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reaction mixture after 12h by filtration, washed with acetone, heated at 500°C for [2h,
and subjected to the next catalytic run, with same molar ratio of the substrate under
the same reaction conditions. From the Table 4.2, it is clear that, the reuse of the
catalysts did not appreciably decrease the conversion of ethylbenzene. The
acetophenone selectivity remained nearly similar in all recycle experiments. Thus the

catalysts can be recycled four times without significant loss of activity.

Table 4.2 Recycling studies of representative catalysts

Ethylbenzene Acetophenone
Catalyst Cycle _ o
conversion (wt.%) selectivity (%)

1 72.1 91.5

2 74.5 88.6
Cr(5)Ce

3 73.2 86.5

4 71.4 85.3

1 36.7 95.9

2 40.2 93.3
Mn(5)Ce

3 382 86.7

4 35.7 92.6

1 87.8 81.2

2 84.3 79.2

Cr(5)CeZr

3 83.8 76.6

4 79.4 75.2

1 39.8 85.9

2 422 923

Mn(5)CeZr
3 38.3 86.5
4 36.4 90.2
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4.3 Comparison of Catalysts

The prepared catalysts were tested for liquid phase oxidation of ethylbenzene

and the results are presented in Tables 4.3 and 4.4.

Table 4.3 Ethylbenzene oxidation over ceria based catalysts

Catalyst Conversion Selectivity (%)
(wt.%) Acetophenone 1-phenyl ethanol
Ce 1.7 34 923
Cr(2)Ce 31.7 86.0 14.0
Cr(5)Ce 72.1 91.5 8.5
Cr(8)Ce 40.9 88.3 11.7
Mn(2)Ce 325 93.9 6.1
Mn(5)Ce 36.7 95.9 43
Mn(8)Ce 33.0 93.9 6.1
Fe(2)Ce 9.6 15.5 84.4
Fe(5)Ce 8.1 8.2 83.4
Fe(8)Ce 7.4 12.6 842
Co(2)Ce 13.8 86.3 3.5
Co(5)Ce 16.0 81.2 4.6
Co(8)Ce 16.5 68.5 15.5
Ni(2)Ce 6.6 7.7 81.3
Ni(5)Ce 10.2 50.2 40.8
Ni(8)Ce 8.2 90.1 9.1
Cu(2)Ce 27.8 62.1 26.7
Cu(5)Ce 226 69.9 17.3
Cu(8)Ce 29.1 55.8 35.0

Reaction conditions:-Catalyst-0.1g, Acetonitrile-SmL, Temperature-70°C,
EB:TBHP-1:3, Time-12h.
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Table 4. 4 Ethylbenzene oxidation over ceria-zirconia based catalysts

Selectivity (%)
Catalyst Conversion Acetophenone 1-phenyl
(wt.%) ethanol

Zr 2.5 6.9 924
CeZr 5.7 30.2 68.2
Cr(2)CelZr 319 92.3 7.6
Cr(5)CeZr 87.8 81.2 18.8
Cr(8)CeZr 85.7 54.8 53
Mn(2)CeZr 232 842 3.9
Mn(5)CeZr 36.8 85.9 4.5
Mn(8)CeZr 45.9 88.4 4.0
Fe(2)CeZr 6.8 71.8 22
Fe(5)CeZr 6.6 74.9 12.5
Fe(8)CeZr 6.6 74.7 253
Co(2)CeZr 17.8 84.5 3.5
Co(5)CeZr 18.3 82.3 4.4
Co(8)CeZr 17.1 85.2 3.5
Ni(2)CeZr 11.1 83.2 33
Ni(5)CeZr 5.7 81.2 33
Ni(8)CeZr 54 90.8 1.6
Cu(2)CeZr 16.7 70.4 16.0
Cu(5)CeZr 432 589 32.8
Cu(8)CeZr 26.2 61.9 21.2

Reaction conditions:-Catalyst- 0.1g, Solvent- SmL, Temperature- 70°C,
EB:TBHP- 1:3, Time-12h
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Pure ceria catalyst gave negligibly small conversion of 1.7% with a-pheny!
ethanol selectivity of 92.3%. Among different metal modified systems, Cr
incorporated catalysts show highest conversion with high acetophenone selectivity.
Mn modified systems also show good conversion with acetophenone selectivity
>90%. Among Fe, Co, Ni and Cu modified systems, comparatively good conversion
is shown by Cu modified systems. But acetophenone selectivity for Cu systems is

less compared to Cr and Mn modified systems.

The results obtained towards ethylbenzene conversion and product selectivity
for transition metal modified ceria and ceria-zirconia mixed oxide catalysts are
tabulated in the Table 4.2. Here also the unmodified ZrO, gave less conversion, with
high 1-phenylethanol selectivity. CeZr catalyst contributes 5.7% conversion.
Compared to pure ceria and zirconia, the unmodified ceria-zirocnia catalyst showed
better conversion and acetophenone selectivity. Chromium modified catalyst showed
increase in ethylbenzene conversion with increase in chromium content. 5 and 8 wt.%
chromium containing catalysts showed almost same ethylbenzene conversion. Mn
modified catalysts gave better conversion at high Mn content. Comparatively good
conversion is obtained for copper containing catalysts. Iron and nickel modification
did not result in better catalytic activity compared to ceria-zirconia catalyst. The
conversion of ethylbenzene and acetophenone selectivity remained constant over Co

modified catalysts with different cobalt content.
4.4 Discussion

From the DR UV-vis analysis of the catalysts, it is clear that Cr exists in
different oxidation states, ie C+* and Cr*". The presence of Mn?* and Mn*" ions in the
manganese modified catalyst was also confirmed from the DR UV-vis analysis. EPR
spectra of chromium modified ceria and ceria-zirconia catalysts reveals the presence

of mixed-valence trimers, Cr(VI)-O-Cr(11I)-O-Cr(VI), with an average Cr oxidation
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state of Cr(V). Cr modified ceria-zirconia catalysts showed an additional 3 signals
which are attributed to the clusters of Cr’* on the ceria-surface. The presence of Mn®*
ions is evident from the EPR spectral analysis of Mn modified ceria and certa-zirconia
catalysts. The possibility for the existence of Mn"" is also considered because the
observed Mn”* signal could be possibly superimposed on Mn** signal. It is reported
that the oxidation of toluene with TBHP in the presence of chromium silicate-1
catalyst proceeds through the reversible transformation of Cr’* and Cr** *'. Parentis et
al.?? suggested that in presence of TBHP, Cr(Ill) is oxidized to Cr(VI) in Cr/SiO,
catalysts which in turn oxidizes the substrate via redox mechanism. Velu et al'’.
reported that the catalytic activity for toluene oxidation increases with increasing Mn
content in Mg-Al layered double hydroxides and the Mn®"/Mn’" ions present in the
LDH structure show better catalytic performance than a mixture of Mn(OH), and
MnCQs. Imamura et al.” studied the catalytic activity of Mn/Ce composite oxide in
the wet oxidation of organic compounds. They concluded that the effect of ceria was
to produce manganese species with lower valence states (Mn*", Mn®"), and the
combination of Mn*" with Mn®* or Mn®" was assumed to be the cause of the high
activity of the catalyst. According to Sheldon et al. first row transition elements
generally employ oxometal pathway which involves two-electron redox reactions of
the metal ion. The highest catalytic activity is observed for Mn and Cr modified
catalyst, which can easily undergo redox reactions through oxometal pathways. The
presence of various oxidation states confirmed by EPR and DR UV-vis also support

this argument. A general mechanism is shown in Scheme 4.2.

DOS.

Scheme 4.2 General mechanism of ethylbenzene oxidation
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4.5 Conclusions

The conclusions from the present results can be summarized as follows.
Ethylbenzene oxidation with tert butyl hydroperoxide over transition metal
modified ceria and ceria-zirconia catalysts gave acetophenone as the major
product and 1-pheny! ethanol as the minor product.

Reaction variables such as temperature, ethylbenzene to TBHP mole ratio,
catalyst concentration, time and solvent have strong influence on the
conversion and product selectivity.

Chromium and Manganese modified systems show very good conversion and
acetophenone selectivity. These catalysts can be a convenient ecofriendly
substitute for hazardous stoichiometric oxidants.

From the reusability studies, it is confirmed that the catalysts can be
efficiently reused.

The oxidation is expected to involve a redox mechanism.
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CHAPTER 5

FRIEDEL-CRAFTS BENZYLATION OF TOLUENE AND o-XYLENE

Abstract

The present chapter deals with Liquid phase benzylation of toluene and o-xylene
using benzyl chloride as alkylating agent. Influence of various reaction parameters on
conversion and selectivity were studied. Lewis acid sites present on the surface of the
catalysts were correlated with the alkylation activity. Metal incorporation could generate

Lewis acid sites on the catalyst surface which in turn catalyze the alkylation reaction.
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5.1 Introduction

Friedel-crafts alkylation is an important means for attaching alkyl chains to
aromatic rings. The alkylation is traditionally performed with alkyl halides using
Lewis acid catalysts such as HF and AICl; or with alcohols using Bronsted acids,
typically H,SO,. However, the homogeneous catalysts are not easily separable after
the reaction or cause large amounts of acid waste generation'. Development of
reusable solid acid catalysts having high activity in the Friedel-Crafts reaction is,
therefore, of great practical importance. Benzyl toluene and isomeric mixtures thereof
are compounds useful as dielectric liquids for such components as transformers,

capacitors and cables’.

Benzylation of benzene and toluene over zeolite catalysts have been reported’,
Choudhary et al.* reported alkylation of benzene by benzyl chloride over zeolite
partially substituted by Fe or Ga. Iron promoted sulfated zirconia catalysts were
found to catalyze benzylation of toluene using benzyl chloride’. Al-promoted sulfated
super acids were employed for benzoylation of toluene with benzoy! chloride®. The
liquid phase benzylation and benzoylation of o-xylene with benzyl chloride to 3,4-
dimethyldiphenylmethane and 3,4-dimethylbenzophenone over rare earth catalysts
like CeQ, and Pr,O; were studied by Bhaskaran et al.”®. Sugunan et al.’ investigated
selective benzylation of toluene over tungsten promoted ceria catalysts prepared

through pseudo-template method.

Bachari et al.'’ studied benzylation of benzene and substituted benzene
employing benzyl chloride as alkylating agent over a series of Cu containing
mesoporous silica. Correlation between surface properties and benzylation of clay
catalysts was done by Pushpalatha el al.''. Sugunan et al.'? concluded that Lewis acid
sites are responsible for benzylation of arenes with benzyl chloride over

nanocrystalline chromia loaded sulfated titania. Liquid-phase benzylation of o-xylene
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to 3,4-dimethyl diphenylmethane (3,4-DMDPM) with benzyl chloride has been
investigated in the presence of various zeolite catalysts'. The formation of DMDPM
is explained by an electrophilic attack of the benzyl cation (CsHsCH™;) on the o-
xylene ring whose formation is facilitated by acid sites of the zeolite catalysts. Coq et
al.'* studied benzylation of toluene by benzyl chloride over protonic zeolites.
Monobenzylation to benzyltoluenes was the main reaction, usually higher than 90%
selectivity when a toluene/benzyl chloride molar ratio of 5 was used. Secondary
reactions to dibenzyl- and tribenzyltoluenes occurred to various extents depending on
the reaction conditions and catalysts. Pillared clay catalysts were found to be highly
active and selective for the benzylation of benzene at room temperature'’. Ghorpade
et al.' investigated liquid phase Friedel Crafts alkylation over CuCr,.,Fe, O, spinel
catalysts. Choudary et al.'” reported Friedel-Crafts Benzylation reaction were solid

bases are used as starting catalytic materials, namely different crystallites of MgO.

Liquid phase benzylation of toluene and o-xylene were carried out over the
prepared catalysts. The general scheme for Friedel crafts benzylation of toluene and

o-xylene are shown in Scheme 5.1.

Rl CH,Q1 R1
©/R2 [ j Catalyst [ ;/ Rz
+ ———eeee .
CH,
Arene Benzylchloride Monoalkylated

product

R1=H, R2=CH3:Toluene R1=R2=CH3:0-Xylene

Scheme 5.1 Benzylation of toluene and o-xylene

The reactions were carried out in a closed SO0mL glass round bottom flask
with a reflux condenser. In typical run appropriate amounts of tofuene/o-xylene,
benzyl chloride and catalyst were allowed to react at specified temperatures under

magnetic stirring. The reaction mixtures were analyzed periodically using Chemito
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8610 GC equipped with SE-30 column and FID detector. As toluene/o-xylene was
taken in excess, the yield of the reaction was expressed as the total percentage of
benzy! chloride transformed. The product formed was identified as mono alkylated

and is designated as MAP (Mono Alkylated Product).
5.2 Influence of Reaction conditions
5.2.1 Effect of Temperature

The influence of temperature on benzylation of toluene and o-xylene are
illustrated in Figures 5.1a and 5.1b. Up to 70°C, there was no reaction observed in the
case of toluene benzylation. As the temperature increases the benzyl chioride
conversion also increases. Selectivity remains 100% to MAP of toluene up to 120°C
then slight decreases is observed, which could be attributed to the consecutive

alkylation at high temperatures.

100 ~&- Benzryl chloride -7 MAP 120 —‘
0 3\ I: 100 ;
|
30 31
i < eg
/ P60 E
S 40 -( | <
g bao &
[ | i
0 +20 !
0 : T 10
70 RO o0 0o 1o 120 130
Temperature/°C I

Reaction conditions:- Ni(8)CeZr-0.2g, Toluene:Benzyl
chloride- 10:1,Time-3h.

Figure 5.1a Effect of temperature on benzylation of toluene

Benzylation of o-xylene also reveals temperature dependence identical to that
of toluene. Here also the possibility for consecutive alkylation at high temperature is

observed.
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100 + —&— Benzyl chloride —— MAP - 120

Conversion (wt %)
o
kN
Selectivity (%)

70 80 90 100 1o {20 130
Temperature/*C

Reaction conditions:- Ni(8)CeZr-0.2g, o-xylene:Benzyl
chloride- 10:1,Time-3h.

Figure 5.1b Effect of temperature on benzylation of o-xylene

5.2.2 Effect of Catalyst weight

Effect of catalyst concentration on benzylation of toluene and o-xylene was
studied by varying catalyst weight and keeping the reactant ratio constant and the
results are represented in Figures 5.2a and 5.2b. As the catalyst concentration
increases, the benzyl chloride conversion increases significantly for both toluene and
o-xylene. This shows that the catalysis is truly heterogeneous in nature. On
increasing the catalyst concentration, the number of active sites available for the
reaction increases which favors the easy adsorption and desorption of reactants and

products and hence increases the catalytic activity.
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Reaction conditions:- Catalyst- Ni(8)CeZr, Toluene: Benzyl
chloride- 10:1,Time-3h, Temperature-1{0°C.

Figure 5.2 a Effect of catalyst weight on benzylation of toluene
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Reaction conditions:- Catalyst- Ni(8)CeZr, o-xylene: Benzyl
chloride- 10:1,Time-3h, Temperature-110°C.
Figure 5.2 b Effect of catalyst weight on benzylation of o-xylene

5.2.3 Effect of substrate to benzyl chloride mole ratio

The influence of substrate to benzyl chloride ratio on the benzylation reaction
was investigated by varying the mole ratio, keeping the amount of substrate constant.

The results are presented in Figures 5.3a and 5.3b. Lower conversion with an increase
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in substrate to benzyl chloride molar ratio is due to the dilution effect of excess

substrate.

[ 100 ~ —8— Benzyl chioride 10— MAP - 105
. A 100
Py
— 307 L os
< 0 3
2 60 <
= 85
2 £
E 40 r 80 E
s r7s &
o
20 [ 7
P 6S
0 &0
5 10 15 20
Toluene:BC mele ratio

Reaction conditions:- Ni(8)CeZr-0.2g, Time-3h.,
Temperature-110°C.

Figure 5.3 a Effect of toluene:BC ratio on benzylation
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Reaction conditions:- Ni(8)CeZr-0.2g, Time-3h.,
Temperature-110°C.
Figure 5.3 b Effect of 0-xylene:BC ratio on benzylation
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5.2.4 Effect of Time

The reaction was carried out for 4h in order to study the effect of time on

conversion and selectivity. Results are shown in Figures 5.4a and 5.4b. After half an

hour, the conversion was only 6% for toluene.

gradually increases. Benzylation of o-xylene also follows the same path. At 4h,
formations of side products were detected. The continued increase of percentage

conversion with time for both toluene and o-xylene is indicative of the heterogeneous

nature of the reaction.

As the time increases, conversion

100

30

60 1

40

Cunversion (wit %)

20

=8 Benzyl chloride —{— MAP

&

0

pA oy

-

L

Selectivity (Y}

Reaction conditions:- Ni(8)CeZr- 0.2g, Toluene:Benzy!
chloride- 10:1, Temperature-110°C.

Figure 5.4 a Effect of time on benzylation of toluene
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Reaction conditions:- Ni{8)CeZr- 0.2g, o-xylene: Benzy!
chloride- 10:1,Temperature- 110°C.

Figure 5.4 b Effect of time on benzylation of o-xylene

5.2.5 Leaching

To evaluate the heterogeneous nature of the reaction leaching studies were
conducted. The catalyst was removed from the reaction mixture after lh by hot
filtration. The filtrate is again allowed to react for 2h at the same reaction conditions.
The results are given in Table 5.1. The conversion is somewhat higher in the filtrate.

Leaching of small quantity of metal ions may be take place.

Table 5.1 Effect of metal leaching in Benzylation of Toluene and o-xylene

Benzyl chloride conversion (wt.%)

Catalyst Time/h Toluene o-xylene
Cr(5)Ce 1 12.3 15.3
Filtrate 3 14.3 17.3
Mn(5)Ce 1 1.2 13.2
Filtrate 3 12.1 14.3
Fe(5)Ce 1 9.7 13.6
Filtrate 3 12.3 15.7

Catalyst: 0.2g, Substrate: Benzyl chioride-10:1, Temperature: 110°C
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5.2.6 Reusability

For checking reusability, the catalyst was removed from the reaction mixture
by filtration. It was thoroughly washed with acetone until free of reaction mixture,
dried in air oven for over night and activated at 500°C for 5h. The same catalyst was
again used for carrying out another reaction under similar reaction conditions. Two
catalysts were tested for reusability and the observations are listed in Table 5.2 A
decrease in conversion is observed, even though it is negligible. The prepared

catalysts can be effectively regenerated without loss of activity up to fourth cycle.

Table 5.2 Reusability of the catalysts

Benzyl chloride
Catalyst Cycle Conversion (wt.%)
Toluene o-xylene

1 46.3 47.6

2 453 46.3
Cr(5)Ce

3 42.1 449

4 39.3 40.3

1 42.1 45

2 40 44 8
Mn(5)Ce

3 392 423

4 32.1 38.3

Catalyst: 0.2g, Substrate: Benzyl chloride-10: 1, Temperature: 110°C

5.3 Comparison of Catalysts

After studying the influence of reaction parameters on the benzylation of
toluene and o-xylene, the reaction condition was selected to get high conversion and

selectivity. Benzylation of toluene and o-xylene was done using all the prepared
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catalysts with substrate to benzyl chloride molar ratio of 10:1, reaction temperature of

110°C and 0.2g catalyst and the results are given in Tables 5.3 and 5.4.

Table 5.3 Benzylation over transition metal modified ceria catalysts

Toluene o-xylene
Catalyst ~ Benzyl chloride MAP Benzyl chloride MAP
Conversion Selectivity Conversion Selectivity
(wt.%) (%) (wt.%) (%)
Ce 24 100 29 100
Cr(2)Ce 45.9 100 44.9 100
Cr(5)Ce 46.3 100 47.6 100
Cr(8)Ce 49.2 100 59.1 98.7
Mn(2)Ce 40.3 100 43.3 100
Mn(5)Ce 42.1 100 45.0 100
Mn(8)Ce 45.6 100 522 100
Fe(2)Ce 44.1 100 483 100
Fe(5)Ce 42.1 100 49.5 100
Fe(8)Ce 36.3 100 46.8 98.3
Co(2)Ce 27.3 100 40.3 100
Co(5)Ce 32.1 100 416 100
Co(8)Ce 28.9 100 38.9 100
Ni(2)Ce 34.9 100 39.9 100
Ni(5)Ce 35.3 100 423 100
Ni(8)Ce 39.3 100 46.3 100
Cu(2)Ce 33.6 100 43.7 100
Cu(5)Ce 35.7 100 48.6 100
Cu(8)Ce 372 100 46.5 100

Catalyst: 0.2g, Substrate: Benzyl chloride-10:1, Temperature: 110°C, Time-3h
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Table 5.4 Benzylation over transition metal modified ceria-zirconia catalysts

Toluene o-xylene
Catalyst Benzyl chloride MAP Benzyl chloride MAP
Conversion Selectivity Conversion Selectivity
(wt.%) (%) (wt.%) (%)
Zr 23.7 100 27.0 100
CeZr 26.3 100 31.6 100
Cr(2)CeZr 56.1 100 67.3 100
Cr(5)CeZr 542 100 65.8 100
Cr(8)CeZr 51.2 100 62.3 98.3
Mn(2)CeZr 41.9 100 473 100
Mn(5)CeZr 43.2 100 512 100
Mn(8)CeZr 413 100 493 100
Fe(2)CeZr 44.6 100 58.3 100
Fe(5)CeZr 432 100 57.3 98.1
Fe(8)CeZr 412 98.6 53.6 97.6
Co(2)CeZr 46.9 100 582 100
Co(5)CeZr 38.6 100 48.6 100
Co(8)CeZr 38.1 98.9 473 97.6
Ni(2)CeZr 443 100 557 100
Ni(5)CeZr 42.8 100 52.3 100
Ni(8)CeZr 38.5 100 493 100
Cu(2)CeZr 40.2 100 51.6 100
Cu(5)CeZr 39.2 100 53.0 100
Cu(8)CeZr 39.0 100 51.0 100

Catalyst: 0.2g, Substrate: Benzy! chloride-10:1, Temperature: 110°C, Time-3h
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Pure metal oxides gave low conversions than the metal modified ones.
Catalytic activity of various metal incorporated systems varies not much with
variation in metal content. Cr, Mn and Fe incorporated systems gave comparatively
good conversions. Transition metal modified ceria-zirconia systems show better
conversion than corresponding transition metal loaded ceria systems. Mono alkylated

product selectivity remains approximately 100% for almost all catalysts.

All prepared catalysts shows high selectivity to a-methyl styrene during
cumene cracking reactions which indicates the availability of Lewis acid sites over the
catalysts. The involvement of Lewis acid sites in carbocation generation is well
established. Good correlation is obtained with benzyl chloride conversion in toluene

benzylation and a-methyl styrene selectivity (Figure 5.5).
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Figure 5.5 Alkylation vs a-methyl styrene selectivity

A Friedel-Crafts alkylation is an aromatic substitution reaction in which the
carbocation is formed by complexation of alkyl halide with the catalyst. The
carbocation generated attacks the aromatic species for alkylation. Formation of

carbocation is thus an important step in the reaction mechanism. According to
l 16

Ghorpade et al.” the lower conversion of individual metal oxides may be due to the

higher activation energy and lower strength of Lewis acid sites. A possible

mechanism for benzylation of aromatic substrates is given in Scheme 5.2.

O CHI_C'.—M

Scheme 5.2 Mechanism of benzylation of aromatics
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5.4 Conclusions

The following conclusions can be drawn from the present study.

v"  Transition metal modification of ceria and ceria-zirconia could result in better

catalysts for benzylation of toluene and o-xylene.
Benzyl chloride conversion depends strongly on reaction variables like
temperature, substrate to benzylchoride mole ratio, catalyst concentration and

reaction time.

v" The selectivity to monoalkylated products remains approximately 100% over

all the catalysts.

v Generation of Lewis acid sites on metal modification leads to better catalytic
activity. A possible mechanism involving Lewis acid site is proposed.
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CHAPTER 6

METHYLATION OF PHENOL AND ¢-CRESOL

Abstract

The methylation of phenol and o-cresol was investigated over transition metal
modified ceria and ceria-zirconia mixed oxide catalysts. Influence of various reaction
parameters like reaction temperature, feed composition, flow rate and durability of the
catalysts during methylation were investigated. o-cresol and 2,6-xylenol are formed as the
main products for the methylation of phenol and 2,6-xylenol as the main product for the

methylation of o-cresol. The catalytic activity is correlated with the acidic properties.
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6.1 Introduction

Alkylation of phenol with methanol is an industrially important reaction.
Products such as o-cresol and 2,6-xvlenols are used as chemical intermediates for the
synthesis of a variety of fine chemicals, pharmaceuticals, peptides and plastics'?. The
stringent specifications and demand for high purity to use them in drugs and
pharmaceuticals necessitate the synthesis of these compounds selectively. In recent
times, the vapor phase alkylation of phenol with methanol over various solid catalysts,
without causing any environmental impact, is considered to be a promising route tor
the synthesis of these compounds selectively. Cresols, xylenols, ring-methylated
products and anisole, oxygen methylated products, are produced by alkylation of
phenol with methanol. The formation of products is given in Scheme 6.1. The

products formed in the direct methylation of g-cresol are given Scheme 6.2,

OH H H
SaRlcREe!
H + +
CH;
CH,

+ o-cresol
—_
CH,0H m-cresol p-cresol

Me H
H H,C CH,
H,C CH,
+ +
CH,

anisole 2,6-xylenol

2,4,6-trimethy| phenol

Scheme 6.1 Methylation of phenol
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OH OH
H,C CH, CH,
+
OH
CH, 2,6-xylenol CH, 2,4-xylenol
+ CHoN ——
oa-cresol Me H
CHy, H,C CH,
¥
2-methyl anisole CH, 2,4,6-trimethyl phenol

Scheme 6.2 Methylation of o-cresol

A variety heterogeneous catalyst has been investigated for the methylation of
phenol. Malshe et al’. carried out selective C-methylation of phenol to o-cresol and 2,
6-xylenol over borate zirconia solid acid catalyst. The large number of weak and
medium acid sites favored C-alkylation and the preferential o-alkylation is attributed
to the perpendicular orientation of phenol aromatic ring on catalyst surface. Effect of
substitution of Fe’™ /Cr’* on the alkylation of phenol with methanol over magnesium-
aluminium hydrotalcite was studied by Velu et al*. The alkylation reaction was found
to proceed exclusively at C-centres to give o-cresol as the major product. Alkali
supported SiQ, samples are employed as good catalyst for the O-alkylation of phenol
and it is observed that the deactivation rate decreases with increase in basicity of the
catalyst’. Reddy et al.® evaluated phenol alkylation activity of molybdenum oxide
supported on NaY zeolite and observed that the acid sites are playing an important
role in determination of the activity of the catalysts and selectivity for the formation of

C- or O- alkylated products.

Co and Ni based ferrospinels were effectively used as catalyst for methylation
of phenol”. The catalytic activity and product selectivity depend on the Co® /Ni** ratio
in the spinel matrix and also on the surface acid-base properties of the system. The

strong acid sites are required for secondary alkylation to yield 2,6-xylenol, whereas
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only weaker acid sites are needed for the formation of primary alkylation to yield o-
cresol. Choi et al.® investigated alkylation of phenol over magnesium oxide catalyst
modified with the addition of small amount of vanadium, manganese and sodium.
They observed that addition of small amount of dopants into the magnesium oxide
gave better activity and selectivity to 2,6-xylenol than the pure MgO catalyst. Rare
earth promoted sulfated tin oxide catalyst has been used for alkylation of phenol and it
is noted that sulfate modification resulted in a large variation in product selectivity
and reaction pathway due to the creation strong acid sites, which alters the nature of
adsorption of phenol on the catalyst surface’. Gandhe et al'®. investigated alkylation
of phenol over an active rutile titania catalyst and the high ortho-selectivity of the
synthesized rutile sample is attributed to the unique presence of weak basic sites. Al-
MCM-41 was shown to be a promising catalyst for the methylation of phenot''. O-
alkylation of phenol was favored in presence of alkali metal loaded zeolites and is
observed that reactivity of the catalyst increased with the basicity of loaded metal"’,
Selective O-alkylation of cresol with methanol by Cs loaded silica which is a base
catalyst was reported by Rajaram et al.”’. Jyothi et al". reported the formation of 2,6-
xylenol by the selective methylation of anisole over rare earth promoted SnO,
catalysts. The higher selectivity was ascribed to the weak acid sites and
comparitively strong basic sites. Vapour phase isopropylation of o-, m- and p-cresol

over alumina catatysts was also reported".

Sato et al. from their examination for alkylation of phenol with methanol over
various oxides of rare earth metals found that only ceria has sufficient activity and
selectivity for the reaction'®. Selective ortho methylation of phenol with methanol
over Ce0,-MgO catalysts was reported. The mechanism speculated is that the ortho
position of phenol adsorbed perpendicularly on the basic site on CeO, species is

selectively alkylated by methanol which is possibly activated in the form of formyl/
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hydroxy methy! group rather than methy! cation'’. Klimkiewicz et al. used Sn-Ce-Rh-

O monophase system as ortho-selective catalyst for phenol alky!ation'®.

Methylation was carried out in a vertical down flow glass reactor. All the
reactions were carried out using 0.5 g charge of the catalyst. Prior to the reaction the
catalysts were activated in the muffle furnace for lh at 500°C. The catalyst was
packed between the layers of quartz wool, and the upper portion of the reactor was
filled with glass beads, which served as pre-heaters for the reactants. The reactor was
placed inside a temperature-controlled furnace with a thermocouple placed at the
centre of the catalyst bed for measuring the reaction temperature. In a typical
reaction, a mixture of phenol or cresol and methanol in required molar ratio was fed
into the reactor at pre-determined flow rate through a syringe pump at a particular
reaction temperature. The products were condensed and collected in an ice trap. The
products were identified by GC-MS and were analyzed by a Chemito 8610 GC using
a FID detector and an OV-17 column. The conversion was expressed in terms of
phenol/o-cresol reacted and the product selectivity was obtained as the amount of the

particular product divided by the total amount of products multiplied by 100.
6.2 Influence of Reaction conditions

6.2.1 Effect of Temperature

Studies on the effect of temperature of methylation of phenol were carried out
over Ni(2)Ce catalyst in the temperature range 450-500°C. The conversion of phenol
and selectivities to o-cresol, 2,6-xylenol and anisole are shown in Figure 6.1la.
Conversion of phenol and selectivity to 2,6-xylenol increased with increase in
temperature while selectivity to o-cresol decreased. Amnisole selectivity remained

almost constant independent of the reaction temperature.
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Reaction conditions:- Ni(2)Ce-0.5¢g, Flow rate-4mLh,
Phenol:methanol-1:4, TOS-2h.

Figure 6.1a Effect of temperature on methylation of phenol

The effect of temperature on cresol conversion is depicted in Figure 6.1b. The
increase in reaction temperature increases o-cresol conversion, then attains a steady
state and then decreases in agreement with the general trend for alkylation''. The less
conversion at low temperature can be attributed to the molecular association that
reduces adsorption and dissociation on the actives sits'®. 2, 6-xylenol selectivity
decreased with increase in temperature due to the possible formation of higher
alkylated product at high temperature. The decrease in conversion at high temperature

can be attributed to the coke formation at active sites.
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Reaction conditions:- Ni(5)CeZr-0.5g, Flow rate-4mLh™,
o-cresol:methanol-1:4, TOS-2h.

Figure 6.1b Effect of temperature on cresol conversion
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6.2.2 Effect of Flow Rate

The influence of flow rate on reaction was investigated by varying the flow
rate at 500°C. The conversion of phenol and selectivities varied as shown in the
figure 6.2a. Phenol conversion and 2, 6-xylenol selectivity decreased with increase in
flow rate while o-cresol selectivity increased. At higher flow rate, the conversion is
less, suggesting attainment of high rate of diffusion reducing the chemisorption®®. o-
cresol is the primary product and 2,6-xylenol is the secondary product of the
alkylation reaction. Hence increase in flow rate results in more o-cresol selectivity®.
Flow rate did not show any marked influence on O-alkylation and anisole

concentration remains unchanged.
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Reaction conditions:- Ni(2)Ce-0.5g, Temperature- 500°C
Phenol:methanol-1:4, TOS-2h.

Figure 6.2a Effect of flow rate on methylation of phenol

The influence of flow rate on o-cresol conversion is evident from Figure 6.2b.
When the flow rate is increased from 3 to 4mLh"', the conversion of o-cresol increases
first and then decreases at higher flow rates. Less conversion at low flow rate (3mLh’
'Y could be attributed to the coke formation at lower contact times. At higher flow rate

diffusion of reactant molecules is high which results in low conversion of phenol'®.
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Selectivity towards 2, 6-xylenol is found to be increased with increase in flow rate as

the probability for consecutive methylation is less.
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Reaction conditions:- Ni(5)CeZr-0.5g, o-cresol : methanol - 1:4,
Temperature-400°C, TOS-2h.

Figure 6.2b Effect of flow rate on o-cresol conversion
6.2.3 Effect of Methanol to Substrate mole ratio

Figure 6.3a shows the effect of feed composition on phenol conversion and
selectivities. The total conversion of phenol increased with an increase in amount of
methano! in the feed. The selectivity of 2,6-xylenol shows identical trend. o-creso!

selectivity decreased with increase in methanof content.
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Reaction conditions:- Ni(2)Ce-0.5g, Temperature- 500°C
Flow rate-5mLh"', TOS-2h.

Figure 6.3a Effect of methanol: phenol mole ratio methylation
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Effect of change in methanol: o-cresol mole ratic on conversion and
selectivity is shown in Figure 6.3b. The conversion of o-creso} is increased form 3 to
15 due to the availability of additional methyl groups for the reaction’. Decrease in

2,6-xylenol selectivity at higher mole ratio is due to the possibility for consecutive

methy lation.

—#— o-cresol —<=2 6-xylemol - 100

Wﬁ—l} —

+ 60
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o [+.3 o
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[
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Reaction conditions:- Ni(5)CeZr-0.5¢g, Flow rate-SmLh!,
Temperature-400°C, TOS-2h.

Figure 6.3b Effect of methanol:o-cresol mole ratio on methylation

6.2.4 Effect of Time-Deactivation

The time on stream studies using representative catalysts for methylation of
phenol and o-cresol was done by carrying out the reaction continuously for 8h.
Results are shown in Figures 6.4a, 6.4b, 6.5a and 6.5b. Rate of deactivation for pure
Ce is more compared to CeZr. Copper systems show very fast deactivation. The
principal cause of deactivation has mostly been the build up of a layer of

pseudographitic carbon referred to as coke or carbonaceous residues'®.
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Figure 6.4b Effect of time over representative catalysts for methylation of phenol
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Figure 6.5b Effect of time over representative catalysts for methylation of o-cresol
6.3 Comparison of Catalysts

Table 6.1 summarizes the catalytic results towards methylation of phenol over
transition metal modified ceria catalysts. Pure ceria catalyst gave 44% phenol
conversion and 90% o-selectivity. Among metal doped ceria catalysts chromium and
manganese modified catalyst gave comparatively good conversion and ortho-
selectivity. Selectivity to anisole remained <6% over ceria catalysts. About 55%
phenol conversion is obtained over iron modified systems, but ortho selectivity is
<50%. Cu modified systems gave comparatively less conversion with about 80%

ortho selectivity.
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Table 6.1 Methylation of phenol over ceria based catalysts

Selectivity (%)
Catalyst  Conversion o-cresol 2,6- Anisole  Others® Ortho
(wt.%) xylenol selectivity
Ce 34.0 65.6 24.0 3.6 4.8 89.6
Cr(2)Ce 47.0 62.2 26.8 4.0 7.0 89.0
Cr(5)Ce 53.6 592 322 32 5.4 91.4
Cr(8)Ce 56.2 51.2 38.6 5.4 6.8 89.8
Mn(2)Ce 45.2 68.2 21.8 29 7.1 90.0
Mn(5)Ce 483 62.7 26.9 2.1 3 89.6
Mn(8)Ce 49.5 48.2 382 1.9 11.7 86.4
Fe(2)Ce 55.8 36.6 12.9 42 46.3 49.5
Fe(5)Ce 55.4 29.0 8.7 4.0 583 37.7
Fe(8)Ce 54.1 335 9.6 22 54.7 43.1
Co(2)Ce 42.1 63.9 229 3.6 9.6 86.8
Co(5)Ce 51.7 49.8 26.1 43 19.8 75.9
Co(8)Ce 53.1 54.6 29.2 2.7 13.5 83.8
Ni(2)Ce 37.7 68.3 23.0 6.4 23 91.3
Ni(5)Ce 36.2 68.6 232 3.1 5.1 91.8
Ni(8)Ce 464 59.2 242 4.1 12.5 83.4
Cu(2)Ce 24.8 71.5 224 3.7 2.4 93.9
Cu(5)Ce 32.9 65.0 22.6 4.2 82 87.6
Cu(8)Ce 354 67.8 26.5 3.4 23 943

? Other products are p-cresol, 2,4-xylenol, 2,4,6-trimethy| phenol and benzene.
Reaction conditions:- Catalyst-0.5 g, Temperature-500°C, Flow rate-4 mlh™,
phenol:methanol- 1:5, Time- 2h.

Phenol conversion and product distribution of transition metal modified ceria-

zirconia catalysts are tabulated in Table 6.2. Cr and Mn modified catalysts gave high
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conversions and about 90% o-selectivity. 63% phenol conversion is obtained over

iron modified ceria-zirconia catalyst with 54% o-selectivity.

Table 6.2 Methylation of phenol over ceria-zirconia based catalysts

Catalyst Conversion Selectivity (%)
{(wt.%) o-cresol  2,6-xylenol  Anisole  Others® Ortho
selectivity

Zr 36.3 58.2 29.1 3.1 9.6 873
CeZr 432 56.2 26.9 7.9 6.0 86.1
Cr(2)CeZr 52.5 69.8 222 29 5.1 92.0
Cr(5)CeZr 553 66.2 24.1 2.7 7.0 90.3
Cr(8)CeZr 59.0 59.1 30.2 3.2 7.5 89.3
Mn(2)CeZr 483 70.3 242 1.8 3.7 94.5
Mn(5)CeZr 52.6 63.9 29.1 2.1 4.9 93.0
Mn(8)CeZr 575 59.8 33.2 3.1 39 93.0
Fe(2)CeZr 642 36.7 18.0 32 42.1 54.7
Fe(5)CeZr 47.4 44.4 12.5 29 40.2 56.9
Fe(8)CeZr 52.0 48.0 16.6 1.8 33.6 64.6
Co(2)CeZr 59.3 46.9 317 3.6 17.8 78.6
Co(5)CeZr 54.1 443 28.5 3.4 23.8 72.8
Co(8)CeZr 53.0 49.9 37.5 2.9 9.7 87.4
Ni(2)CeZr 34.8 61.6 15.6 2.7 20.1 77.2
Ni(S)CeZr 329 67.0 259 2.4 4.7 92.9
Ni(8)CeZr 462 56.3 18.8 24 22.5 75.1
Cu(2)CeZr 46.8 60.8 18.5 2.9 17.8 79.3
Cu(S)CeZr 29.8 65.2 15.1 3.4 16.3 80.3
Cu(8)CeZr 31.5 66.0 26.0 3.9 8.1 88.0

? Other products are p-cresol, 2,4-xylenol, 2,4,6-trimethyl phenol, benzene
Reaction conditions:- Catalyst-0.5 g, Temperature-500°C, Flow rate-4 mih™,

phenol:methanol- 1:5, Time- 2h.
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The results of alkylation using o-cresol as the reactant instead of phenol are
shown in table 6.3 and 6.4. All the catalysts found to give 2,6-xylenol as the major
product with about 90% selectivity. Unlike in the case of methylation of phenol, o-
cresol methylation over iron catalysts show good o-cresol selectivity.

Table 6.3 Methylation of o-cresol over ceria based catalysts

Selectivity (%)

Catalyst Conversion 2,6-xylenol 2,4-xylenol and 2,4,6-
(wt%) trimethylphenol
Ce 28.1 95.4 4.6
Cr(2)Ce 429 92.0 8.0
Cr(5)Ce 44.6 93.0 7.0
Cr(8)Ce 48.3 98.6 1.4
Mn(2)Ce 36.2 97.6 24
Mn(5)Ce 39.1 93.2 6.8
Mn(8)Ce 43.2 90.1 9.9
Fe(2)Ce 47.1 95.5 4.5
Fe(5)Ce 448 91.3 8.7
Fe(8)Ce 34.5 98.8 1.2
Co(2)Ce 32.0 98.2 1.8
Co(5)Ce 33.6 97.8 22
Co(8)Ce 40.5 96.2 3.8
Ni(2)Ce 359 97.3 27
Ni(5)Ce 351 95.1 4.9
Ni(8)Ce 46.4 93.0 7.0
Cu(2)Ce 424 97.8 22
Cu(5)Ce 422 91.8 8.2
Cu(8)Ce 33.6 98.2 1.8

Reaction conditions:- Catalyst-0.5 g, Temperature-400°C, Flow rate-5 mlh™',
o-cresol:Methanol- 1:7, Time- 2h.
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Table 6.4 Methylation of o-cresol over ceria-zirconia based catalysts

Selectivity (%)

Catalyst Conversion 2,6-xylenol 2,4-xylencl and 2.4,6-
(wt.%) trimethylphenol
Zr 40.6 829 17.1
CeZr 46.6 89.0 10.2
Cr(2)CeZr 56.0 92.6 7.4
Cr(5)CeZr 60.0 943 57
Cr(8)CeZr 63.5 93.9 6.1
Mn(2)CeZr 53.0 894 10.6
Mn(5)CeZr 56.5 91.2 8.6
Mn(8)CeZr 59.3 94.1 59
Fe(2)CeZr 422 96.8 32
Fe(5)CeZr 52.2 89.4 10.6
Fe(8)CeZr 479 92.1 7.9
Co(2)CelZr 42.1 92.6 7.4
Co(5)CeZv 46.8 95.3 4.7
Co(8)CeZr 401 947 5.3
Ni(2)CeZr 46.2 933 6.7
Ni(5)CeZr 52.5 95.1 4.9
Ni(8)CeZr 372 83.2 16.9
Cu(2)CeZr 432 90.1 9.9
Cu(5)CeZr 50.1 87.8 12.2
Cu(8)CeZr 55.6 90.7 9.3

Reaction conditions:- Catalyst-0.5 g, Temperature-400°C, Flow rate-5 mlh!,

o-cresol:methanol- 1:7, Time- 2h.

The alkylation phenol with methano! being and acid-base catalyzed reaction;

the product selectivity depends on the acidity as well as the basicity of the catalyst.



Methylation o f Phenol and o-cresol 161

Reddy et al.?' correlated the catalytic activity of copper manganese mixed oxide
spinels with structure, as well as with acid-base properties. When we consider metal
oxide catalysts, the Lewis acidity can be attributed to metal ions, whereas the basicity
can be attributed to the presence of oxide anions on the surface of the metal oxide.
The distribution of metal and oxide ions depends on the composition of the catalysts.
When transition metal ions incorporated into cerfa or ceria-zirconia, more
coordinatively unsaturated metal ions are produced on the surface which leads to the
formation of more Lewis acid sites. According to Tanabe et al??, in the adsorption of
the phenol on the catalyst surface, geometric factors play a fundamental role in
affecting selectivity. The reactant pheno! gets adsorbed on the catalyst surface
perpendicularly or horizontally depending on the acidity of the catalyst. Santacesaria

1.7 studied the effect of acidity of various catalysts on the activity and selectivities

eta
in phenol alkylation. They proposed perpendicular orientation of phenol over y-
alumina containing strong Lewis acid sites. Over Nafion-H containing Bronsted acid
sites, they proposed two mechanisms, 1) a dual mechanism, in which an acid sties
strongly bound to the oxygen of methanol forms methyl carbocation, while another
acid sties directly interacts with the aromatic ring; and 2) a Rideal mechanism
according to which the reaction occurs between the molecules of the adsorbed
alkylating agent and the aromatic molecules from the vapour phase. Sato et al.'
speculated that in the methylation of phenol, the redox property of the CeQ; species is
concerned with methanol activation and methanol is activated on the CeO; species as

a form of formy! or hydroxy methy! group rather than methyl cation of acidic sites.

From the ammonia TPD measurements, it is visible that the acidity is
enhanced upon metal incorporation. More than 80% oc-methyl styrene selectivity is
observed during cumene cracking for all the catalysts. This indicates the presence of
sufficient number of Lewis acid sites on the catalyst surface. These Lewis sites are

constituted by the coordinatively unsaturated Ce**, Zr*" and transition metal ions.
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From different characterization techniques like EPR and UV- Vis DRS, it is clear that
incorporated metal ions exists in different oxidation states, e.g., chromium in Cr(III),
Cr(V) and Cr (VI) with different coordination environments imparting redox nature to
the catalyst systems. On incorporating zirconium and other transition metals into
ceria lattice, the generation of exposed O” results leading to enhancement in basic
properties of the catalysts. It is observed that dehydration of cyclohexano! to
cyclohexene occurs on the surface acid sites while dehydrogenation to cyclohexanone
is facilitated by basic sites originating from the lattice oxygen ions®*. The results of
cyclohexanol decomposition reaction clearly indicate the formation of cyclohexanone
over all catalysts. This indicates the availability of basic sites on the surface. The
thermodesorption studies of 2,6-dimethyl pyridine adsorbed samples the presence of
Bronsted acid sites. The density of the Bronsted acid sites is comparatively less as
evident from the benzene selectivity in cumene cracking reaction. Thus different
types of acid sites are observed over the prepared catalysts. Phenol can orient both
vertically and horizontally on the catalyst surface. Perpendicular adsorption is more
preferred since number of Bronsted acid sites is comparatively less which can also
confirmed from the high ortho selectivity. The possible orientations of phenol over

the catalyst surface are given in Schemes 6.3 and 6.4.

0 H* "
NI Nt 4 e LA T ——3 [t N
Acid site Basic site Acid site  Basic site Acid site Basic site
OH OH
Activated
and/or ~——  Complex

Scheme 6.3 Perpendicular orientation of aromatic ring on the

catalyst surface
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6—’
Hi-

Scheme 6.4 Paralle] orientation of aromatic ring on the catalyst surface

MeOH
All posible

alkyl phenols

Since methylation of phenols can be influenced by nature and strength of acid
sites and basic sites and also by redox properties of the prepared systems, a one to one
correlation of catalytic activity to any of these properties is rather impossible.
However, a correlation between total acidity from ammonia TPD and conversion of
phenol (o-cresol) is attempted. The profiles reveal the dependence of catalytic activity

on acidity (Figures 6.6a and 6.6b).
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6.4 Conclusions

The following conclusions can be drawn from the present study.

v Methylation of phenol and o-cresol over transition metal modified ceria and
ceria-zirconia mixed oxides shows good catalytic activity and high ortho
selectivity.

v The influence of various reaction parameters was studied and it is found that
the product selectivity can be varied by selecting different reaction conditions.

v" Catalytic activity of the catalysts strongly depends on the total acidity.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Abstract

The aim of catalysis research is to apply the catalyst successfully in economically
important reactions in an environmentally friendly way. The present work focuses on the
modification of structural and surface properties of ceria and ceria-zirconia catalysts by
the incorporation of transition metals. The applications of these catalysts in industrially
important reactions like ethylbenzene oxidation, alkylation of aromatics are also
investigated. This chapter reviews the summary of the work detailed in the preceding

chapters. The important conclusions obtained from the studies are also presented.
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7.1 Summary

Chapter 1 deals with a general introduction on catalysis and metal oxides. A
brief literature review on catalysis by transition metal modified ceria and ceria-
zirconia mixed oxides is also included. The chapter also includes a brief outline on

the reactions selected for the catalytic activity studies.

Chapter 2 contains a detailed description about the materials used and
preparation method employed for the present investigation. A brief description of

various instrumental techniques used for characterization is also given.

Chapter 3 focuses on the physicochemical characterization of the prepared
systems. The catalyst composition was found out from energy dispersive X-ray
analysis. The structural characterization of transition metal modified ceria and ceria-
zirconia catalysts were done by different techniques like X-Ray diffraction analysis,
Surface area and pore volume measurements, Scanning electron microscopy, Infrared
spectroscopy, Electron paramagnetic resonance spectroscopy and Thermogravimetric
analysis. The surface acidity measurements were done by temperature programmed
desorption of ammonia and thermodesorption of 2,6-dimethy! pyridine. Cyclohexanol
decomposition and cumene cracking were employed as test reaction to evaluate

surface properties.

Chapter 4 discusses the catalytic activity of the prepared systems towards
ethylbenzene oxidation. Tertiary butyl hydroperoxide was used as the oxidant. The
influence of reaction variables such as catalyst concentration, temperature, solvent,
time on stream, solvent volume and substrate to oxidant mole ratio were studied.

Leaching studies and reusability of the representative catalysts were done.

In chapter 5 the catalytic activity of the systems towards liquid-phase

benzylation of toluene and o-xylene is discussed. The influence of reaction parameters
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are studied in detail. A possible mechanism involving Lewis acid sites of the catalysts

is suggested.

Chapter 6 deals with methylation of phenol and o-cresol using the prepared
catalysts. The effect of temperature, flow rate, methanol:phenol/o-cresol mole ratio
on conversion and product selectivity was examined. Deactivation profiles of

representative catalysts were obtained by doing reaction for 8h.

Chapter 7 presents the summary, conclusion and future outlook for the present

thesis work.
7.2 Conclusions

The general conclusions that can be drawn from the present investigations are

the following.

Sol-gel method is effective for the preparation of transition metal modified
ceria and ceria-zirconia mixed oxide since it produces catalyst with highly dispersed
incorporated metal. Unlike that of impregnation method plugging of pores is not
prominent for sol-gel derived catalyst materials. This prevents loss of surface area on

metal modification as evident for BET surface area measurements.

The powder X-ray diffraction analysis confirms the cubic structure of
transition metal modified ceria and ceria-zirconia catalysts. The thermal stability is
evident from TGA/DTA analysis. DR UV-vis spectra provide information on the
coordination environment of the incorporated metal. EPR analysis of Cr, Mn and Cu
modified ceria and a ceria-zirconia catalyst reveals the presence of different oxidation

states of incorporated metal.

Temperature programmed desorption of ammonia and thermogravimetric

desorption of 2,6-dimethyl pyridine confirms the enhancement of acidity on metal
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incorporation. High a-methyl styrene selectivity in cumene cracking reaction implies
the presence of comparatively more number of Lewis acid sites with some amount of
Bronsted acid sites. The formation of cyclohexanone during cyclohexanol

decomposition confirms the presence of basic sites on the catalyst surface.

Mn and Cr modified catalysts show better activity towards ethylbenzene

oxidation. A redox mechanism through oxometal pathway is suggested.

All the catalysts were found to be active towards benzylation of toluene and
o-xylene. The selectivity towards monoalkylated products remains almost 100%. The

catalytic activity is correlated with the Lewis acidity of the prepared systems.

The activity of the catalysts towards methylation of phenols depends on the
strength acid sites as well as the redox properties of the catalysts. A strong

dependence of methylation activity on the total acidity is illustrated.
7.3 Future Outlook

The present investigation clearly shows the improvement of structural and
surface properties of ceria by the addition of transition metal. Cr and Mn modified
catalysts can be further employed for the oxidation of different aromatic substrates.
The application of the catalyst as three-way catalyst in environmental exhaust

emission control can be also investigated.
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