converson of OCT, product yields, I/D and MCT/PCT ratios usng HZSM-5 as the catdyst
in the isomerization of OCT under smilar reaction conditions. The converson d OCT at 2 h
and 6 h reaction time in the presence of diluent (OCT/ benzene = 2) and in the absence of any
diluent decreases from 52.3 to 51.0 wt.% and 50.8 to 36.3 wt.%, respectively. The best results

were obtained with the 2:1 molar ratio of OCT to benzene.
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Table 4.4. Influence of OCT/benzene molar ratio®

OCT/B TOS OCT Product yields (wt. %) I/D MCT/
molar Conv. ratio PCT
raio (M) W% 15 8 ox MCT PCT retio
2.0 523 0.9 0.4 0.3 36.5 14.2 724 2.6

51.0 0.9 04 0.3 35.5 139 70.6 2.6

51.8 0.6 05 0.4 35.9 144 55.9 25
47.1 0.5 0.4 0.5 339 11.8 50.8 29

2
6
5.0 2
6
10.0 2 51.9 0.6 0.5 0.5 35.7 14.6 50.3 24
6
2
6

46.5 0.7 0.5 0.4 33.0 11.9 49.9 2.8

50.8 11 3.2 2.9 32.2 114 7.1 2.8
36.3 0.3 0.9 2.9 254 6.8 8.5 3.7

No
Diluent

# Reaction conditions; Catalyst H-ZSM-5 (extrudates) = 3.1 g; Temperature = 563 K; OCT + benzene
feed rate = 2 mi/h.

The influence of diluent (OCT:benzene molar ratio = 2:1) on the converson of OCT,

product yields, I/D and MCT/PCT ratios vs. time on sream (TOS) over H-ZSM-5 in the

isomerization of OCT isshownin Figure4.5a
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Figure4.5a Influenceof diluent (OCT:benzene molar ratio = 2:1) on the conversion of
OCT versustime on stream. Reaction conditions; See footnotesto Table
4.3, Reaction time = 80 h.
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The performance of zeolite H-ZSM-5 vs. time on dream in the absence of diluent is

gveninFig. 45h.
100 A \ 7
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S - 6
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7 ,
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Figure45b Conversion of OCT versus time on sream (without diluent). Reaction
conditions: See footnotesto Table 4.3, Reaction time = 30 h.

It is clear that the deactivation of H-ZSM-5 is very fast when no diluent is used and
the converson of OCT decreases from 52 wt.% to 5 wt.% after 30 h on stream. On the other
hand, when benzene is used as diluent, the catadyst aging is reduced considerably and amost
50 % of initid activity of the H-ZSM-5 is retained after 80 h of reaction time (Fig. 4.5 a).
From Fig. 45 aand 4.5 b, it is clear that the I/D ratio in both the cases increases with the
decrease in the converson of OCT versus TOS showing that the disproportionation in very
low (E 1%) in both the cases. The deactivation of the catdys is due to the coke depostion
indde the pores of the zeolites reducing the access of the reactant molecules to the active

gtes. Beginning carbonaceous deposits insde the zeolite channds may be washed away in the
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presence of benzene as diluent, thus giving higher life to the catdyd. In addition, the diluent
will reduce the inner OCT concentration and thus will decrease the bimolecular OCT
reactions. The MCT/PCT ratio, however, increased with TOS in both cases which may be
attributed to the decrease in the conversion level of OCT.

Thus, the deactivation of HZSM-5 is reduced subgtantially when benzene is used as a

diluent in the isomerization of OCT at 563 K under atmospheric pressure.

4.3.6. Influence of WHSV (h?)
The influence of WHSV (h') on the conversion of OCT, product yields, MCT/PCT

and I/D ratiosis presented in Figure 4.6.

4 Conv A MCT X PCT
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Figure 4.6 Influence of WHSV (h™) on the conversion of OCT, product yields, I/D and
MCT/PCT ratios. Reaction conditions. See footnotesto Table 4.3.
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The results are obtained at 563 K under atmospheric pressure with an OCT/benzene
molar ratio of 2 after 2 h of reaction time. The feed rate is changed each time by keeping the
weight of the catayst congtant. The converson of OCT decreases from 58.4 to 36.5 wt.%
when the WHSV (h!) has increased from 0.4 to 1.6. A margind increase in the MCT/PCT
ratio is observed with the increase in the WHSV. The I/D ratio aso increases with an incresse
inthe WHSV (h%) from 0.4 to 1.6.

Figure 4.7 compares the converson of OCT versus duration of reaction (up to 6 h) at
different WHSV (H'), under smilar reection conditions as those detailed in Fig. 6. The initid
activity of the cadys is essentidly maintained in each case after 6 h of reaction time as
shown in Fg. 7. The lower deactivation rate of the catdyst with time on sream may be

attributed to the use of benzene as diluent in the isomerization of OCT. .
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Figure4.7 Influence of WHSV (h™) on the conversion of OCT ver sustimeon stream.

Reaction conditions; See footnotesto Table 4.3.
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4.3.7. Catalyst regeneration cycles

Findly, the H-ZSM-5 catdyst was tested in a series of reaction-regeneraion cycles.
After 72 h on dream, the reactor was flushed with nitrogen and catadyst regeneration was
caried out in Stu a 773 K for 12 h using ar to burn off the coke. The performance of fresh

and regenerated catalyst (up to four cycles) is compared in Table 4.5.

Table 4.5. Influence of regeneration of H-ZSM -5%

MCT/

Regene- Conv. of . I/D % Cryst-
ration  OCT Product yields (wt.%) PCT  allinity
cycle (Wt.%) ratio ratio
Tol CB CIX MCT PCT

Fresh 52.3 0.9 0.4 0.3 36.5 14.2 72.4 2.6 100

| 52.1 0.8 0.6 0.3 36.3 14.1 56.0 2.6 n.d

[ 48.6 0.4 0.8 0.6 337 13.1 334 2.6 n.d
[ 46.1 0.8 0.6 0.2 329 11.6 55.6 2.8 n.c’
Y 42.7 0.6 0.5 0.1 305 11.0 69.2 2.8 100

# Reaction conditions : Catalyst H-ZSM-5 (extrudates) = 2 g; Reaction temperature = 563
K; OCT + benzenefeed rate = 2 mi/h; Reaction time= 2 h.
® Not determined.

The results demongtrate that there is a gradud decrease in the conversion of OCT from
52.3 wt.% (for the fresh sample) to 42.7 wt.% after the 4" cycle of the catdyst a 2 h of
reaction time. The corresponding MCT/PCT ratio, however, increases from 2.6 to 2.8,
respectively.

Figure 4.8 shows the influence of regeneration cycles of H-ZSM-5 on the converson
of OCT versus time on stream under Smilar reaction conditions up to 72 h. A progressve
decrease in the converson of OCT is observed after each regeneration cycle up to 26 h.
However, no subgtantid change in the converson of OCT is observed after 26 h time on

gsream and fresh and fourth time regenerated samples retain activities between 60-52 wt.% in
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relation to the origind eactivity. The decrease in the converson of OCT dfter each

regeneration cycle mght be attributed to a decreased framework SO2/Al,O3 molar ratio of H

ZSM-5 dfter eachcycle,

Thus, the zeolite H-ZSM-5 can be used anumber of times with regeneration in the

isomerization of OCT at 563 K without consderable decay in its activity.
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Figure4.8 Influence of regeneration cycles of H-ZSM-5 on the conversion of OCT

ver sus time on stream. Reaction conditions: See footnotes to Table 4.5,
Reaction time= 72 h.

4.3.8. Reaction pathway

As in the case of acid-catalyzed, homogeneous isomerisatior?, the same consecutive

mechanisn of OCT? MCT? PCT is obeyed in the zeolite catdyzed isomerization of OCT
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involving intramolecular 1,2-methyl qhifts. The e-enriched carbon aom bound to the —CHj3
group is first atacked by the proton of the zeolite catayst and then the isomerization of OCT

proceeds by the following reaction pathway (Scheme 4.1).

Cl
/ ZeOH ZeOH
—= H
Ze0
. Hg
@V feg el
HC ZOH

PCT

Scheme 4.1.

The carbortatom bound to —Cl atom is deectivated and is not attacked by the acid dtes

of zeolite catdys. In fact, hardly any toluene is produced by the dechlorination d OCT under

the reaction conditions employed in this study.

4.4. Conclusions

The isomerization of OCT was invesigated over zeolites H-ZSM-5, H-mordenite, H-
beta and H-RE(70.6)Y. Among these, zeolite H-ZSM-5 is found to be highly active in the
isomerization of OCT due to higher acid Ste concentration. In addition, the man factor in
case of zeolite H-ZSM-5, is lower aging as a consequence of its peculiar pore system. The
deectivation of H-ZSM-5 is reduced substantidly by diluting the reactant (OCT) by an
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inactive component like benzene. Thus, more than 50 % of the initid activity of the zedlite is
retained after 72 h of TOS. One of the man findings is higher I/D ratios with reduction in
operating severity as brought about by temperature, WHSV, Al content and Naexchange.
The catalyst HZSM-5 can be regenerated four times by heating a 773 K in an ar flow ad
reused for the isomerization of OCT with only a little decrease in its activity. In the reaction

mechanism, the isomeization of OCT involves a consecutive reaction scheme

OCT? MCT? PCT with an intramolecular 1,2-methyl <shift. The sdectivity to MCT thus,

depends upon the conversion level of OCT over the catdyst.
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The present work reports the synthess, modification and characterization of
gynthesized or commercidly avalable zeolite catdyds The cataytic activity of these zeodlite
cadyds in the <dective haogenation (chlorination, bromination, iodination) as wel as
isomerization reections of ortho-chlorotoluene is investigated for producing indudridly

important productsin high selectivity.

Thework ispresented in five chapters.

A review on the published and patented literature on the use of zeolite catdyds in the
gynthess of fine chemicds paticulaly in the haogenation and isomerizaion resections of
aromatics with shape sdective characterigtics is reported in Chapter 1. A brief discusson

about zeolites, their classfication, synthess etc is dso included in this chapter.

Chapter 2 describes the synthess modification and characterization of different
zeolites. It contains the hydrotherma synthess of zeolite K-L, beta and ZSM-5. The
modification of various synthesized as wel as commercid zeolites into protonic, K*, RE™
forms is dso included here. Characterization of these zeolites with various physco-chemicd
methods such as chemicd andyss, XRD, SEM, surface area measurement as wel as acidity
meesurement usng TPD of ammonia is dso discussed. In addition the chapter includes
procedure for the experimentd set up for the evauation of catdytic activity, product

identification and product anaysisin different ha ogenation and isomerization reactions.

Chapter 3 focuses on liquid phase sdective haogenation resctions i.e. chlorination of
benzyl chloride, cumene and diphenylmethane, brominaion of ethyl benzene and iodinaion

of chlorobenzene usng zeolite catdydis.
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The liquid phase chlorination of benzyl chloride (BC) has been invedtigated in the
presence of a series of zeolite catalysts at 353 K under atmospheric pressure. A
comparative study of these catalysts reveds that zeolite K-L exhibits the higher rate of
BC converson (764 mmolg*h?), except H(26.1)K-L (984 mmolg*h?) and higher
sdlectivity for 4chlorobenzyl chloride ( 4CIBC/ 2CIBC = 3.7 ) than the other zeolite
cataysts. The absence of any catayst, zeolites K-X and K-Y mainly promote the sde
chain chloringtion of BC to a,a-dichlorotoluene. The effects of reaction time
solvents, catdyst concentration and reection temperature are dso examined. A
combination of solvent and reection temperature not only affect the rate of BC
conversion, but dso enhance markedly, the isomer ratio of 4-CIBC/ 2-CIBC. 1,2-
dichloroethane is the best solvent and the isomer ratio of 4CIBC/2-CIBC and the rate
of BC conversion over zeolite K-L are enhanced from 2.21 to 7.21 and 13.2 to 51.9
mmolgth® (in the presence of solvent), respectively, when the reaction temperature is
raised from 313 to 353 K. Further, the use of 1,2-dichloroethane as solvent in the
reection decreases the formation of Sde chan and consecutive products significantly.
As the reaction time and amount of the catayst in the reaction mixture are increased,
an increase in the converson of benzyl chloride is noticed. The zeolite K-L is recycled
three times with a decline in cadytic activity. The probable mechanism involves the
formation of an dectrophile (CI') from Ch gas over zedlite catalysts which react with

BC to form the ring chlorinated products.

The liquid phase chlorination of cumene has been invedtigated in the presence of a
sries of zeolite catdyss and adso the conventiond catayst AICKk at 333 K under

amospheric pressure with sulfuryl chloride (SO.Cl,) as the chlorinating agent. Zeolite
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K-L catayzes the chlorination of cumene sdectively to 4chlorocumene (4-CICm) and
is superior to other zeolite catdysts and AICk in terms of sdectivity. Zeolite K-X and
the uncatdyzed reaction produce manly the sde-chain chlorinated product, a-
chlorocumene (a-CICm) with much less activity, whereas AICk gives higher amounts
of consecutive products. The effect of reection time, solvent, cadyst (K-L)
concentration, cumene/ SO,Cl, ratio, HCl treated K-L and recyde of K-L on the
converson of cumene and SHectivity for 4-CICm have been examined. The activity
and sdectivity of zeolite K-L depend on the reaction conditions and on the solvent
used in the reaction. 1,2-dichloroethane is found to be the best solvent and gives the
highes sdectivity for 4-CICm (4-CICm/2-CICm = 33.0) a 353 K in the chlorination
of cumene with K-L. Further, the use of 1,2-dichloroethane as solvent prevents the
formation of the sde-chain as well as consecutive products. With an increase in the
reection temperature, the rate of cumene converson as well as the sdectivity for 4-
CICm have been found to increase. Also, increase in the concentration of K-L to 25
g/mole of cumene in the presence of 1,2-dichloroethane gives the highest 4-CICm/2-
CICm ratio of 386 a 353 K. HClHtrested zeolite K-L shows lower activity and
sectivity than parent K-L, due to increased SO2/Al,O3 réatio as wdl as (to some
extent) decressed crysalinity of HCltreated zeolite K-L. The converson of cumene
is found to increase with a decrease in the cumene/SO,Cl, molar ratio and
consequently, in an increese in the concentration of SO,Cl,. The catays is recycled
two times with a progressve dedine in its activity. A few reactions of cumene
chlorination with molecular chlorine are aso studied with zedlite K-L. In this case, a
combination of zeolite K-L, chloroacetic acid and 1,2-dichloroethane serves as the

best cadyd, giving highly sdective para-chlorination of cumene a 353 K under
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aimospheric pressure. The reaction pahway involves the formation of molecular
chlorine by the decompostion of SO,Cl, at the reaction temperature. The catalyst then
polarizes the chlorine molecule to the eectrophile (CI'), which interacts with cumene

molecule in an dectrophilic subdtitution reaction, giving ring-chlorinated cumenes.

The liquid phase chlorination of  diphenylmethane (DPM) to 44'-
dichlorodiphenylmethane (4,4'-DCDPM) is investigated at 333 K, under atmospheric
pressure over a number of zeolite caidysts using sulfuryl chloride (SO.Cly) as the
chlorinating agent. The results obtaned ae compared with those over the
conventional Lewis acid catadyst, AICk as wel as without any catdys. Zeolite K-L is
found to be highly active and sdective catays for the converson of DPM to 4,4 -
DCDPM. The converson of DPM, rate of DPM converson and the sdectivity (4,4 -
DCDPM/2,4 -DCDPM isomer ratio) over zeolite K-L after 1 h of reaction time is
found to be 96.8 wt.%, 19.1 mmolg*h') and 7.4, respectively. The converson of
DPM and the product yields increase with duration of the run. Also, the yied of 4,4'-
DCDPM increases with a decrease in the 4-chlorodiphenylmethane (4-CDPM) vyidd
with time over zedlite K-L. The influence of solvent, catdyst concentration, reaction
temperature, DPM/SO,Cl, molar ratio, recycle of zeolite K-L etc. are aso examined.
1,2-dichloroethane is the best solvent and gives the highest <dectivity for 44'-
DCDPM (4,4 -DCDPM/2,4 -DCDPM isomer ratio = 9.7) with zeolite K-L at 353 K
after 1 h of reaction time. The formation of 4,4'-DCDPM is favoured by increase in
catalyst concentration, reaction temperature and higher concentration of SO,Cl, (lower
DPM/ SO,Cl, molar ratio). In al these cases, the yidd of 4,4-DCDPM increases with
a decrease in the yield of 4CDPM which suggests that the formation of 4,4'-DCDPM

takes place by the consecutive reaction of 4-CDPM.. Higher SO2/Al,O3 ratio
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(obtained by HCl trestment) of zeolite K-L decreases the converson of DPM. A
noticeable decrease in the activity and sdectivity of zeolite K-L is observed on
recycling; probably due to reduced crysdlinity as well as extraction of smal amount
of AlI" and K" ions by the HCl generated in the reaction. Mechanigticdly, SO.Cl, is
first decomposed into SO, and Cly; the latter being polarized by the zeolite cadys to
an dectrophile (CI) which then attacks the DPM and subsequently produce the
monochlorodiphenylmethane (MCDPM). The MCDPM further is attacked by the

electrophile (CI") and result in the formation of DCDPM.

The liquid phase brominaion of ethyl benzene (EB) to 4-bromoethyl benzene (4-
BrEB) has been invedigated a 353 K under atmospheric pressure, using liquid
bromine as the brominating agent, over a number of zeolite catdyss and dso the
convertional Lewis acid catayst, FeCl, under mild reaction conditions. In addition, a
bromination reaction usng N-bromosuccinimide (NBS) as the brominaing agent is
dso caried out usng zeolite H-beta as the catalyst and the results are compared with
those obtained over the conventiond catdys, H,SO,4. Zeolite K-L is found to be
comparable in activity and sdectivity to the conventiond Lewis acid catays, FeCh
than the other cadyds, in the nuclear bromination of ethyl benzene. Zeolites HK-L
and K-ZSM-5 aso give mostly the nuclear brominated products whereas zeolite K-X
and the blank reaction (dbsence of caidydt) give higher yidds of sde-chain products
and others. Zeolites K-Y, K-beta and K-mordenite are found to give higher amounts of
the condensation products (others) giving less amount of the nuclear brominated
products in the bromination of ethyl benzene with liquid bromine. In case of
bromination with NBS as the brominating agent, zeolite H-beta is found to be superior

to the conventiona catdys, H.SO,, in giving higher sdectivity to 4-BrEB with lower
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yields of dde-chain products as well as others. The sdectivity for 4BrEB is favoured
by increase in the catdyst K-L concentration as well as the reaction temperature. An
increase in the EB:Br, molar ratio decreases the converson of EB without changing
the sdectivity. The catdys K-L is recycled two times with a progressve decrease in
the converson of ethyl benzene and sdectivity for 4-BrEB. Presumably, the cataytic
bromination of arometics takes place by the generated dectrophile (Br) by the
heterolytic cleavage of Bro/NBS which then atacks the aromatic ring giving the

nuclear brominated products.

A new and direct method for the sdective liquid phase iodination of chlorobenzene
(CB) to para-iodochlorobenzene (p-1CB) with iodine monochloride (ICl) as the
iodinating agent has been demondrated usng zeolite catdysts under mild reaction
conditions. The converson of CB, product yidds and sdectivity for p-ICB manly
depens upon the type of the catdyst used in the reaction and aso upon the reaction
conditions. Zeolite RE(70.6)Y and H-Y ae found to be highly active and sdective
compared to other zeolite catalysts studied and aso the conventiona catalysts, HSO,
and SO,. Zedlite H-beta is sdective but less active and gives higher yidds of the
chlorinated products (sde products) than the iodinated products. An incresse in the
duration of run, catdyst concentration and reaction temperature increases the yield of
p-ICB. The converson of CB decreases on incresng the molar ratiio of CB:ICI.
However, the sdectivity (p-1CB/o-1CB isomer ratio) as well as the extent of iodiantion
(ICB/DCB ratio) increases a higher CB:ICl molar ratio. Zeolite RE-Y is recycled two
times with a progressve decrease in the CB converson as well as sdectivity. The

probable mechanism for the formation of iodochlorobenzenes (ICB) and some amount
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of dichlorobenzenes (DCB) involves an dectrophilic aromatic subgiitution of CB by

the respective dectrophiles (1"/CI").

Chapter 4 deds with the vapour phase isomerization of achlorotoluene (OCT) to m
chlorotoluene (MCT) is caried out a 563 K under atmospheric pressure over various zeolite
cadyds viz. H-ZSM-5, Hbeta, Hmordenite and HRE(70.6)Y. Zeolite HZSM-5 is found to
be highly active as well as sdective because of its higher acidity. Furthermore, the medium
pore, three-dimensona pore dructure of H-ZSM-5 is subject to less deactivation
subgtantidly than the other catdydts. In addition, the use of benzene as the diluent reduces the
aging of the H-ZSM-5 catays thus increasing the activity on time on stream. The converson
of OCT, and the MCT/PCT ratio on zeolite HZSM-5 at 563 K is found to be 50.8 (wt.%),
and 28, respectivdy, with an isomerization/disproportionation (I/D) ratio of 7.1. The
influence of reaction temperature, dlica to dumina raio of H-ZSM-5, space velocity, Na
exchange in H-ZSM-5, time on dream, regeneration of H-ZSM-5, diluent, etc has been
investigated in the isomerization of OCT. Conversion of OCT over HZSM-5 is favoured by
higher temperature, lower space velocity and lower glica to dumina rétio. Increase in the
percentage of sodium by Naexchange in H-ZSM-5 decreases its activity because of reduced
acidity. The catdys H-ZSM-5 is regeneraied four times and used for the isomerization
reaction with a dight decrease in its activity with each regeneration cycle. Disproportionation

and dechlorination is favoured a higher temperaiure. Generdly, the isomerization of OCT
over zeolites follows a consecutive reaction scheme OCT? MCT? PCT, thus the sdectivity

depends essentialy upon the conversion leve of OCT.
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