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Summary and General Conclusions
A. Summary
1. Introduction

Alkylation of phenol with methanol has gained considerable attention over the
years as the products are of great importance in the industry. While anisole formed by the
0 — alkylation of phenol is used as an intermediate in the synthesis of anethole in the
beverage industry, the C — alkylated products like ortho — cresol and 2,6 — xylenol are
used in the synthesis of industrial grade plastics and paints. A wide range of materials
have been investigated as catalysts for the process; these included pure and doped metal
oxides, mixed metal oxides, sulphates, metal phosphates and zeolites. Most catalysts gave
mixed selectivities forming both 0 and C alkylated products, others showed
unsatisfactory stability with time on stream due to coking. Hence search for appropriate
catalyst continues.
2. Motivation and scope

Extensive work has been carried out in the field of alkylation. While a large
number of catalysts have been investigated so far, there is not a single catalyst system
that gives high yield and selectivity towards the desired product. Most catalysts form a
mixture of products, while others are less active, some are unstable, and others are more
susceptible to coking. Also there is no clear understanding of the relation between the
type of active sites and activity — selectivity profiles as well as mechanisms of the
reaction. Ortho — products of phenol methylation find applications in the polymer and
paint industry and there is increasing demand for these products. Hence need for a
selective catalyst continues.
Therefore the aim was:
1. To synthesize a catalyst that would give high activity and selectivity.
2. Try and understand the relation between the active sites on the catalyst and the
observed activity — selectivity profiles.
The focus of the present investigation was on finding a highly active and ortho —
selective catalyst for methylation of phenol.
3. Choice of catalyst system

xv

TiO2 an interesting material.
Titanium dioxide is a versatile material with a wide number of technological
applications due to its optical, chemical and mechanical properties. Anatase, rutile and
brookite are well known phases of TiO 2 and their functional characteristics strongly
depend on its phase. TiO2 is widely investigated as a support in catalysis and recently
V205 - W031 TiO2 is used as a SCR catalyst for the abatement of NO x from waste gases ;
however reports of TiO2 as a direct catalyst for heterogeneous reactions are few although
it has wide applications as a photocatalyst in waste degradation . TiO 2 by itself is reported
to have low acid strength, but the strength of acid sites and the catalytic activity is found
to increase in its binary and ternary mixed forms such as Si0 2 - Ti02, Al2 03 - TiO2 and
TiO2 - Si02 - Al203 . Further Ti4+ ions are reported to be the active Lewis acid sites in
these catalysts. Alkylation of phenol with methanol has been reported on A1PO 4 - TiO2
5 - TiO2 systems and these composite systems have been found to be more active andV20
than the pure titanium oxides. Generally TiO 2 rutile phase is known to be more stable but
not appreciably active as compared to the anatase form.
The work of the thesis is described in the following six chapters.

Chapter I: Introduction and Literature Status
This chapter deals with the following aspects
1. Importance of Alkylation reactions and in particular the Methylation reaction of
phenol.
2. Advantages of oxide/zeolite catalysts in relation to conventional Friedel Crafts
catalysts.
3. A brief literature review discussing the parameters, which govern the activity —
selectivity profile of the catalyst. The key role of the acid — base characteristics of
the catalyst that influence the horizontal and vertical adsorption modes of phenol
is discussed in relation to product selectivity.
The chapter further highlights the stability and versatility of TiO 2 as a photocatalyst as
well as a general-purpose heterogenous catalyst.

xvi

Chapter II: Experimental
This chapter describes
1. Synthesis of rutile and anatase TiO 2 by a simple and new route involving
calcination of TiC1 3 and urea, with or without use of oxalic acid. Synthesis of an
anatase TiO2 by a sol — gel route using TiCl a as the source of Ti, is also described.
2. Synthesis of modified TiO2 by using active supports such as Si02, Al203, HZSM
— 5 and MgO; role of Na and K as promoters as well as pure and mixed phase
TiO2 by using controlled quantities of oxalic acid.
Characterization of the catalysts is carried out by using the following instrumental
techniques
i.

XRD — for identifying the TiO 2 phases, such as anatase and rutile

ii.

XPS — elemental analysis and particularly to identify presence of
nitrogen, as urea has been used for synthesis.

iii.

SEM and TG — DSC of precursors.

iv.

BET measurements — Surface area and pore size analysis

v.

PZC/DLS — for surface charge and colloidal particle size respectively

vi.

IR

vii.

Photocatalysis — as a characterisation tool for evaluation of relative
activities.

viii.

TPD studies — using NH 3 and CO2 for acid and base site
characterization respectively

ix.

insitu FTIR studies using pyridine as a probe for type of acid site viz
Lewis or Bronsted.

This chapter also describes the experimental set up used for the methylation reaction
carried out under various experimental parameters such as phenol : methanol feed
composition, WHSV and temperature, followed by product analysis by GC/GCMS.

Chapter III: Methylation of phenol over rutile TiO2
This chapter mainly deals with methylation on a synthesized rutile titania in
comparison to a commercial rutile titania catalyst. The catalytic behaviour of these
catalysts can be summarized as follows:
xvii

1. The commercial rutile gave low activity and mixed selectivity (18% conversion
and several products).
2. The synthesized rutile was prepared by a new and simple route, using TiC1 3 ,
HNO3 and urea. It was quite active 40 % conversion) and was 100 % ortho —
selective (ortho — selectivity — sum of o — cresol and 2,6 — xylenol selectivity).
3. insitu FTIR studies with pyridine confirmed that it is predominantly a Lewis acid
catalyst.
4. The acid — base profile of this ortho selective catalyst in comparison to the
commercial sample showed that it had a unique low temperature peak in the
basicity profile at about 150 °C.
5. That urea could be responsible for the generation of these unique sites was
confirmed by synthesizing a blank catalyst without urea.
6. The blank catalyst was not ortho — selective. But formed a mixture of products.
This confirmed the unique role of urea.
7. Selectivity profiles, the catalytic activity as well as the acid — base profile of the
blank in comparison to the ortho — selective catalyst led us to conclude that- The
weak basic sites assist in orienting the reactant phenol molecule perpendicularly
to the catalyst surface thus making the catalyst ortho — selective.

Chapter IV: Methylation of phenol over sol — gel anatase TiO2
Here reactions were performed on a sol — gel synthesized anatase catalysts. The results
can be summarized as follows:
1. The catalyst was highly active and gave near 100 % activity under certain
experimental conditions, but it formed a large mixture of products.
2. It formed a large proportion of high molar mass compounds and these were found
to be high molecular weight ethers formed by the dehydration reactions between
the tri and tetra alkyl phenols.
3. The selectivity towards higher C alkylated products increased on steaming,
confirming that the Bronsted acid sites on this catalyst could be responsible for
the observed selectivity profiles.

xviii

4. Thus the mode of adsorption of the phenol molecule on this sol — gel synthesized
anatase is different from the rutile TiO 2 which was only ortho - selective. The
product distribution here is explained on the basis of the horizontal adsorption of
phenol unlike the vertical adsorption of phenol in the synthesized rutile catalyst.

Chapter V: Methylation of phenol over Degussa P25 Ti0 2 : A new
mechanistic view
Methylation reactions were performed on the commercial Degussa P25 Ti02. It is a
70 % anatase, 30 % rutile titania and is a well-known photocatalyst. Our findings can
be summarized as follows:
1. Degussa P25 TiO2 was moderately active (— 32 % conversion) and gave
predominant selectivity towards cresols.
2. The kind of observed selectivity towards cresols could not be explained on the
basis of the existing proposed mechanisms of horizontal and vertical adsorption.
3. Thus a new mechanism was proposed whereby the phenol molecule undergoes an
edge on adsorption on the surface on the catalyst. This could occur by the
donation of the

it

electrons of the aromatic ring of phenol to the vacant d — orbitals

of the catalyst, Ti+4 acting as a Lewis acid site.
4. On the basis of the active centres on the catalyst surface the formation of the final
products (o, p and m cresols) could be explained by postulating intermediate
formation of a hydroxylmethyl carbanion rather than a methyl carbocation as the
methylating agent.

Chapter VI: Comparative performance of pure and mixed phase titania with
other catalysts
This chapter deals with the attempts made primarily to enhance the activity of the ortho —
selective catalyst (R2). Thus reactions were carried out reactions on supported samples
using this catalyst. Silica, alumina, MgO and zeolite HZSM — 5 were used as supports.
For comparison the pure supports were also investigated for the methylation of phenol.
Further titania samples with promoters were also investigated. In addition a sample was

xix

synthesized by using the same synthesis route as that of the ortho — selective catalyst but
by addition of a carboxylic acid, oxalic acid. This was in an attempt to modulate the
active centres as well as the surface characteristics. The sample when characterized by
XRD was anatase. Thus this led us to a new synthesis strategy to make pure and mixed
phase titania samples. A brief summary is given below:
1. The catalyst supports except MgO were themselves active for alkylation, however
the conversions were moderate and the selectivity was mixed i.e. a large number
of 0 and C alkylated products were obtained. Only rutile on alumina showed
improved activity. However there was formation of some six other products in
addition to the ortho — products.
Hence the supported catalyst did not give the desired results.
2. The use of promoters resulted in an increase in activity, but the selectivity was
less than that for pure catalyst.
3. K worked as a better promoter than Na and gave better ortho selectivity as well.
4. A catalyst subsequently synthesized using oxalic acid in addition to K gave a rise
in ortho - selectivity
5. Catalyst synthesized using oxalic acid alone gave an interesting result. The TiO2
was an anatase phase. It was twice as active as the rutile sample.
6. The ortho — selective pure rutile and anatase titania were characterized as pure
Lewis acid catalysts by insitu FTIR studies using pyridine.
7. The catalysts prepared with successively increasing amounts of oxalic acid led to
formation of mixed rutile — anatase phases, with high surface areas (oxalic acid
series).
All the catalysts were highly ortho — selective (> 95 %) under all experimental
conditions investigated and also showed a unique trend in activities
8. The activity could be correlated to an effective number of acid base pairs as
active centres.
9. These mixed phase TiO2 samples were essentially mesoporous. The treads in
selectivity towards o — cresol as well as 2,6 — xylenol were governed by the pore
size distribution. Thus shape selective catalysis was observed.
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B. General Conclusions
1. Development of a new and simple route for the synthesis of anatase,
rutile and mixed phase titania samples with predetermined phase
composition with uniformity in the nature of active centres (Lewis
acid — base here)
2. Synthesis of a highly active and highly ortho — selective Anatase
TiO2 catalyst for methylation of phenol.
3. Insight into the type of active centres and their correlation with the
observed activity — selectivity patterns of the catalysts.
4. Understanding the methylation reaction of phenol from a more
fundamental perspectiveActive centres, effective active centres and their relation to
mode of adsorption of the reactant phenol.
ii.

Mode of adsorption and selectivity

iii.

New mechanistic insights.
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CHAPTER I
Introduction and Literature Status

1.1. Alkylation Process: Overview
Alkylation is an industrially important organic reaction. Alkyl phenols are
important chemicals and chemical intermediates in the agrochemical and
pharmaceutical industries [1]. The chief products of alkylation of phenol with
methanol are anisole, o/p/m-cresols, 2,6-xylenols as well as substituted anisoles and
some trimethyl phenols (depicted in Scheme 1.1). Anisole is an intermediate in the
synthesis of anethole for use in the beverage industry. Other methyl aryl ethers (MAE)
find use as octane boosters for gasoline [2] and can effectively substitute for the
currently used non-metallic additives such as the methyl tertiary butyl ether (MTBE)
[3]. Trimethyl phenols are precursors for synthesis of Vitamin E.

OH

CH 3 OH
Methanol

Phenol

Catalyst

1
OCH 3

(CH3) n
Anisole

OH

OH

OCH 3

CH3
o/p/rn - Cresols

Substituted Ansioles

(CH3) n
di/tri - alkylphenols

Scheme 1. 1 Products of phenol methylation

The demand for the ortho products of phenol methylation viz o — cresol and
2,6 — xylenol is increasing every year due to their large applications. Ortho — cresol is
1

used in the synthesis of resins; particularly epoxy cresol novalacs for microchip
encapsulation, in laminants and coumarin production. 2, 6 - xylenol is an essential
intermediate in the synthesis of polyphenyleneoxide (PPO) [4].
Most commercially significant PPO resins are produced through the oxidative
coupling of 2,6-xylenol in the presence of oxygen. The reaction is represented by the
in Scheme 1.2.

Scheme 1. 2 PPO synthesis from 2,6 — xylenol

Due to the large range of applications of PPO, the demand for 2,6 — xylenol is ever
increasing. Various applications of the ortho products, o — cresol and 2,6 — xylenol are
listed below [5]
1. Phenolic epoxy resins and plasticisers
2. Herbicides (Dinitro Cresol)
3. Rubber and plastics antioxidants
4. Photography
5. Cleaning — compositions, degreases, automotive cleaners
6. Wood preservatives

2

7. Dyes
8. Deodorizing and odour enhancing compounds, fragrances
9. Pharmaceuticals
10.Antiseptics and disinfectants
11.Cutting oils
12.Sealing adhesives
13.Additives to phenol formaldehyde resins
14.Solvents for paints, strippers
Since the products of alkylation reactions are key intermediates in the manufacture of
a wide range of materials, this reaction has been widely investigated.

1.2. Conventional route of alkylation
Conventional route for alkylation reaction is the Friedel Crafts Alkylation [6].
e.g. Friedel Crafts Alkylation of benzene (Scheme 1.3)

Scheme 1. 3 Friedel Crafts alkylation of benzene

1.2.1. Mechanism for the Friedel Crafts alkylation of benzene

Stepl:
The alkyl halide reacts with the Lewis acid to form a more electrophilic C, a
carbocation
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Step2:
The TC electrons of the aromatic C = C act as a nucleophile, attacking the electrophilic
C. This step destroys the aromaticity giving the cyclohexadienyl cation intermediate.
Step3:

Removal of the proton from the sp a carbon bearing the alkyl — group reforms the C =
C and the aromatic system, generating HC1 and regenerating the active catalyst.

Scheme 1. 4 Mechanism for the Friedel Crafts alkylation of benzene
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1.2.2. Drawbacks of Friedel Crafts alkylation

Friedel Crafts alkylation reaction, which is a liquid phase homogenous
reaction and has several problems associated with it both from an environmental
and a practical standpoint [7].

•

To maintain selectivity, a long reaction time (hours) at a low temperature is
necessary.

•

The use of traditional liquid acid or Lewis acid catalysts and organic
solvents cause many problems in cost, apparatus and environment.

•

After the reaction, the catalyst and the solvent have to be separated from
the reaction mixture and either purified for recycling or disposed of.

•

Long reaction times.

•

Corrosiveness and toxicity of the alkylation catalysts viz. AlC13, TiC13, BF 3
etc

•

Generation of enormous quantities of hazardous wastes while isolating the
product, which involves aqueous quenching and neutralization steps.

•

Cost of disposal of these wastes which often outweighs the value of the
product.

•

Only alkyl halides may be used. Aryl halides and vinyl halides do not react
as aryl and vinyl carbocations are too unstable (too high energy) to form
under FC conditions.

•

Polyalkylation often occurs as monoalkylation activates aromatic ring
towards further alkylation.
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• Skeletal rearrangement of alkyl carbocation may occur: via hydride or
alkyl shift.

1.3. Move towards Heterogenous Catalysis
In view of the limitations of the above A1C1 3 based homogenous processes the
industry is moving towards alternative heterogenous catalyzed processes.
Heterogenous catalysts have several advantages over their conventional counterparts:

•

Non — toxicity and stability of catalysts.

•

Shorter reaction time.

•

Ease of product separation.

•

Catalyst Reuse.

•

Process advantages through reactor operation in continuous flow versus
batch process. Parameters like mole ratio, flow rate of reactants as well
as reaction temperatures can be varied.

•

High yields of products and shape selectivity can be obtained by
catalysts such as zeolites that have pores of molecular dimensions.

•

Since the pore sizes can be regulated using suitable templates during
their synthesis, there is scope for tailor making catalysts as per the
reaction requirements.

•

Chiral zeolites allow enantioselective synthesis and separations
especially important to the pharmaceutical industries.
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As mentioned earlier the alkylation of phenol with methanol is especially an
important industrial reaction for synthesis of the ortho — products, viz. o — cresol and
2,6 — xylenol. However like most organic reactions there is a possibility of several
other products also being formed simultaneously. Thus during methylation of phenol
products such as cresols, anisoles, xylenols, trimethylphenols could be formed
(Scheme 1.1). Formation of such a mixture of products has an adverse effect on the
economic viability of the reaction. With the growing awareness towards
environmental protection and the stringent regulations being laid down, the emphasis
over selective catalysis has increased tremendously.
Hence in methylation, the simultaneous formation of 0 and C methylated
products has made the selective production of the desired products a very challenging
problem. A large number of catalysts systems are being investigated.

However, there is no single catalyst that gives simultaneous high activity
at high selectivity towards the desired product.
Hence the search for an appropriate catalyst system continues.
The materials investigated include:
1. Oxides like, Si02 [8], Al203 [9], MgO [10], CeO2 [11], V20 5 [12], Mn304
[13].
2. Mixed oxide systems like vanadia — chromia [14], vanadia — zirconia [15] and
ceria — magnesia [11].
3. Supported vanadia [12], Li/Na/K and Cs supported on fumed Si02 [16].
4. Zeolites HZSM — 5 [17], HY [18], NaY [19], MoO/NaY [19], HI3 [20], MCM
— 41, Al — MCM — 41 [21] type of materials.
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5. Cu, Ni [22] and Cu, Co [23] based ferrospinels. Mg — Al [24] and Cu — Al [25]
hydrotalcites.
The types of catalysts systems investigated and the observed selectivity have been
summarized in Table 1.1.
Table 1. 1 Literature Status
Sr.

Catalyst

Year

Selectivity

Reference

Vanadia- Chromia mixed

1989

Ortho

14

No.
1

oxides
2

HZMS-5

1990

Mixed

17

3

Al203

1990

Mixed

9

4

V2 05 and supported V205

1990

Ortho

12

5

Mn3 04

1992

Ortho

13

6

Microporous Xerogel,

1993

Anisole and o -

26

cresol

Macroporous Aerogel
7

Mg-Al(4:1) CHT

1994

Anisole, o - cresol

24

and 2,6 - xylenol
8

CeO2

1995

Ortho

11

9

Cu-Al HT

1996

Mixed

25

10

Ce02-MgO

1998

Ortho

10

11

Cu, Ni Ferrospinels

2002

Ortho

22

12

Cu,Co,Fe2 04

2002

Ortho

23

13

V205/Zr02

2003

Mixed

15

14

Al-MCM-41

2003

Mixed

21

15

Li, Na, K, Cs/Fumed Si0 2

2003

Anisole, methyl

16

aryl ethers
16

Sn-Ce-Rh-O

2003

Ortho

27

17

MoO/NaY

2003

Mixed

19

18

Borate Zirconia

2004

Mixed

28
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Most promising amongst the investigated systems appear to be the metal oxides.

1.4. Metal Oxides: Promising Catalysts
Metal oxides are ubiquitous in heterogenous catalysis, serving as catalysts,
supports, modifiers as well as promoters [29]. But many of the properties of metal
oxides are not well understood [30]. The challenge is to unravel the mystery of the key
factors that control the adsorption and reactivity of moieties on the catalyst surface.
Oxides are reactive due to the active centres on its surface. These active centres arise
due to the acid — base chemistry of their surfaces [29,30]. The electronegative oxygen
atom accumulates a partial negative charge while the electropositive metal ion
becomes proportionally positive. The oxygen anion and metal cation are the Lewis
base and acid sites respectively. The strength of these sites vary in oxides depending
on the relative electronegativities of the cation and anion. Further in a particular oxide
system, different synthetic strategies lead to differences in the strength of these sites.
In addition to the Lewis acid sites there are also Bronsted acid sites. The Bronsted acid
sites are the hydroxyl groups on the surface of the oxide. Depending upon the type of
acid sites present and their strength, the reactivity of the oxide surface changes.
Since reactivity of the oxide surface originates due to its acid - base properties,
discrimination between the type of acid sites viz. Lewis or Bronsted and their
quantification become exceedingly essential. Only then one could reason out as to
why a particular catalyst system is giving a particular kind of activity — selectivity
profile.
The methods which are generally adopted for the determination of the active
centres are n — butyl amine titrations [14], Temperature Programmed Desorption
9

studies using ammonia [12,31] as a probe molecule for acid site determination and
CO2 [10,12] for basic sites. Hammett indicators are also used for determination of
type of acid sites. insitu FTIR studies with adsorbed pyridine is often used for
discriminating between Lewis and Bronsted acid sites [32,33].
The above methods such as use of Hammett indicators, n — butyl amine
titrations as well as determination of pH are carried out in solution. Hence these
methods may loose their meaning when it comes to gas phase reactions.
Also reaction mechanisms for relatively simple organic reactions may differ
greatly in solution and on surfaces in gas phase. A classic example of this are the 2 —
propanol and cyclohexanol dehydration — dehydrogenation reactions [14,34] which
have been used as probes for type of acid sites [35-40]. The interpretation is based on
the analogy with the liquid phase acid catalyzed dehydration reactions. Thus
accordingly the Bronsted acid sites would catalyze dehydrations and the Lewis acid
sites would catalyze dehydrogenations [29]. The mechanisms for dehydration on
Bronsted acid sites and dehydrogenation on Lewis acid sites for ethanol on a metal
oxide can be envisaged as in Scheme 1.5 [41].
But dehydration reactions have been reported on oxides devoid of Bronsted
acid sites [42,43]. Thus great caution should be exercised while using probe reactions
such as alcohol dehydrations as an active site characterization tool. They could more
possibly be used as a supportive tool rather than a direct one.
Another important concept is that of structure — sensitivity [44]. This concept
explains why certain reactions exhibit rates that depend strongly on particle size/
structure and other surface properties [44].
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Also for e.g. the effect of pore size distribution governs the selectivity towards
certain products.
CH2 Hp
C2H5OH

C2H4

CH2

-H20

OH
—M— 0—M—

.1-.

0 H
0
I
-----.
I
I
— M — 0 —M -—M - 0 -- M -Dehydration Mechanism
CH3
CH -Ha,

C2HSOii .

0 HS

— 0 —M-

-H2

—
Dehydrogenation Mechanism
— 0 —M— 0

CH3- CH 0
— 0 —M— 0 —

Scheme 1. 5 Ethanol dehydration and dehydrogenation mechanism over a metal oxide
[41]

There are a large number of methods to synthesize nanosize oxides [45,46].
Also there is increasing trend towards synthesis of porous oxides, in particular oxides
with structured mesopores [46-49]. Thus oxides serve as an excellent matrix to study
the effect of particle size, surface area and porosity on the trends in activity selectivity profiles for a particular reaction.
Defects on oxide surfaces play a very important role. This is due to their more
localized electronic structure and compositional variability [50]. The defects are
responsible for deviation from stoichiometry, and hence the atoms are not in their
highest oxidation state. This leads to the redox adsorptions, which tend to restore the
surface as much towards stoichiometry. Also the oxygen adatoms and the lower
11

coordinated oxygen anions at the steps and kinks are more basic and active than the
terrace sites via the electron transfer from the surface to the adsorbate [50,51].
Defects arising from ion vacancies leave behind either holes or electrons.
These defects in oxides would have a certain charge associated with it [29]. The
diversity of defects that could exist and their potential properties are remunerative and
remain as an interesting, exciting and challenging avenue to explore in the future.

1.5. Methylation of Phenol
Methylation of phenol is an acid or base catalyzed reaction. Therefore the
correlation between the type of active sites and the behaviour of the catalyst becomes
important. The first systematic investigation to understand the same was probably
carried out by E. Santacesaria and D. Grasso [9]. The study was carried out on
alumina, Nafion — H, silica — alumina, and phosphoric acid catalysts. The results are
as summarized in Table 1.2.

Table 1. 2 Relation between the type of catalyst acidity and the products selectivity
over Al203, Nafion - H and SiO2 catalysts during methylation of phenol
Catalyst

Type of Acid Site Selectivity

Al203

Lewis

Ortho

Nafion — H

Bronsted

Mixed*

SiO2 — Al203 Lewis + Bronsted Mixed* initially
but ortho with time

* 0 and C allcylated products
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The mechanisms proposed by Tanabe and Nishizaki [52] and Klemm et. al.
[53] were invoked to explain the behaviour of these catalysts. Thus, on alumina
catalysts the phenol molecule was envisaged to be oriented in a vertical manner. The
phenol molecule interacted with both the Lewis acid and base site, undergoing
dissociative adsorption. This led to the ortho — selectivity. The proton produced from
the dissociated phenol helped in the formation of methyl carbocation from the
alkylating agent viz. methanol. Alumina was found to be active at — 400 °C and the
deactivation rates were very low. While the Bronsted acid catalyst Nation — H gave
mixed selectivity. It was active below 200 °C and catalyst deactivation was found to
be very high. Hence Bronsted acid sites were found to be responsible for coke
formation. Here the aromatic ring of the phenol molecule strongly interacts with the
Bronsted acid sites and result in a horizontal orientation of the aromatic ring. This
explained the mixed selectivity as all the ring positions could be susceptible to attack
by CH3(4) .
V.V. Rao et al. [14] earlier carried out extensive investigations on Vanadia —
chromia mixed oxide systems. They were reported to be highly ortho — selective. It
was reported that there was an increase in acidity as the content of vanadia increased.
The alkylation activity as well as selectivity towards 2, 6 — xylenol were correlated
with surface acidity and were found to be directly proportional. But there was still no
clear picture on the precise role of both the acidic and basic sites in the observed
behaviour. Similar results were found on pure and supported vanadia systems [12].
The supports were TiO2, SiO2 and MgO. In the vanadia based systems again
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perpendicular dissociative adsorption seemed to be predominant, and was considered
the plausible reason for ortho — selectivity.
Bezouhanova and Al-Zihari [13] reported Mn304 as an ortho — selective
catalyst. It was found to be more basic in nature than acidic and hence a base
catalyzed phenol alkylation was suggested.
A systematic investigation was carried out over Mg — Al hydrotalcites by Velu
and Swamy [24]. These systems were ortho —selective. Unlike zeolites they did not
show significant deactivation. Further, they were found to be more active when
compared to pure magnesia and alumina. Selectivity was once again attributed to the
mode of adsorption [52,53] and was related mainly to the basicity of these
compounds. On the other hand Cu — Al HT [25] like compounds showed higher C
alkylation selectivity. This was attributed to the higher acidity in these systems. While
the higher basicity of Mg — Al systems made them more selective towards 2, 6 —
xyl enol .
Sato et al [10,11] have carried out a detailed investigation over CeO2 — MgO
catalysts. These catalyst systems were prepared by decomposing molten mixtures of
cerium (III) nitrate, magnesium nitrate and citric acid. They showed enhanced
methylation activity for phenol. They gave about 32 % conversion at 98 % ortho
selectivity. The ortho — selectivity was attributed to the presence of weak basic sites
on the surface of CeO2 which was dispersed in the MgO matrix. The reaction
mechanism for the ortho — methylation over these catalyst systems was proposed. The
ortho — position of the phenol molecule perpendicularly adsorbed on the weak basic
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sites of CeO2 species is selectively alkylated by methanol. A hydroxymethyl or formyl
group rather than a methyl carbocation was proposed to be the methylating species.
Investigations were also carried out on pure CeO 2 and MgO derived essentially
by the same procedure as the CeO 2 — MgO systems, viz. the citrate precursor route.
Investigations on these pure oxides led to a correlation between the strength of the
basic sites and the optimum reaction temperature. The CeO 2 catalyst showed only the
presence of weak basic sites. These were characterized by TPD — CO 2 measurements.
The peak corresponding to the weak basic sites appeared at 150 °C. On the other hand
MgO showed basic sites of moderate and strong nature. The CeO2 — MgO system
showed a much-enlarged peak at 150 °C due to weak basic sites. The CeO2 catalyst as
well as the mixed oxide CeO2 — MgO systems showed higher activity at lower
temperatures of about 450 °C as compared to MgO which was active only at
temperatures beyond 500 °C.
The reactions on these catalysts were generally performed upto 500 °C. The
products of C — alkylation of phenol are acidic in nature. This is due to the presence of
the acidic —OH group; the stronger the basic sites the stronger will be the adsorption.
Thus the adsorptions would be stronger on the moderate and strong basic sites of MgO
in comparison to the weak basic sites on CeO 2 . Consequently the MgO catalyst is
active at higher temperatures > 500 °C. Further addition of alkaline earth metals to
MgO, enhanced the strength of the basic sites. However this did not improve the
performance of the catalyst activity. These results indicate that the strong basic sites
are not of much consequence for alkylation activity of phenol with methanol.
Moreover the CeO2 and CeO 2 — MgO systems having only weak basic sites were
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active at temperature of 450 °C. These results indicated clearly that it is the weak basic
sites that predominantly govern the ortho — selectivity.
Sugunan et al. [22,55] investigated V205 — La203 and certain other mixed
metal ferrites and observed them to yield C — alkylated products.
Zeolites are generally well — known shape selective catalysts due to their well
— defined porosity. They have been extensively investigated for alkylation reactions
by several workers [54]. Zeolites, which are often Bronsted acid catalysts, formed a
mixture of products. They did not however give the expected shape selectivity towards
para products. Santacesaria and Grasso [9] reported selectivity towards p —
methylanisole and 2, 6 — xylenol. However, the lack of shape selectivity was attributed
to the presence of external active sites in addition to the internal ones inside their
cavities. Zeolites suffered deactivation due to coke formation, and consequently
moderate increase in selectivity towards anisole with time on stream. V.V.
Balasubramanian et al. [56a] investigated ion — exchanged

p-

zeolites for the

methylation of phenol, which included Zn13, Ga13, Laf3 and Ce13. Of the investigated
systems. The main products obtained were o — cresol, 2,6 — xylenol and ansiole. The
Zni3 was most active giving 90 % conversion at 250 °C and higher selectivity to o —
cresol in comparison to the other systems. The Laf3 system showed highest selectivity
towards 2,6 — xylenol. The selectivity towards ansiole as well as o — cresol generally
decreased with increase in temperature while that towards 2,6 — xylenol increased.
They also investigated methylation over ion — exchanged Y — zeolites [56b], which
were ortho — selective. The phenol conversion generally decreased with increase in
temperature due to coke formation. The time on stream studies carried out on these
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systems revealed that there is preferential blocking of the strong acid sites by coke
deposition. These sites were considered to be crucial for the formation of the ortho
products o — cresol and 2,6 — xylenol. While the weak acid sites, which were still
active at higher temperatures and required for anisole formation, continued to catalyze
anisole formation at higher temperatures.

1.6. Summary: Understanding alkylation reactions
Thus the current literature status could be summarized as follows:
Methylation of phenol is an acid — base reaction. It is primarily the acid —
base properties that govern the activity — selectivity profiles.
All the catalysts investigated so far could be classified broadly into three groups based
on the reaction temperature at which they function efficiently
1. Active at temperatures < 300 °C: e.g. acidic catalysts like zeolites [17], Al203
[9], Nafion — H [9], HY [18]. They generally form a mixture of products, as
they catalyze both oxygen methylation forming anisole and substituted
anisoles as well as ring methylation forming cresols (o/p/m), xylenols and
trimethyl phenols.
2. Active in the temperature range: 300 — 400 °C: These are various mixed oxides
and are often ortho — selective.
3. Active at temperatures

450 °C: Simple oxides CeO2 and MgO [10,11],

Mn304 [13], Th02 [10] and are also ortho — selective.
The acid — base sites largely control the behaviour of the catalyst in various ways, viz.
1. The orientation of phenol molecule on the surface of the catalyst and hence the
selectivity.
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2. Type of methylating species formed.
3. Optimum reaction temperature.
4. Deactivation of catalyst due to coking.
The activity — selectivity profiles are thus governed by the type of active
centres. The active centers orient the phenol molecule in different ways. The varied
geometric dispositions of the phenol molecule on the surface thus result in different
selectivity profiles.
Mechanisms have been proposed so far to explain ortho — selectivity and
mixed selectivity primarily on the basis of the type of acid sites viz. Lewis or
Bronsted. Based on the existing reports the mechanism for alkylation of phenol with
methanol could be summarized as in Scheme 1.6 [9]

Scheme 1.6 Mode of adsorption of phenol on (A) Lewis acid site and (B) Bronsted
acid site

As can be seen from Scheme 1.6 phenol molecule is oriented vertically on a Lewis site
and horizontally on a Bronsted acid site.
On catalysts having predominantly Lewis acid — base pairs, phenol undergoes
perpendicular dissociative adsorption. The electrostatic repulsions between the
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electron rich aromatic ring of phenol and the Lewis base sites on the surface orient the
phenol molecule vertically. The resultant Bronsted acid site generated due to the
dissociative adsorption viz. the proton, is mobile enough (weakly bound enough) to
activate the methanol molecule and form a methyl carbocation (CH 3+). The ortho
positions of the phenoxide ion are closer to the surface of the catalyst and thus more
susceptible to attack by the methyl carbocation. This results in high ortho — selectivity.
The catalysts are known to get deactivated with time on stream due to coke
formation. Low deactivation rates have been reported on catalysts having Lewis acid
sites. Hence the TOS (Time on Stream) performance of these catalysts is better. The
lower deactivation rates could be explained on the basis on the vertical orientation of
phenol, which consequently prevents direct interaction of the aromatic ring with the
acid sites on the surface [1,24,25].

The effect of the acid — base sites on the behaviour of the catalyst is as
summarized in Table 1.3.

Table 1. 3 Effect of type of acid sites on catalyst behaviour
Parameters

Lewis Acid Sites

Bronsted Acid Sites

Mode of Adsorption of phenol

Dissociative

Non — dissociative

Orientation of Phenol

Vertical

Horizontal

Observed selectivity

Ortho

Mixed

Methylating species

Methyl carbocation Methyl carbocation

Optimum reaction temperature
Deactivation rates

450 °C
Lower
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300 — 350 °C
Higher

1.7. Effect of temperature and flow rates
The trends in selectivity towards 0 and C alkylated products change with
temperature. It is observed that the selectivity towards anisole decreases with increase
in temperature while that towards xylenols, trimethylphenols and other higher alkyl
phenols increases [24,25]. This is because xylenols and trimethylaphenols are higher
activation energy compounds than anisole and the cresols and hence would be formed
in larger quantities at higher temperatures [24,25,57].
The selectivity is also to some extent governed by the time spent by the
reactants viz. phenol and methanol on the surface of the catalyst [WHSV]. The time
spent on the surface of the catalyst can be varied in two ways. Either by the flow rate
of reactants or by varying the catalyst weight taken for the reaction. The reactants can
be made to spend longer time on the catalyst bed, by either reducing the flow rate or
by increasing the catalyst weight. This facilitates maximum interaction between
phenol and methanol. As a result of this, selectivity towards xylenols,
trimethylphenols and higher alkyl phenols increases.
If the weight of the catalyst is increased, the number of active centers increase
and hence the activity also increases. Varying the flow rates enhances the activity only
marginally, as the number of active centers here remains the same.
However in addition to the type of active sites, and the operating conditions,
there are the other structural factors of the catalysts. These include surface area,
porosity, pore volumes, crystal phase, crystallite sizes and defects. All these structural
factors also influence the availability, accessibility and also the strength of the sites.
And these structural factors would have a great impact on the catalyst behaviour and
performance.
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•
Thus the catalyst performance is a result of interplay of broadly the following factors:
1. Type of active centers.
2. Structural properties
3. Operating parameters

In view of the literature what we needed was a catalyst system that was
1. Simple but versatile
2. Active and Selective towards desired products.
3. Versatile for mechanistic studies.
TiO2 was selected as the system for our proposed study.

1.8. TiO2
1.8.1. Introduction
Titanium Dioxide is a versatile semiconductor material. After Fujishima and
Honda [58] used it for the first time for photoelectrolysis of water, TiO2 chemistry has
come a long way. TiO2 due to its favourable properties has been used extensively for
several technological applications [59]. It is used as a white pigment in paints and
cosmetics [60], coating for metals, sensor technology [61], adhesion, microelectronics
and photovoltaic cells [62]. However it has been most widely investigated for
environmental applications as a photocatalyst [63] and for the degradation of VOCs
[64]. The photocatalytic properties arise mainly due to favourable band gap [65] of
this semiconductor in addition to several other properties, which will be discussed in
detail subsequently.
TiO2 is amphoteric in nature. It should be diamagnetic but most of the
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samples show temperature dependent paramagnetic susceptibility. TiO2 has high room
temperature resistivity and exhibits semiconducting behaviour. It is insoluble in water
and acids. It becomes yellow and then brown when heated. It is found to exhibit super
acidity but also becomes basic on heating. TiO2 has a melting point of 1610 °C and
boiling point below 3000 °C. Specific resistivity of TiO2 is 9500 ohms [66].

1.8.2. Structure of TiO2
TiO 2 is composed of chains of [Ti06] octahedra. Its reduction can lead to a

wide range of intermediates or suboxide structures between Ti203 to Ti n02„.1, where n
= 3 — 10 [67]. TiO2 exists in three polymorphic forms — Rutile, Anatase and Brookite
— and in them the octahedra are differently distorted and the chains are differently
assembled [68].
Rhombohedral Brookite is rather unstable and is rarely encountered in
chemical applications [69]. It has a rather complex structure with both edge and corner
sharing. Anatase on the other hand is most widely investigated due to its high surface
area and other favourable properties [29]. Here the cation, Ti 4+is surrounded by an
octahedron of oxygen anions 0 2-. There is an edge — shared bonding amongst the
[Ti06] octahedra. And 4 edges are shared by the octahedron.
In rutile likewise the cation is surrounded by the octahedron of the anions. The
octahedron in rutile is not regular and shows slight orthorhombic distortion, while the
octahedron in anatase is significantly distorted [70]. In rutile there is edge sharing
along the C — axis to form chains which link to each other by corner 0 atoms to form
the three dimensional framework.
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Thus the number of edges shared by an octahedron increase from 2 (out of 12)
for brookite, to 3 for rutile to 4 for anatase [71]. Figure 1.1 shows the unit cells of
anatase and rutile titania.

a=4.5934

0:3.784

c=2.9594

c=9.515

ANATASE

RUTILE

Figure 1-1 Structure of Rutile and Anatase TiO2

1.8.3. TiO2 as a photocatalyst
Since TiO2 is a well-known photocatalyst, it is of interest to see if its
photocatalytic properties would have any relationship to its activity as a methylation
catalyst for phenol.
During the past several years, the possibility of using semiconductors such as
TiO2 in chemical oxidation processes to remediate contaminated water has received
considerable attention. In practice, fine suspensions of Ti02, or another suitable
semiconductor are irradiated at wavelength less than —380 nm, causing electron
excitation from the valance band to the conduction band.
This in turn generates the formation of 'holes' on the surface of the

23

semiconductor, which can react with oxygen, water and hydroxide ion to form
hydroxyl radicals. Further more, superoxide and perhydroxyl radicals are formed from
the reaction of excited electrons with 02 molecules. The highly reactive oxygen
species so formed than reacts with the organic pollutants present resulting in its
extensive oxidation.

E •
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E

0 2 1—>H2 0, —*H 2 0

C

T
R
0

hv > Eh'

N
E
N
E
R
G

Pollutants
OH

Semiconductor

ALmerals

Semiconductor / solution
surface reaction

Scheme 1.7 Electron — hole pair generation in a semiconductor under uv radiation

In many cases, CO 2 is the final oxidation product of TiO 2 — mediated photocatalytic
oxidation. Generation of electron — hole pairs on the semiconductor surface under uv
illumination is as depicted in Scheme 1.7.
In addition to the above described process, TiO2 mediated oxidation of
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coloured pollutants such as dyes may occur by the process known as
photosensitization. In this process a coloured compound adsorbed to the TiO2 absorbs
radiation in the visible range, becomes photochemically excited, and transfers an
electron to the semiconductor particle which, in turn, reduces molecular 02 to form a
superoxide anion radical. The radical generated from the dye may then undergo
degradation reactions, possibly with other dye molecules, with super oxide anion, or
other active oxygen species that might be generated.
The usual mechanistic steps of TiO2 /UV process are as in Scheme 1.8 below.

TiO 2

+
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Ti0 2 (e", h + )
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+
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Ti0 2 (R X + )a ds
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Ti0 2 (0 H)a ds
OH

Ti0 2 (R —0H)a ds +

+

H+

Ti02(R—OH)a ds

+

X-

H2O

+

CO2

Scheme 1. 8 Mechanism for the TiO2/UV process

1.8.4. Synthesis of TiO2
Heterogenous catalysts are often prepared by wet chemical methods such as
precipitation, coprecipitation, hydrothermal synthesis or sol-gel process. The main
advantage of these low temperature synthesis routes are to produce materials with
large surface area and high porosity including the meso and even macropore ranges.
Sol - gel based and other wet chemical synthesis methods constitute excellent
routes to a wide range of inorganic materials. The basis for the sol-gel synthesis route
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is a solution or sol of precursors of the different elements constituting the material to
be made. These precursors can be inorganic or organically modified compounds or
colloids of the desired material. By manipulating the chemistry of the sol it can be
used for the preparation of a large variety of material geometries; (nano) particles,
dense and porous films, coatings, porous materials, polycrystalline materials, fibers,
etc.
As mentioned before, titanium dioxide is a semiconductor material having a
large number of applications and exists in two main polymorphic forms viz. anatase
and rutile. Anatase is known to be metastable with respect to rutile under all
conditions of temperature and ambient pressure [72-74]. Factors like temperature, pH,
type of solvent, route of synthesis, presence of certain ions in solution are known to
influence the phase composition [75]. In most synthesis routes, employment of lower
synthesis temperatures (< 500 °C) generally yields anatase phase whereas higher
temperatures yields predominantly rutile phase [76-82]. However the synthesis of
rutile phase around room temperature has also been reported [83]. S. Yang et al.
extended the growth unit model of anion co-ordination polyhedron to phase formation
in liquid reaction systems. As per that, there exists a competition among the rutile and
anatase growth units in a liquid reaction system. Owing to the low formation energy,
intense structure and short bond length of Ti-0 in rutile, its growth unit is more stable
and appears more at lower temperature. So rutile TiO2 could also be obtained at lower
temperatures. Phase formation is also influenced by the presence of certain anions. It
has been reported that presence of sulphate anions (504 2 ) gives anatase phase while
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the presence of perchlorate anions in the thermolysis of a very acidic solution of TiC14
leads to only rutile phase [84,85].
Since TiO2 is such a versatile material, its synthesis is a subject of hot pursuit.
TiO2 nanoparticles have been synthesized by several methods. Some of them being:
thermal oxidation of Ti, plasma spraying, anodization and chemical vapour deposition
[70]. But all these techniques require special apparatus, which is a major disadvantage.
Highly active nanosize TiO2 is also prepared by sol-gel route, either using Ti alkoxide
or chlorides as the source of Ti [71]. It can also be obtained by the hydrothermal
treatment of the alkoxide gel [72]. However use of alkoxide in synthesis warrants tight
control of experimental conditions like pH, humidity etc because of the intense
hydrolysis of alkoxide in air. Moreover high cost of alkoxide limit commercialization
of this process.
We report in our work synthesis of TiO2 by relatively simpler methods. The
synthesis have been carried out by wet chemical methods. And can be classified as a
modified sol — gel technique. It is well known that there are two routes in sol — gel
synthesis depending on the chemical nature of the precursors [86].
i.

Aqueous route: It is based on inorganic salts dissolved in water.

ii.

Metal — organic route: Alkoxides dissolved in organic solvents.

Synthesis has been carried out mainly by the aqueous route. Although a few
samples were also prepared by the metal — organic sol — gel route for comparison.
However these precursors are more difficult to handle than the aqueous solutions.
Hence synthesis has mainly been done by the aqueous route.
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In the present investigation aqueous TiC13 is used as the starting material.
Followed by addition of urea and/or oxalic acid. The precursors thus obtained were
calcined at 400 °C, to obtain final samples. Details of synthesis procedures are as
described in Chapter II.

1.8.5. Active Centers in TiO2
Of the two crystal structures of titania, anatase is the photocatalytically active.
The photocatalytic activity originates due to the favourable disposition of band gap.
Adsorption precedes photocatalysis. Hence, all the surface properties that facilitate
adsorption process favourably influence the photocatalytic activity. Some such surface
properties are surface area, particle size, colloidal size and pzc. Of primary importance
are the surface hydroxyls, or the Bronsted acid sites.
In addition to photocatalysis TiO2 has also been investigated as catalyst for
several organic reactions. Examples of reactions on TiO2 include
i.

Reduction of aldehydes to give ketones [87,88]

ii.

Cyclization of alkynes [89,90]

iii.

Dehydration of alcohols to give olefins [87,91] and of carboxylic
acid to give ketenes [92,93]

iv.

Dehydrogenation of alcohols to give aldehydes [91,94]

v.

Condensation of aldehydes to give higher unsaturated aldehydes
[88,95]

vi.

Coupling of carboxylic acid to form ketones [92,93]
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vii.

Reductive coupling of aldehydes and ketones to form symmetric
olefins [96,97].

All these reactions however with the exception of cyclization and reductive
coupling have been observed on single crystals.
Titania has been more widely used as a support than as a pure catalyst for
reactions. The organic reactions catalyzed by Ti02, like in any other oxide are due to
its acid base properties. The hydroxyl groups (Bronsted acidity) are many a times the
origin of the acid — base properties in these systems. There may be both Bronsted
acidity as well as simultaneous presence of Lewis acid — base pairs on Ti02. Besides,
in some cases the removal of these groups generates Lewis acid sites.
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Scheme 1.9 Surface hydroxyls on the surface of TiO2

The hydroxyls (Bronsted acid sites) on the surface of TiO2 can be visualized as in
Scheme 1.9. Primet et aL [98,99] have investigated TiO2 systems by infrared
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spectroscopy. They studied the dehydroxylation — rehydroxylation behaviour of both
anatase and rutile titania samples.
The OH frequencies as observed by Primet et al. for the anatase and rutile
samples are as tabulated below (Table 1. 4)

Table 1. 4 Stretching frequencies of the OH group [98]

Frequency (cm 1

Anatase

Rutile

3715

3665

3685

3655

3410

350

400

350

200 - 250

°C))Tempratue( 400

The lower frequencies of 3655 cm -I and 3410 cm -1 for rutile and 3665 cm -1 for
anatase were lost on evacuation at temperatures below 350 °C. Hence they were
assigned to the OH groups bonded to each other by hydrogen bridges situated in
adjacent unit cells. Whereas the frequencies > 3700 cm -1 are generally assigned to
isolated OH groups in metallic oxides of high surface area. Accordingly they assigned
the 3715 cm -1 peak of anatase and 3685 cm -1 peak of rutile to such free hydroxyls.
They also carried out rehydroxylation studies on the samples. They concluded
that the dehydroxylation of crystallized TiO2 is only partly reversible. They attributed
this partly to the fact that the surface area of the samples decreased by about 20 %
during the process of dehydroxylation — rehydroxylation. They concluded that
dehydroxylation eliminates some of the dissociative adsorption sites of water
molecules. As dehydroxylation removes the hydrogen bonded OH groups responsible
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for the bands at 3665 cm -1 (for anatase) and 3655 cm -1 and 3410 cm -1 (for rutile),
Scheme 1.10 as shown below, was proposed for this behaviour:

OH

r1/

Ti/

Ti —

H2 O

/
SITE I

Hydrogen bonded OH groups
Scheme 1. 10 Dehydroxylation of hydrogen bonded OH groups

However at higher temperatures of about 400 °C, they proposed possible migration of
protons or hydroxyl groups. This could result in the removal of the OH groups and
formation of incompletely coordinated titanium atoms (sites II), as in Scheme 1.11.

OH

QH

Ti

Ti

./
/

H2 O

/1

Free OH groups

'71' /11SITE II

Scheme 1. 11 Dehydroxylation of free OH groups

The sites I would be able to chemisorb water molecules with subsequent formation of
OH groups, the sites II would fix only coordination bonded water molecules that
would be removed by evacuation at 150 °C.
Thus they concluded the following important results:
1. There are two types of Bronsted acid sites:
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i.

Hydrogen bonded hydroxyls

ii.

Free/isolated hydroxyls

2. Dehydroxylation of surface starts at 250 °C, hydrogen bonded hydroxyls are
removed first. This is followed by the removal of the isolated/free hydroxyls.
3. Complete dehydroxylation takes place at temperatures of about 400 °C.
4. The dehydroxylation results in Lewis acid sites, of two types, viz. two different
strengths; the strongest ones by removal of isolated OH groups, the weakest by
the removal of hydrogen bonded hydroxyls (adsorbed water molecules).

Thus it may be concluded that the type of active centers in anatase phase could be
different than in rutile under identical conditions of reaction temperature.
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CHAPTER II
Experimental

2.1. Introduction
Titanium dioxide pigments are produced by two different methods: the
sulphate process and the chloride process. The sulphate process gets its name from the
fact that in this process the titanium raw material is dissolved in sulfuric acid.
Titanium is precipitated from the resulting solution as a titanium oxyhydrate, washed
free of impurities, calcined and surface treated. Suitable titanium bearing raw
materials must be soluble in sulfuric acid and include ilmenite and concentrated TiO2
slags.In the chloride process, the titanium raw material is chlorinated to form titanium
tetrachloride. Following purification steps, the tetrachloride is oxidized in the gaseous
phase to titanium dioxide which is subsequently surface treated as in the sulphate
process. The chloride process normally uses a more concentrated TiO2 raw material
than the sulphate process. Natural rutile ore is commonly used. Chloride process
plants are also able to use synthetic rutiles which are high percentage TiO2
concentrates usually made from ilmenite, and may use slags similar to those used in
the sulphate process [100]. The sulphate route generally has higher production costs,
due to the need to build acid treatment facilities. It is more expensive to build than a
chloride plant, but the latter may require the construction of a chlor-alkali unit to meet
the requirement of Chlorine for the process. The chloride route produces a more pure
product with a tighter range of particle size, but anatase pigments can only be
produced by the sulphate process [101]. Both process are expensive and produce
hazardous byproducts. However, the chloride process eventually became a preferred
process. However, this process produces hazardous by-products such as C12 and HC1
[102,103].
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Hence there is a need to develop simpler and environmentally friendly routes
for titanis synthesis. There is a need to obtain nanosize TiO2. In addition to the several
improved properties of the nanosize titania, the quantum size effect related to nanosize
is very important.

2.2. Catalyst Synthesis
2.2.1. Chemicals: TiC13, TiC14, HNO3, Urea, Oxalic acid, Sodium oxalate, Potassium
oxalate. AR grade chemicals of Loba Chemie (India) make were used for synthesis
purpose.
HZ511 — 5, SiO2 and Al203 — Sud Chemie, India
MgO — Loba Chemie India
TiO2 rutile- Loba Chemie India
Degussa P25 TiO2

2.2.2. General Procedure
1. Calculated quantities of the reactants such as TiC13, urea and/or oxalic acid
were mixed.
2. The resultant mixture was then evaporated to dryness on a steam bath.
3. The dry residue was transferred to a glass column and heated in a horizontal
muffle furnace at 400 °C, with continuous flow of dry air for 5h.
4. The product was then cooled to ambient temperature and then homogenized to
obtain the final samples.
Scheme 2.1 gives a schematic diagram of the synthesis procedure.
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0.5 IL HNO3
Drop wise addition with
constant stirring
Urea

TiQ3 15%
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Evaporate to dryness on
a steam bath

1

Heat in muffle
furnace at 400 °C
for 4 h

Final sample

Scheme 2. 1 General synthesis procedure
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Oxalic acid

2.2.3. Synthesis of rutile TiO2

Two rutile titania samples were synthesized R2 and R3. R1 was the
commercial LobaChemie (India) TiO2. The chemicals used are as enlisted in
Table 2.1

Table 2. 1 Synthesis of rutile titania
Catalyst Chemicals
R1

Commercial Loba Chemie

R2

TiC13 + HNO3 + Urea

R3

TiC13 + HNO3

Synthesis of R2: Calculated quantity of TiC1 3 was taken in an evaporating dish,
followed by the drop — wise addition of 0.5 M HNO3, till the colour changes from
violet to colour less. This was followed by the addition of urea for R2, such that the
TiC13: urea molar ratio was 1: 2. Steps 2 — 4 as mentioned in the general procedure
were carried out to obtain the final samples.

2.2.4. Synthesis of anatase by sol — gel route

TiC14 was used as the starting material for the sol — gel route. Prior to the
synthesis TiC14, alcohol and acetone were cooled to near 0 ° C in a refrigerator.
Measured quantity of alcohol was taken in a beaker, which was placed in a tray with
crushed ice. This was followed by drop — wise addition of pre — cooled TiC14 with
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constant stirring. Finally acetone was added in a likewise manner. A translucent
yellow coloured gel was thus obtained.
Subsequently steps 2 — 4 of general procedure were carried out.

Table 2. 2 Synthesis of anatase titania
Catalyst Chemicals
A1

TiC14 + Alcohol + Acetone

DP25

Commercial Degussa P25

2.2.5. Supported samples
The catalysts were prepared using SiO2, Al203, HZSM — 5 and MgO as
supports. The procedure was similar to R2 (Table 2.1). Accordingly calculated
quantities of TiC13, HNO3 and urea were mixed. This was followed by addition of the
support material such that the final sample would contain 10 % TiO2. Sufficient
quantity of water was added to form a slurry. The slurry was homogenized on a
magnetic stirrer for 30 min. The steps 2 — 4 from the general procedure (subsection
2.2.2.) were repeated to obtain the final samples (Table 2.3).

Table 2. 3 Synthesis of supported samples
Catalyst Code

Chemicals

R/Si02

TiC13 + HNO3 + Urea + SiO2

R/Al203

TiC13 + HNO3 + Urea + Al203

R/HZSM — 5

TiC13 + HNO3 + Urea + HZSN

R/Mg0

TiC13 + HNO3 + Urea + MgO
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2.2.6. Samples with promoters
K+ and Na+ containing TiO2 samples were prepared using potassium oxalate
and sodium oxalate as source of the alkali metal cations. The procedure was also
similar to that described in subsection 2.2.3. The oxalates were added prior to the
addition of urea, such that the TiC13: metal oxalate: urea molar ratio was 1:1:2. The
samples were labeled RK and RNa respectively (Table 2.4). Also another sample
RKO was synthesized using TiC13, HNO3, urea as well as potassium oxalate and
oxalic acid. The molar ration of TiC13: oxalic acid: potassium oxalate: urea was
1:0.5:0.5:2. The final samples were obtained as before.

Table 2. 4 Synthesis of titania with promoters
Catalyst Code

Chemicals

RNa

TiC13 + HNO3 + sodium oxalate + urea

RK

TiC13 + HNO3 + potassium oxalate + urea

RKO

TiC13 + HNO3 + oxalic acid+ potassium oxalate + urf

2.2.7. Synthesis of Anatase — Rutile mixed phase catalysts.
These samples were prepared by adopting basically the rutile synthesis
procedure as per subsection 2.2.3, but by adding predetermined quantities of oxalic
acid prior to the urea addition step (Table 2.5).
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Table 2. 5

Synthesis of anatase — rutile mixed phases

Catalyst Code

TiC13 : oxalic acid: urea

R2

1: 0: 2

R00.2

1: 0.2: 2

R00.4

1: 0.4: 2

R00.6

1: 0.6: 2

R00.8

1: 0.8: 2

A2

1: 1: 2

2.2.7.1. Phase formation
Fig. 2.1 gives the XRD patterns of the samples. The X-ray powder diffraction
patterns (XRD) have been recorded on a Shimadzu LabX -700 diffractometer, using
Ni filtered Cu K.„, radiation (X = 1.5406 A °) by step scanning with a scan rate of 2 °
20/min.ThecrystalzwdminebySchrfoula.Tewightprcn
of anatase in the rutile phase was obtained from the equation
XA = [1 + 1.26 oR/Lo]" [104]
where XA is the weight fraction of anatase in the mixture, I R and IA are obtained from
the peak areas of the characteristic anatase (101) and rutile (110) diffractions
respectively.
The characteristic peaks for the rutile and anatase phases of TiO2 [105] and the
corresponding hkl values are as reported in Table 2.6
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Table 2. 6 Characteristic peaks of rutile and anatase TiO2
Rutile

Anatase

d

I/Io

hid

d

IfIo

hid

3.2483

100

110

3.5169

100

101

3.1871

20

111

2.3785

21

004

1.6874

69

211

1.8925
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200

In Fig. 2.1, the peaks below the symbol a show the presence of the anatase phase.
The sample R1 prepared by the calcination of acidified TiC13 in the presence of urea
showed a rutile crystal phase, with a trace amount of anatase phase as evident from
the peak at d = 3.50 A ° and I/Io — 0.8%. Increasing addition of oxalic acid gave
increasing % of anatase. This was evident from the increased intensity of the
characteristic anatase peak at d = 3.50. The % of anatase in the samples is enlisted in
Table 2.7.
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28 [degrees]

Figure 2. 1 XRD profiles of pure and mixed phases titania samples
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Table 2. 7 Percent anatase in the oxalic acid series samples
Catalyst Code

% Anatase

R2

3.5

R00.2

49.2

R00.4

67.3

R00.6

100

R00.8
A2

100
100

25 mol % (0.6 mols) of oxalic acid was found to be sufficient to bring about
the complete phase transformation from rutile to anatase in the above synthesis
procedure.
It is believed that anatase phase formation in presence of oxalic acid follows a
different pathway. This is evident from the initial external appearance of the two
precursors itself. The precursor for R2 i.e. TiC13, HNO 3 and urea, dried on a steam
bath, appeared hygroscopic and formed a kind of semisolid mass and remained as
such even beyond 120 °C. On the other hand the precursor for A2 viz. TiC13, HNO3,
urea and oxalic acid when heated upto 120 °C appeared as a dry, amorphous, fluffy
powder. Fig. 2.2 and 2.3 below show the SEM micrographs of the precursors of R2
and A2 respectively. The precursors were heated at 120 °C prior to the scanning. The
SEMs were recorded on a JEOL scanning electron microscope. The sample was
spread on alumina stubs and coated with a thin film of gold to prevent charging and to
protect the material from thermal damage by the electron beam.
While, Fig. 2.4 (a) and (b) show the TG/DSC patterns of the respective precursors.
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Figure 2.2 SEM of R2 precursor after heat treatment at 120 °C

Figure 2.3 SEM of A2 precursor after heat treatment at 120 °C
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Figure 2. 4 Simultaneous TG/DSC profiles of A2 (bold line) and R2 (dotted line)

shown separately in different parts (a) TG and (b) DSC for the sake of clarity.

As expected both the precursors showed distinct TG/DSC patterns. In general
the TG curves of both the precursors could be broadly divided into two regions: 1)
ambient to — 380 °C (section AB of the curve) which corresponds to a maximum
weight loss of — 70 % attributed to the dehydration and combustion of organic matter
and 2) 380 — 450 °C (BC) where the weight loss was only — 5 %. This suggests that
there is a two-stage decomposition of the precursor. The shape and intensity of the two
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TG/DSC profiles of the precursors are markedly different indicating different
pathways towards final phase formation. It is important to note the weight loss in the
temperature range of 200 — 250 (EF) was — 50 % for A2 and is twice as that of R2
(— 25 %) in the same temperature range. As can be seen from the DSC patterns in Fig
2.4 (b) rutile and anatase phase formation is seen to commence around 400 °C, the
sharp exothermic peaks at 437.8 °C for R2 and 454.2 °C for A2 are observed due to
the formation of rutile and anatase phases respectively. Surprisingly the rutile crystal
phase is formed at a lower temperature than the metastable anatase form. Thus,
addition of oxalic acid is the only difference in the two synthesis procedures, it is
believed to play a key role in phase formation.
Thermal stability and phase formation are known to be influenced by factors
like particle arrangement and packing [106 - 108]. It has been reported that anatase to
rutile phase transformation could be initiated due to the presence of rutile like
elements created at the oriented contacts between the anatase particles. Hence lack of
proper particle attachment or particle co - ordination would decrease the possibility of
rutile nucleation [109-111]. In the present investigation as mentioned above
calcination of TiC13 in HNO3 with urea resulted in the formation of rutile phase R2,
while the additional use of oxalic acid resulted into anatase phase. It is seen from the
TG - DSC profiles that there was twice as much weight loss in A2 as there was in R2
in the temperature range of 200 - 250 °C which is most likely due to the evolution of
gases like CO and CO2 from the oxalic acid moiety in the precursor.
In the above context we therefore propose the insitu generation of urea oxalate
during the synthesis of titania samples. Urea oxalate is enlisted as a propellant
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material [112,113]. Thus the urea oxalate during calcination process, could be
decomposing to generate heat as well as liberating large quantities of gases.
As oxalic acid is added in increasing quantities (1:1 molar ratio with TiC13)
there would be corresponding larger quantities of urea oxalate formed and larger
proportions of gases evolved, this most likely prevented the dense packing of the
particles during calcination process and hence led to anatase phase formation.
Also, urea oxalate being a propellant material generates larger quantities of
heat. Of the two forms of titania the stable rutile phase has a lower heat of formation
than the anatase, which is metastable [72]. Thus heat generated during the
decomposition of the urea oxalate seems responsible for the anatase phase formation.
The synthesis herein is carried out in presence of HNO 3 and since the
isoelectric point of R2 and A2 is 5.1 and 4.6 respectively (Table 2.10 and Fig. 2.10),
the surface charge on the particles in this acidic medium helped to keep discrete
particles in a dispersed state and prevented particle agglomeration, resulting in
nanocrystalline particles (9 nm). Such behaviour is reported earlier for the synthesis of
TiO2 in presence of HCl [115].
Thus we could synthesize mixed phases of titania in a controlled manner with
high surface areas by a simple technique. The oxalic acid could be varied so as to
synthesize titania samples with predetermined percentage of either anatase or rutile.
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The catalysts were characterized by the following techniques

2.3. Surface area and Pore size measurements
Nitrogen adsorption and desorption isotherms were collected at -196 °C on a
Quantachrome Autosorb 1 sorption analyzer. All the samples were outgassed for 3 h
at 250 °C under vacuum (10 -5 hPa) in the degas port of the adsorption analyzer. The
specific surface area was calculated using the BET model. The pore size distributions
were obtained from the desorption branch of the isotherm.

Fig 2.5 and 2.6 show the typical adsorption desorption isotherm and BET plot
obtained for A 1 while Figs. 2.7 and 2.8 show those for A2.
The surface areas as calculated from the BET plots are included in the relevant
chapters subsequently. The pore size distribution is as included in Chapter IV.
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Figure 2. 5 Nitrogen adsorption isotherm for Al

49

ltrz

h

•

BF

BET Plot
1. 3i

16.476

14.645

12.814 !

10.9134

0

.9.151

I. 172

!).02

1.661

0.00J
0.031S 0.0624 0.0444 0.1.2 1S8 0.1S173 0.1BW1 0.2202 0.2516 0.2831 9.314

Rolativy Pressufe, P/Po

Figure 2. 6 BET plot for Al,

50

A:ea 61.98
im:/q1

A

Vo lume ;cc /g ]

isotherm

n.00 . 0.0000 0.1000 0.2000 0.3000 0.4000 [1.5000 0.6000 0.7000 0.8000 0,9000 1.0000

Relative Pressure,

Figure 2.7 Nitrogen adsorption isotherm for A2
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2.4. IR studies
The ir studies were carried out on a Shimadzu FT IR spectrophotometer in the range
of 400 — 4000 cm". The samples were prepared using KBr pellet technique. Fig. 2.9 represents
the ir spectra of some of the samples.

DP25

Al

A2
R2

R1
4000.0

3000.0

2000.0

1500,0

Wavelength (cm-1)

Figure 2. 9 ir spectra of R1, R2, Al, A2 and DP25
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400.0

All the samples showed 0 — H absorptions at 3400 cm"' and 1620 cm -1 .
Generally the anatase samples Al, ,A2 and DP25 showed higher intensities of
absorption than the rutile, indicating a lower density of surface hydroxyls in the later.
The Degussa P25, DP25 which contains 30 % rutile phase, showed much higher
intensity of 0 — H absorption; In addition it also showed some absorptions in the
range 1300 — 1500 cm -1 , which could be due to the presence of solid state defects.
These increased hydroxyls coupled with such defects could be responsible for its
enhanced photocatalytic activity. Further the urea synthesized rutile form showed two
unique absorptions at 2025 cm -1 and 1380 cm -1 and are believed to be due to
incorporation of Nitrogen in the TiO2 lattice.

2.5. PZC/DLS measurements
PZC and DLS measurements were carried out on a Malverns Zetasizer
instrument. The point of zero charge was measured in the pH range of 2.00 — 9.00.
Fig. 2.10 shows the pzc plots of a few selected samples.
The Dynamic light scattering measurements were carried out to measure the
colloidal particle sizes of TiO2. These measurements helped in correlating the
observed photocatalytic activity with the surface characteristics. While the pzc
measurements carried out helped in understanding the adsorption behaviour of the
titania samples the DLS measurements helped correlate the colloidal sizes with
activity, as nanosize powders often aggregate to colloidal size in solutions, during
photocatalytic studies. The DLS plots of few selected samples are as shown below.
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Figure 2. 10 PZC plots of R1, R2 and Al
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2.6. XPS studies
XPS is a surface sensitive analytic tool to study the surface composition and
electronic state of a sample. The binding energy of the peaks are characteristic of each
element. The peak areas can be used to determine the composition of the materials
surface. The shape of each peak and the binding energy can be slightly altered by the
chemical state of the emitting atom. Hence XPS can provide chemical bonding
information as well.
A systematic investigation of the XPS spectra of TiO 2 has been carried out by
Yu et al [72a,72b]. From the spectrum of the Ols binding energies in the range 520 —
540 eV, it is possible to identify by appropriate deconvolutions the various ways in
which oxygen is bound to Ti, which may be as TiO2, Ti203, surface hydroxyls, C — 0
impurity bonds or as H2O molecules [72a].
The oxidation states of Ti in TiO2 can be identified by the Ti2p binding energy
spectrum in the range 450 — 470 eV, by a characteristic doublet due to 4 3,2 and 2p 1 /2
peaks. For each doublet, the ratio of the area of the two peaks A(Ti2pu2)/ A(Ti2p3/2) is
equal to 0.5 and the binding energy difference is 5.7 eV. A main doublet situated at
Eb(Ti2p3,2) = 458.30 eV and Eb(Ti2pu2) = 464.05 eV is assigned to Ti(IV). It is also
necessary to take into account two minor contributions from Ti(II) and Ti(III). They
include: (a) Ti(III) from Ti203 species, the symmetric peaks of the corresponding
doublet are situated at Eb(Ti2p3/2) = 457.55 eV and E b(Ti2pu2) = 463.30 eV from TiO
species.
Asahi et al. [118] have recently investigated the states of nitrogen in Ti02-xNx
by measuring Nls core levels by XPS. The presence of nitrogen was identified by the
Nls binding energy spectrum in the range 390 — 410 eV.
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In the present investigation the XPS spectra of the representative samples have
been recorded on a VG Microtech Multilab ESCA 3000 spectrometer to identify the
states of Ti, 0 and N. Fig. 2.14 and Fig. 2.15 give the XPS spectra for the Ti2p and
the Ols, Nls core leveler respectively.
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Figure 2. 14 XPS spectra in the 450 — 470 eV range for Ti2p
[a] R1, [b] R2, [e] A2, [d] DP25
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Figure 2. 15 XPS spectra
[a] R1, R2, A2 and DP25 in the 525 — 550 eV region for Ols core levels
[13] R1, R2, A2 and DP25 in the 395 — 415 eV region for Nls core levels

[c] R1 and R2 in the 395 — 415 eV region for Nls core levels

The various binding energies are as represented in Table 2.8
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Table 2. 8 Binding energies for the Ti2p, Ols and Nis core levels for the catalysts R1,

R2, A2 and DP25
Catalyst

Ti2p

Ols

2p3/2

2 P1/2

AEp

R1

455

465

10

R2

464

470

5

532

A2

459

465

6

530

DP25

465

471

6

535

Nls

406
404

AEp values of the synthesized samples are in agreement with those reported in
literature [72a,72b]. Peaks due to N are observed in commercial rutile R1 (E b = 406
eV) as well as synthesized rutile R2 (Eb = 404 eV).
Since R2 was synthesized using urea in large quantities, presence of nitrogen
was expected. However the small N peak which has been observed in the commercial
rutile R1 could be due to an impurity nitrogen.. The intensity of the peak in R2 was
much larger than Rl.
It is interesting to note that the anatase sample A2 also synthesized by urea did
not show any significant presence of N. This confirms that formation of anatase
follows a different mechanism. It may be noted that synthesis of the anatase sample
was carried out in presence of oxalic acid. It is believed that oxalic acid has scavenged
the urea, forming a type of urea oxalate compound as mentioned earlier.
In comparison to the high intensity nitrogen peak in R2 only some residual N
peak is observed in A2. However no N peak was observed in the Degussa P25 Ti02,
DP25.
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2.7. Photocatalysis as a characterization tool
Photocatalytic studies were carried out as a guideline for the activity of the
synthesized titania samples using methylene blue degradation as a test reaction. The
experiment was carried out in sunlight simultaneously for all the four catalysts, for a
duration of 120 min, between 10.00 am to 12.00 noon. In a typical run 100 ml of
aqueous dye solution (0.012 g/L, pH 7.5) and 0.4 g of the catalyst was exposed to
sunlight for the duration of the experiment. The pH was adjusted with 0.1 M NaOH
solution. Since sunlight is not a concentrated form of energy it was felt necessary to
enhance the rate of the reaction with the help of suitable additives. We found
hydroxide ion most suitable since it is cheap and readily available in comparison to
K2 S208, H202 or 02. The hydroxide ions present in the solution can react with the
holes on the surface of TiO 2 resulting in the formation of hydroxyl radicals which in
turn being powerful oxidants, react with the organic compounds and degrade them, as
shown in the scheme below

TiO 2
h + (vb)

+

hv

h + (vb)

OH -

h(OH . )

Organic + h(0 H')
Corn pound

CO2

+

e - (c b)

+

H2O

Scheme 2. 2 Effect of hydroxide ions in solution during photocatalysis
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etc

The solutions thus exposed to sunlight were stirred intermittently. After every
30 min 2 ml aliquots were pipetted out, centrifuged and the absorbance of the clear
supernatants was determined at 660 nm wavelength against appropriate blanks.
Thus, all the synthesized samples were evaluated for their photocatalytic
activity. Table 2.9 shows the total time taken for complete degradation of the
methylene blue solution.

Table 2. 9 Comparative performances of the samples as photocatalysts for the
methylene blue degradation reaction
Catalyst code Description

Time for complete dye
degradation
[min]

R1

Commercial rutile

No degradation

Al

Sol — gel — 100 % anatase

90

DP25

Degussa P25 TiO2 — 70% anatase

90

R2

Rutile — TiC13-urea method — 3.8 %

120

anatase
ROo.2

Mixed phase — TiC1 3-urea —oxalic acid

210

method — 49.2 % anatase
R00.4

Mixed phase - TiC13-urea —oxalic acid

180

method — 67.3 % anatase
R00.6

Anatase — TiCI 3-urea —oxalic acid method

160

- 100 % anatase
R00.8

Anatase — TiC1 3-urea —oxalic acid method

150

- 100 % anatase
A2

Anatase — TiCI 3-urea —oxalic acid method 100

- 100 % anatase
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As can be seen from the Table above, the commercial rutile R1 was found to
be photocatalytically inactive. On the other hand the synthesized rutile sample R2
showed fairly good photocatalytic activity. The sol — gel synthesized anatase sample
showed activity comparable to that Degussa P25 TiO 2 which is used as benchmark in
photocatalytic studies. In the oxalic acid induced mixed phase catalyst series, the
activity decreased as the oxalic acid content increases. However the last sample A2 in
the series showed complete degradation of the dye in 120 min.
Of particular interest were the samples R2 and Al. They showed better
performance than the commercial counterparts R1 and DP25. Hence they were
investigated further in relation to their surface properties.
The samples R1 and R2 showed a rutile crystal phase with trace amounts of
anatase phase. The Scherrer crystallite sizes, lattice parameters and weight percent of
anatase in the rutile samples are presented in Table 2.10. The lattice parameters are
found to be in good agreement with that reported in literature [1141 for tetragonal
crystal systems. The sample Al showed a pure anatase crystal phase.

Table 2. 10 Structural properties of titania samples.
Catalyst

Crystal

Weight

BET

XRD

Lattice

DLS

pzc

Rate

Phase

Percent

Surface

Particle

Parameters

Particle

(pH

Constant

Anatase

Area

Size (nm)

(A°)

Size

units)

(min)

(m2/g)

a=b

c

(nm)

RI

Rutile

2.2

11

27

4.557

2.029

987.3

4.42

R2

Rutile

3.5

14

9

4.583

2.060

589.7

5.17

0.017

DP25

Anatase

70

50

30

— 6*

0.066

A2

Anatase

100

40

13

5.17

0.072

3.795
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9.432

228.5

Fig. 2.16 shows the degradation profiles of methylene blue over the various
catalysts. The initial absorbance of the solution was found to be 0.76. The commercial
rutile R1 showed a decrease in absorbance to the same extent as that of a blank
experiment carried out with it in the dark. Thus the commercial rutile R1 used in this
investigation was found to be photocatalytically inactive.
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Figure 2. 16 Absorbance — time profiles for the degradation of Methylene Blue over
various anatase and rutile catalysts

The slight decrease in absorbance observed is therefore attributed to the
adsorption of the dye on the titania particles. The catalysts DP25 and Al showed high
photocatalytic activity with 100 % dye degradation in just 90 min. Surprisingly the
rutile catalyst R2 showed excellent photocatalytic activity, comparably to that of the
anatase samples.
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Though 100 % degradation was achieved for all the three catalysts viz. R2, Al
and DP25, the rate of degradation followed the order DP25 > Al > R2. It took 90
minutes of exposure to sunlight to bring about 100 % degradation of the dye in the
DP25 and Al samples. This was as expected for the anatase samples. However it is
significant to note that in the same time 95 % degradation was achieved on the rutile
sample synthesized in this investigation.
The photocatalytic process mainly occurs on the surface of the photocatalyst
and adsorption precedes photodegradation. Hence factors like pzc, colloidal particle
size and surface area that influence adsorption would in turn influence the
photocatalytic activity [116,117]. The catalyst A2 synthesized by the sol — gel route
has a comparatively smaller colloidal particle size and a lowered pzc value of 5.17, as
compared to 6.21 of the Degussa P25 sample. This lowered pzc value is believed to
have facilitated the adsorption of the cationic dye MB on the catalyst surface. And this
may be one of the reasons why it showed photocatalytic activity comparable to that of
Degussa P25.
The unusually high photocatalytic activity of the synthesized rutile sample R2
could be attributed to the unique synthesis strategy adopted employing urea. To begin
with R2 is yellowish in colour. It has been reported that nitrogen doped TiO2 anatase
forms of the type Ti02,N,, are yellowish in colour and have enhanced photocatalytic
activity [118]. The yellowish colour of R2 and its high photocatalytic activity could be
due to the presence of a nitrogen moiety from the urea precursor. The presence of
which was confirmed by the 404 eV peak in the XPS spectrum as discussed before
(section 2.6). Further, to understand the enhanced photocatalytic effect of the nitrogen
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containing catalyst R2, another rutile sample R3 was synthesized essentially with the
same procedure as that of R2 but in the absence of urea. It was observed that its
photocatalytic activity was very poor. This in addition confirmed the crucial role of
urea during the synthesis which results in high photocatalytic activity of the rutile
form R2.
The commercial rutile R1 was found to be photocatalytically inactive. The
very low pzc value of 4.42 of R1 could lead to very strong adsorption of the dye.
Visual examination of the catalyst pellets formed by centrifugation of both R1 and R3
containing dye solution through — out the course of the reaction was found to be blue.
Hence smaller surface area, larger colloidal particle size and very low pzc value might
have rendered these catalysts photocatalytically inactive.

Conclusions
i.

A nanosize photocatalytically active rutile TiO2 (R2) has been synthesized by a
simple solid — state decomposition method involving TiC13 and urea.

ii.

The excellent photocatalytic activity of R2 is attributed to the presence of
nitrogen moiety, which could lead to band gap narrowing and visible light
absorption for h + pair formation.

iii.

Commercial rutile R1 as well as the R3 (synthesized without urea) were found
to be photocatalytically inactive.

iv.

Degradation of methylene blue on the surface of TiO2 obeyed first order
kinetics, the rate of degradation following the order DP25 > Al >.R2.
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v.

Sunlight proved to be an efficient source of energy to carry out photocatalysis,
though variation of certain parameters such as pH, was found to be essential to
enhance the rate of photocatalysis

2.8. Temperature Programmed Desorption (TPD)
i.

NH3 is used as a probe molecule for the estimation of acidity

ii.

CO2 is used as a probe molecule for the estimation of basicity.

TPD measurements were carried out in a muffle furnace. A known weight of
the catalyst was packed in a glass column. Ceramic beads were used as pre heaters.
The catalyst was activated at 120 °C for about 2 hours under flowing dry N2. Before
admitting the NH 3 vapours/CO 2 gas, the catalyst was allowed to cool to room
temperature. Ammomia/ carbon dioxide was passed over the catalyst for 45 min at a
rate of 5 ml/h. The sample was then heated at a rate of 5 °C per minute to cause
desorption. The desorbed gases viz. NH 3 or CO2 were bubbled in 0.03 M HCl or 0.04
M NaOH respectively. Thus the amount of gas desorbed was quantified by back
titration. This amount desorbed at various temperatures is a measure of the catalyst
acidity or basicity respectively and is expressed in micromoles per gram. The
resulting TPD profiles are discussed in relation to the activity — selectivity patterns of
the catalysts in the following chapters. The reactor set — up used is similar to that used
for methylation reactions.
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2.9. insitu FTIR studies
The type of acid sites viz. Lewis or Bronsted were elucidated by insitu FTIR
studies using pyridine as a probe molecule. The ir spectroscopic investigations of
pyridine are very effective for studying the nature and amount of acid sites on metal
oxides {119-1221 Insitu FTIR studies were carried out in the temperature range of 25
°C — 350 °C. Prior to the experiment self supported wafers of the samples, 2.5 cm in
diameter were prepared by using about 80 mg of the sample. The wafer was then
mounted in a high temperature, high pressure ir cell fitted with water cooled CaF2
windows. A JEOL FTIR instrument equipped with a DTGS detector was used for the
study. The wafer was mounted in the cell and at first evacuated at 120 °C for 24 hours
to make the surface clean, viz. free of adsorbed water and other gases. The wafer was
then allowed to cool to room temperature. A blank spectra was recorded.
Subsequently they were exposed to pyridine vapours. The spectra was recorded at
room temperature. The temperature was then increased from ambient to 350 °C, in
steps of 50 °C. Spectra were recorded at each temperature. The spectra for two of the
samples R2 and A2 after 30 min evacuation at room temperature is as shown in the
Fig. 2.17.
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Figure 2. 17 insitu FTIR spectra of adsorbed pyridine on R2 and A2

The interpretation of the spectra, as well as other details have been introduced
appropriately in subsequent Chapters.

2.10. Methylation Reaction
The methylation reactions were carried out in a vertical flow reactor. Prior to the
reaction 1 g of the catalyst sample was pelletized and crushed and then loaded in a
glass reactor (i.d. = 30 mm) The catalyst was activated in flowing air for about 5 h at
a temperature of 450 °C. The temperature was then brought down to the desired
reaction temperature in dry nitrogen. Once the reaction temperature was attained the
catalyst was allowed to remain at that temperature for one hour prior to the reaction.
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Scheme 2. 3 Reactor set - up for methylation [and TPD studies]

In a typical reaction, a pre optimized mixture of phenol : methanol in a molar
ratio of 1 : 6 was fed into the reactor at predetermined flow rates through a peristaltic
pump (Miclins, India). The reaction was studied also at a preoptimized flow rate of 5
ml/h and at temperatures between 250 °C to 480 °C. The products were condensed
and analysed by a Chemito 8610 GC using a FID detector and a SE 30 column.
Reactor set - up is as shown in Scheme 2.3. The same was also used for the TPD
measurements.
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CHAPTER III
Methylation of phenol on rutile TiO2

3.1. Introduction
This Chapter deals with the study of methylation reactions on rutile titania
samples. Two samples R2 and R3 were synthesized as per the procedure described in
2.2. They were tested for their alkylation activity in comparison to a commercial rutile
TiO2 R1.
It is well known that activity - selectivity patterns as well as optimum reaction
temperature of a catalyst is primarily governed by its acid-base properties. A typical
acid-base mechanism for the methylation of phenol has been proposed by several
workers [1,9,13,22,25,123]. Based on these reports, the existing mechanism for
alkylation of phenol on methanol could be summarized as in Scheme 3.1.
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Scheme 3. 1 Mechanism of alkylation of phenol with methanol
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3. 2. Experimental.
3.2.1. Catalyst synthesis
R2 was synthesized by the TiC13 — urea method. The TiC13: urea molar ratio of
in the final solution was 1 : 2. R1 is a commercial TiO 2 obtained from Loba Chemie
(India). R3 is prepared in the same way as R2, but without the use of urea.

3.2.2. Catalyst characterization
The catalyst was characterized by XRD, BET surface area, TPD studies and
insitu FTIR studies with pyridine.

3.2.3. Catalytic studies
The alkylation reaction was carried out in a vertical flow reactor.
Reaction conditions
1. Catalyst weight- 1 g
2. Phenol: methanol molar ratio- 1:6
3. Flow rate- 5 ml/h
4. Temperature range- 250 — 480 °C
Procedure as described 2.2.

3.3. Results and discussions
3.3.1. Structural and surface properties of the titania samples
Fig. 3.1 shows the XRD patterns of the TiO2 samples used in this work. The
commercial TiO2 R1 as well as the synthesized samples R2 and R3 showed rutile
crystal phase containing small amounts of anatase phase.
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20
Figure 3. 1 XRD patterns of the catalysts R1, R2 and R3, where 'a' shows presence of
small amount of anatase phase in the rutile samples.

The crystallite sizes based on Scherrer formula, weight percent of anatase in the rutile
samples and the BET surface areas are as reported in Table 3.1.
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Table 3. 1 Structural properties of the titania samples
Sample

Phase

Weight

XRD

BET

Total

percent of

particle

surface

Acidity

Total
Basicity

anatase

size (nm)

area (m2/g)

(:moUg)

(:mol/g)

R1

Rutile

2.2

27.26

15

230

74

R2

Rutile

9.09

36

240

126

R3

Rutile

3.5
13.1

15.14

32

225

49

It can be seen from the table that all the three samples showed total acidity — 230
:mol/g. However as evident from Fig. 3.2 [A], the strength of acid sites were

Ba s ic ityp (n o lig )

Ac id itypttio l/g )

different.

0

100

200

300

400

500

Temperature (°C)

Figure 3. 2 TPD profiles
R1, R2 and R3 for the desorption of preadsorbed NH3 [A] and CO2 [B]
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While the commercial rutile R1 showed well resolved peaks at 180 and 300 °C, R2
showed a different pattern with a peak at 250 °C and a broad peak in the 260 - 380 °C
region. The distinctive features of R2 are also evident from its TPD - CO 2 profile
(Fig. 3.2 [B]) showing the basic sites. While RI showed lower basicity of — 70 wag
with moderate and strong basic sites, R2 showed higher basicity of 125 Ilmolig with a
unique presence of a low temperature peak at about 150 °C corresponding to weak
basic sites. This low temperature peak is conspicuous by its absence in the TPD
profile of the R3 as discussed in the foregoing section 3.3.2.

3.3.2. insitu FTIR studies using pyridine: Type of acid sites
As mentioned in 2.2, insitu FTIR studies using pyridine as a probe molecule
can be used as an effective tool to characterize the type of acid sites, Lewis or
Bronsted as well as their concentrations, by integrating the area under the respective
peaks [124,125]. The present investigation is carried out to confirm the dominant
Lewis acid character of the synthesized catalyst R2.
Fig. 3.3 gives the insitu FTIR absorption spectra following pyridine adsorption
on the catalyst R2. The spectra are recorded as a function of evacuation temperature
from ambient to 350 °C. Table 3.2 gives the corresponding band assignments.
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Figure 3. 3 insitu FTIR spectra of pyridine for R2 at different evacuation temperatures

(ambient — 350 °C) in the frequency region 1400 — 1700 cm -1 . (The three weak bands
at 1114, 1149 and 1217 cm1 are not included in Fig., but are shown in Table 3.2)

The intense bands at 1445 cm-l and 1605 cm-1 as well as the weak band at
1217 cm' are attributed to the presence of strong Lewis acid sites (Ls). These
assignments are in agreement with those reported in literature for strong Lewis acid
sites on rutile titania surfaces [122,124,126]. The weak bands at 1540 cm 1, 1557 cm1
-1 indicate presence of small amounts of Bronsted acid sites. Such bands and157cm
are due to the presence of pyridinium ion PyH + [122,127]. The intensity of these peaks
on the catalyst R2 is very weak even at ambient temperatures. This suggests that R2
has a predominant Lewis acid character.
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Table 3.2 ir absorption frequencies following adsorption of pyridine on catalyst R2

ir

frequencies Assignments

[cm -I ]
1114 w

Lw (weak Lewis acid sites)

1149 w
1217 w

Ls (strong Lewis acid sites)

1445 vs

Ls

1492 w

L+B combination peak

1540 vw

B (Bronsted acid sites)

1557 vw
1575 w
1605 vs

Ls

Where w — weak, vw — very weak, vs — very strong

The variation in intensities of certain bands with temperature would give us an
idea about their nature [98]. Thus an increase in temperature would reduce the band
intensities, of the bands due to Bronsted acid sites. At elevated temperatures
dehydroxylation would occur and hence the Bronsted acid sites would vanish. In the
present investigation however, an increase in temperature from ambient to 350 °C,
seems to have no significant effect on the intensities of the Bronsted acid site bands at
1540 cm-I and 1557 cm-I . This led us to believe that these bands at 1540 cm -I and 1557
cm t could infact be due to isolated OH groups on the surface of R2. However such
hydroxyls are reported to be lost at temperatures of about 400 °C [98,99]. Thus, they
would be absent under the reaction conditions for methylation of phenol.
On the other hand, there is a interesting trend in case of the other Bronsted acid
site band at 1574 cm 1 . As can be seen from Fig. 3.3, the intensity of this band
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decreases with rise in temperature and almost vanishes at 350 °C. This behaviour is
peculiar of bridged hydroxyl groups, which get readily dehydroxylated in comparison
to the isolated hydroxyls. Dehydroxylation of surface hydroxyls is known to generate
Lewis acid sites [98,99].
The band observed at 1492 cm -1 for R2, is the combination band [122,126,127]
and has contributions from both Lewis as well as Bronsted acid sites. As seen from
Fig. 3.3, as temperature is raised, this band shows a reverse trend as that of the 1574
cm-1 band. Thus as the 1574 cm-1 band intensity drops there is a corresponding rise in
intensity of the 1492 cm -1 band. These results confirm that as temperature is raised
there is generation of Lewis acid sites. Thus, the band at 1492 cm l , could be largely
due to Lewis acid sites.
It is known that the relative intensities of the 1450 cm -1 and the 1570 cm-I
bandsgivethrlponftheyLwisadBrontec
respectively [125]. As can be seen from Fig. 3.3, the relative intensities of the 1445
cm-I and 1575 cm-I in R2 is > 90 %. Thus R2 is predominantly a Lewis acid catalyst.
And since all the Bronsted acid sites are lost by dehydroxylation by — 300 °C to
generate Lewis acid sites, R2 is a complete Lewis acid catalyst under the actual
conditions of methylation reaction.
3.3.3. Catalytic activity and selectivities

The alkylation reactions were carried out at predetermined optimum conditions
of 1: 6 phenol : methanol molar ratio and a flow rate of 5 ml/h. Fig. 3.4 gives the
activity — selectivity profiles of the two catalysts in the temperature range 350 — 450

°C.
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Figure 3. 4 Trend in % Selectivities and % Conversions for the catalysts at 350 °C,
400 °C and 480 °C respectively with 1 g of catalyst, 1:6 phenol : methanol molar ratio
and flow rate of 5m1/h.
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As can be seen from Fig 3.4, the commercial TiO2 catalyst gave poor alkylation
activity. It showed a maximum of only 18 % conversion of phenol at 350 °C and
thereafter the % conversion decreased at higher temperatures. On the other hand the
synthesized catalyst R2 showed high activity at higher temperatures. Although its
activity was initially low, — 5 % at temperatures below 400 °C, it increased to a
maximum of 42 % at 450 °C and then slightly decreased to 40 % at 480 °C. The higher
activity of R2 appeared to be in agreement with the trend in particle size and surface
areas of the catalysts. Thus R2 having smaller particle size and larger surface area (36
m2/g) gave maximum conversion of 42 %. R1 on the other hand having comparatively
larger particle size and lower surface area (15 m 2/g) gave a much lower conversion,
being only 18 %. At the same time R2 showed larger amounts of acidic as well as
basic sites. Hence we propose that acid — base site mechanism is involved during
alkylation of phenol on R2.
The commercial rutile catalyst RI showed mixed selectivity with formation of
0 - alkylated product, anisole, as well as several C alkylated products. These later
products being o p -, and m - cresol and 2,6 - xylenol. In addition, other higher C —
alkylated products were also formed in significant proportions. This mixed selectivity
also continued when the reaction was investigated at higher temperatures though with
some internal variations. On the other hand R2 showed high ortho — selectivity
forming only two products o-cresol and 2,6 — xylenol at 450 °C and above. Further R2
also showed interesting temperature dependent selectivity variations.
As can be seen from Fig. 3.4, at the temperature of 350 °C, R2 showed high
selectivity to o - cresol (— 70 %) and anisole was only 30 %. This high selectivity to
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o - cresol remained almost unchanged at all the three temperatures investigated from
350 - 450 °C. However the initial selectivity to anisole changed in an interesting
manner. The amount of anisole gradually decreased as temperature was increased
from 350 °C. As the selectivity towards anisole decreased, there was a concomitant
increase in the formation of 2,6 — xylenol. Thus as we go from 350 °C to 480 °C,
anisole selectivity dropped by — 29 % and o — cresol dropped by — 11 %. At the same
time the 2,6 — xylenol selectivity increased from 0 to about 40 %. Thus 2,6 — xylenol
could be considered to be formed on catalyst R2 through intermediate formation of (i)
anisole predominantly and (ii) o — cresol to some extent. That two pathways could
exist for 2,6 — xylenol formation is reported earlier [25]. In order to confirm the above
hypothesis on catalyst R2, separate experiments were conducted using mixtures of (i)
anisole and methanol and (ii) o — cresol and methanol in the molar ratio 1 : 6 in both
the cases. The experimental data in Table 3.3 substantiates the above hypothesis.
Table 3.3 Alkylation of anisole and o-cresol with methanol over the TiO2 catalyst R2
with substrate to methanol molar ratio of 1:6 and flow rate 5m1/h per gram of catalyst
at 450 °C
Sr.
No.

Reactants

Catalyst %
Conversion
of substrate

1

Anisole
+ Methanol

R2

3.5

2

0 — Cresol
+
Methanol

R2

17.5

% Selectivity
anisole o — cresol 2,6 — xylenol 'others

0

22.7

'others — higher C — alkylated products.
* Anisole alone in feed, conversion < 5 % [23,24]
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100

0

77.3

0

Refer entry 1 in this Table. It is seen that on R2 catalyst, anisole gives only 2,6
— xylenol (100 % selectivity) while o — cresol gives mixed selectivity to anisole and
2,6 — xylenol. This result suggests that 2,6 — xylenol could infact be formed by phenol
alkylation through three possible pathways
r1 : phenol > ani sole ---> 2 ,6 — xylenol
r2 : phenol > o — cresol---> 2,6 — xylenol
1.3 : phenol > o — cresol--> anisole--> 2,6 — xylenol
The reaction pathway on R2 catalyst could therefore be summarized as in
Scheme 3.2.

Scheme 3. 2 Proposed reaction pathway for formation of 2,6 - xylenol on the TiO2
catalyst R2 during alkylation of phenol with methanol
3.3.4. Relation between acid — base sites and selectivity patterns
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The high ortho-selectivity during methylation of phenol is believed to be due
to acid — base pair mechanism involving an essential presence of weak basic sites at
— 150 °C [10].
Thus a phenol molecule interacts with a Lewis acid — base pair, undergoing
perpendicular dissociative adsorption as a phenolate ion on the acid site while its
proton interacts with adjacent basic site. This proton is mobile enough to activate the
molecule of methanol, resulting in the formation of the methyl carbocation. The ortho
— positions of the phenolate ion are closer to the surface of the catalyst and thus more
susceptible to attack by the carbocation. This resulted in the observed high ortho —
selectivity to o-cresol and 2,6-xylenol.
As mentioned earlier the catalyst R1 showed only moderate and strong basic
sites as evident from the two peaks in the temperature range 220 — 350 °C (Fig.
3.2[B]). On the other hand R2 showed a unique presence of a large peak at —150 °C
corresponding to high concentration of weak basic sites. Further the high temperature
peaks of R2 greatly decreased in intensity in comparison to Rl.
It is believed that the presence of crucial weak basic sites on the surface of R2
have its origin in its urea related precursor during synthesis. To confirm the unique
role of urea in making the crucial difference for R2, a catalyst R3 (also rutile phase)
was synthesized following essentially the same procedure as R2 but without urea. The
TPD - CO2 profile of R3 (included in Fig. 3.2[B]) did not show any low temperature
peak corresponding to weak basic sites. Alkylation reactions carried out on R3 failed
to show the kind of ortho — selectivity as that of R2 although the % conversion was
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almost same. Fig. 3.6 shows the % conversion and selectivity profile of catalyst R3 in
comparison to R2.
As is seen from Fig. 3.5, the optimum activity of R3 was about 40 % and its
ortho selectivity was about 65 % at 450 °C. However there was formation of several
C alkylated products in addition to the ortho — products. The additional C alkylation in
R3 could be explained only on the basis of horizontal orientation of phenol on its
surface in comparison to the vertical orientation on R2. As mentioned earlier, the
basicity profile of R3 (Fig. 3.2[B]) was devoid of any weak basic sites as mo peak was
observed at temperatures < 200 °C. These results suggests that the absence of the
weak basic sites in R3 altered orientation of phenol molecule and hence the observed
mixed selectivity.
It is therefore concluded that the weak basic sites in R2 assist in keeping the
aromatic ring of phenol oriented in perpendicular position during the methylation
process so as to ensure the high ortho selectivity.
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Figure 3.5 Trend in % Selectivities and % Conversions for the R2 ad R3 at 400 °C
and 450 °C respectively with 1g of catalyst, 1:6 phenol: methanol molar ratio and flow
rate of 5ml/h.
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3.4. Conclusions
i.

A rutile TiO2 catalyst synthesized using TiC13 — urea method was investigated
as an alkylation catalyst for methylation of phenol. It showed 100 % ortho —
selectivity at 480 °C at 40 % conversion of phenol. In comparison a
commercial rutile form showed mixed selectivities under all experimental
conditions.

ii.

The high ortho — selectivity of the synthesized rutile sample could be attributed
to the unique presence of weak basic sites.
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CHAPTER IV
Methylation of phenol over sol — gel anatase TiO2

4. 1. Introduction
In the preceding section we discussed the results on rutile TiO2 catalysts. The
synthesized sample R2 was highly ortho —selective. On the other hand the commercial
rutile sample R1 gave mixed selectivity under all experimental conditions
investigated. We report in this chapter the methylation activity of a sol — gel
synthesized anatase TiO 2 .

4. 2. Experimental
4.2.1. Catalyst preparation
The catalyst was synthesized by a sol - gel route using appropriate quantities of
TiCI4, acetone and ethanol as discussed earlier in 2.2.4.

4.2.2. Catalyst characterisation
The catalyst was characterized by XRD, BET surface are and TPD NH 3 and CO2.

4.2.3. Methylation reaction
The alkylation reaction was carried out in a vertical flow reactor.
Reaction conditions
5. Catalyst weight- 1 g
6. Phenol: methanol molar ratio- 1:6
7. Flow rate- 5 ml/h
8. Temperature range- 250 — 480 °C
Procedure as described previously in 2.8.
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4.3. Results and discussion
Fig. 4.1 shows the XRD pattern of the catalyst. It showed a pure anatase
crystal phase. The BET surface area, Scherrer crystallite sizes and the lattice
parameters are also shown in Fig. 4.1 (inset). The lattice parameters are in good
agreement with those reported in literature [128].

Scherrer crystallite size = 13.3 nm
Lattice parameters: a = b = 3.795 A °
c= 9.432 A°
BET Surface area = 62 m21g
co

a)
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Figure 4. 1 XRD patterns of the sol-gel catalyst

4.3.1. Catalytic activity

The catalytic activity for methylation of phenol has been investigated at
different phenol: methanol mole ratios, as well as temperatures and flow rates. The
optimum conversion of phenol was observed at 1: 6 phenol: methanol molar ratio at a
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flow rate of 5 ml/h. The change in flow rate to either 3 ml/h or 8 ml/h did not show
any significant effect on either catalytic activity or product selectivity. Fig. 4.2
describes the catalytic activity in terms of % conversion of phenol as well as
selectivity patterns.
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Figure 4. 2 Trend in % Conversions and % Selectivities for the catalyst at 350 °C, 400
°C and 450 °C respectively with lg of catalyst, 1:6 phenol : methanol molar ratio and
flow rate of 5m1/h.
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It is observed that % conversion increased with temperature. The catalyst showed
maximum alkylation activity (—j 62 %) at 350 °C and subsequently decreased at higher
temperatures. The selectivity patterns at all the temperatures investigated showed
formation of a mixture of several products. Although there were some internal
variations the products were mainly anisole, cresols, 2,6- xylenol and other higher C
alkylated products. It is observed that a decrease in selectivity towards anisole and
cresols was accompanied by slight increase in the formation of 2, 6 - xylenol as the
temperature was raised from 350 to 400 °C. However when the reaction was carried
out at 450 °C, there was no formation of any 2,6 — xylenol. Instead several higher C alkylated products (collectively reported as others in Fig. 4.2). These were further
identified by GCMS analysis. The GCMS analysis showed that these were compounds
with very high molar mass (—j 225), which are proposed to be alkyl substituted
diphenyl ethers. These ethers are considered to be formed by the condensation of the
tri and tetra methyl phenols amongst themselves as well as cross condensation with
the xylenols and cresols. A typical condensation product of molar mass
identified by GCMS, could be envisaged to be formed by reactions between 2,4,6 —
trimethyl phenol and cr—eviUglin Fig. 4.3.
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Figure 4. 3 GCMS pattern of the high molecular weight compound envisaged to be
formed from 2,4,6 —trimethyl phenol and o-cresol
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4.3.2. Selectivity of the Catalyst in relation to its acid — base characteristics.
The selectivity of particular products is known to depend on acid - base
characteristics of the catalyst. This is because of certain preferred orientation of the
phenol molecule on the surface of the catalyst as described earlier. Thus phenol
molecule is adsorbed horizontally on catalysts having Bronsted acid sites, whereas
there is vertical dissociative adsorption of the phenol molecule on Lewis acid sites.
Fig. 4.4 gives the acid-base profiles of the catalyst.

Total Acidity = 123 urnol/g
Total Basicity = 84 urnolig

0

100

200

300

400

500

Temperature [°C]

Figure 4. 4 TPD profiles for the desorption of pre-adsorbed NH3 and CO2

It can be seen from the Fig. above, that the catalyst showed two types of acid
sites, as evident from the peaks at 180 °C and at 350 °C with total acidity of 123
ilmol/g. On the other hand, the total basicity was comparatively less, 84 prnol/g, with
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peaks at 220, 320 and 450 °C. An important feature of both the profiles is the
dominance of the weak acid — base sites. This is clear from the peaks in the 180 — 220
° C temperature region.

As seen in Fig. 4.2 the catalysts showed formation of both 0 and C alkylated
products. This is envisaged by considering phenol molecule undergoing horizontal
adsorption on the surface of the catalysts making all positions on the ring susceptible
to attack. To further elucidate the role of acid sites in the orientation of phenol on the
catalyst surface, the catalyst was steamed insitu by taking water in the feed. This is
done to transfer some of the Ti 4+- 02" acid - base pairs into Bronsted acid sites by
hydroxylation. Thus the experiments were performed by taking water in the feed. The
feed composition was water : phenol : methanol 1: 1: 6 molar ratio, 5 ml/h flow rate
and temperature of 350 °C. Fig. 4.5 shows the comparative selectivity with and
without water in the feed.
As can be seen from Fig. 4.5 the % conversion goes down by — 10 %. The
selectivity towards o - cresol and 2,6 - xylenol collectively decreased by about 9 %,
while there was an increase in selectivity towards higher alkylated products. These
results suggest that steaming decreased the number of available Lewis acid - base
pairs. This would consequently result in decrease in perpendicular dissociative
adsorption and hence decreased formation of the ortho - products, o - cresol and 2,6 xylenol as observed.
Further due to the generation of these Bronsted acid sites, the proportion of
phenol molecule undergoing horizontal adsorption increases. Hence higher Calkylated products are being formed due to horizontal adsorption of phenol.
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Figure 4. 5 Effect of water in the feed on alkylation of phenol with 1 g of catalyst at
350 ° C and a flow rate of 5 ml/h; without water in feed (phenol: methanol = 1: 6) and
with water in feed (phenol: water: methanol = 1: 1: 6)
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4.3.3. Effect of length of catalyst bed on activity — selectivity patterns

The reaction was carried out with 3 g of the catalyst. Fig. 4.6 shows selectivity
patterns.

% Se lectivity/ % Conve rs ion

100

80 -

60 -

40 -

20 -

0
1

3

Weight of catalyst [g]

MIN anisole
NMI o - cresol
MIN (p + m) - cresols
I
I 2, 6 - xylenol
NMI others
% conversion

Figure 4. 6 Selectivity profile of the catalyst as a function of the catalyst weight, at

350 °C, 1 : 6 phenol : methanol molar ratio and at a flow rate of 5 ml/h
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It is observed that anisole and cresols almost vanished. Instead there was
increased formation of 2, 6 -xylenol — 25 % and higher C - alkylated products — 75 %.
The selectivity is known to depend on the contact time. Thus when the weight of the
catalyst is increased, the length of the catalyst bed increases and as a result of which
the contact time between the reactants and the catalyst increases. Since the reactant
phenol and methanol now spend more time on the surface of the catalyst there is
formation of higher C-alkylated compounds.

4.4. Conclusions
A highly active TiO2 anatase catalyst for the methylation of phenol has been
synthesized, with over 97 % conversion. Formation of compounds, which are high
molecular weight ethers are proposed.
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CHAPTER V
Methylation of phenol over Degussa P25 Ti0 2 : A new
mechanistic view

5. 1. General Introduction
It is shown in the preceding section 3, that a commercial rutile sample showed
low catalytic activity for alkylation of phenol — 18 % and also gave a large number of
products like o, p and m — cresols, 2,6 — xylenol, anisole and some higher C —
alkylated products. However urea induced synthesis gave high conversion activity and
near 100 % ortho — selectivity due to the generation of a large number of weak basic
sites. This rutile TiO2 also was found to be photocatalytically active as discussed in
2.7.
Further, the sol — gel synthesized pure anatase TiO2 gave near 100 % catalytic
activity, but the selectivity was poor giving a large number of methylation products of
phenol. Nevertheless this anatase catalyst showed photocatalytic activity almost
similar to one of the best known and widely investigated photocatalyst, Degussa P25
TiO2 [129-132]. It is predominantly anatase TiO2 with 30 % rutile. It is frequently
used as a benchmark in photocatalysis.
Several studies have been dedicated to understanding the structure and
synergistic effect in DP25 TiO2. Bickly et a/. [133] ascribed the activity of DP25 to a
layer of rutile phase on the surface of anatase particles, which would aid in electron —
hole separations. His anatase and rutile model for DP25 was based on the TEM
studies. Recent morphological studies have showed that anatase and rutile particles
exist separately in the Degussa P25 [134]. Ohno et al. [135] suggested the existence of
synergistic effects of anatase and rutile in its photocatalytic activity. It has been
shown by numerous studies that there is a positive interaction between the anatase and
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rutile particles of TiO2 [132,135,136], which enhances the electron — hole separations,
and the photoeffeciency.
It has therefore been of interest to investigate this catalyst for methylation of
phenol, for comparison of the results with those obtained on pure rutile and pure
anatase TiO2 catalysts. As would be seen from the forgoing section that Degussa P25
TiO2 though shows much lower alkylation activity, it showed unique selectivity
profiles. These selectivity profiles led to a possible new mechanistic view for catalytic
methylation.

5.2. Experimental
5.2.1. Catalyst characterisation
The catalyst was characterized by XRD, BET surface area and TPD studies.

5.2.3. Methylation reaction
The alkylation reaction was carried out in a vertical flow reactor.
Reaction conditions
i.

Catalyst weight- 1 g

ii.

Phenol: methanol molar ratio- 1:6

iii.

Flow rate- 5 ml/h

iv.

Temperature range- 250 — 480 °C

Procedure as described previously
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5.3. Results and discussion
Fig. 5.1 shows the XRD pattern of the sample. The Scherrer crystallite size as
calculated from the anatase 100 intensity peak was found to be 26.2 nm [inset Fig. 1]
and is in good agreement with that reported in literature [137,138].

Schemer cryotallIte else 26.2 nm
BET Surface area = 50 m2fg

2thota

Figure 5. 1 XRD profile of Degussa P25 TiO2

Fig. 5.2 describes the catalytic activity in terms of % conversion of phenol and
the trend in selectivity as a function of temperature in the range 350 °C to 450 °C. It
can be seen that % conversion increased with temperature and reached a maximum of
32 % at 400 °C.
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Figure 5. 2 Trend in % selectivities and conversion as a function of temperature, with
lg of catalyst, 1 : 6 phenol : methanol molar ratio and flow rate of 5m1/h.

As can be seen from the Fig above, the catalyst showed formation of four
products viz. anisole and the three cresols: o - cresol, p - cresol and m - cresol. Anisole
gets formed by 0 - alkylation, where the — OH is converted to — OCH3. On the other
hand the cresols are C - alkylated products, where substitution occurs in the aromatic
ring.
Thus, as seen from the Fig. the selectivity towards o - cresol remained almost
invariant at about 50 % at all the three temperatures investigated. However the
selectivity towards anisole changed in an interesting manner. As the selectivity
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towards anisole decreased, there was a concomitant increase in para and meta
selectivity. This was thought to be due to the possible conversion of anisole to para
and meta cresols with the rise in temperature. To confirm the hypothesis of anisole
conversion to cresols, alkylation of anisole was carried out with a pre-optimized feed
composition of anisole : methanol 1 : 6 passed at the same flow rate as before viz. 5
ml/h, at 400 °C. The catalyst however did not show any alkylation activity under these
conditions. The reaction was then repeated with some phenol in the feed; the anisole:
phenol: methanol feed composition being 1:0.5: 6 molar ratio at 5ml/h flow rate and
400 °C. It was observed that anisole remained unchanged at the end of the reaction.
On the other hand there was a decrease in the % phenol content in the products and
consequent formation of o p - and m - cresols in small proportions. These results
indicated that the cresols were being formed independently on the catalyst from
phenol itself and not through anisole intermediate as thought of on the basis of the
selectivity profiles or as reported on other catalysts [17,26].
The observed selectivity on a particular catalyst is governed predominantly by
the orientation of the phenol molecule on the surface of the catalyst. The orientation is
governed by the acid - base properties of the catalyst as illustrated in Scheme 5.1.
As shown earlier, 2,6 — xylenol could be formed only if the phenol molecule
undergoes perpendicular dissociative adsorption. Since no 2,6 — xylenol was detected
even in trace quantities, we rule out the mechanism involving such a perpendicular
dissociative adsorption of phenol.
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ortho-selective

Reaction Products
i.o-cresol
ii.2,6-xylenol
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.

Degussa P25
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selectivity to cresols

Reaction Products

Reaction Products

i.Anisole
ii.Cresols (o, p and m)
iii.Xylenols
iv.Higher alkyl substituted
products

i.Anisole
ii.Cresols

Scheme 5. 1 Orientation of phenol molecule as per the observed selectivity profile

Further since only monoalkylated products viz. cresols are obtained it can be
safely assumed that there is no possibility of horizontal adsorption. Hence it appears
that the phenol molecule is not oriented either vertically or horizontally. If latter was
the case there would have been at least some traces of C-alkylated products like
xylenols or trimethyl phenols detected under some of the experimental conditions. It is
therefore proposed that the phenol molecule is oriented on the surface of the catalyst
in such a way that the ortho, para and meta positions of only one side of it is close to
the surface and hence susceptible to attack by the alkylating species.
As discussed earlier the type of acid or base sites present governs the nature of
alkylating species formed on a particular catalyst system. There could be formation of
three possible alkylating agents from methanol:
Case I: Methyl Carbocation, CH3 (+)
Case II: Methoxy species, CH30 (")
Case III: Hydroxymethyl carbanion, (-)CH2OH
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The type of methylating species formed on a particular catalyst is largely governed by
the kind of active centers.
Formation of the above mentioned methylating species involves the scission of
certain bonds in methanol. Hence accordingly there could be three possible modes of
scission in the methanol molecule.
i.

C — H scission leading to a hydroxymethyl carbanion, (")CH2OH formation.

ii.

C — 0 scission leading to a carbocation, CH 3(±)

iii.

0 — H scission leading to a methoxy group, CH30e )

The three modes of scission in methanol and the consequent species formed can be
envisaged as in scheme 5.2.
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Scheme 5. 2 Possible bond scissions in methanol during formation of methylating
species

102

Similar scheme has also been proposed by Greely and Mavrikakis [139-141]
on the basis of DFT calculations of adsorbed methanol on Pt (111) surfaces. They also
predicted the thermochemistry and reaction kinetics of the various methanol
decomposition pathways as shown in Scheme 5.3. Of particular interest is the energy
required for the bond scissions. The initial C — H and 0 — H bond scissions in
methanol have comparable barriers but very different thermodynamics. Steps
connecting the two appear to be competitive.

Scheme 5. 3 Thermochemistry and kinetics of various methanol decomposition
pathways on a catalyst (Reproduced with permission from author [142])
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For Degussa P25 TiO2 we could picturize the situation as follows:
The surface of the TiO2 catalyst is normally hydroxylated [98]. Infact, this is
one of the factors, which governs the photocatalytic efficiency of the catalysts [74].
However under the reaction temperatures > 150 °C, these Bronsted acid sites get
converted to Lewis acid sites [98,99]. This is due to dehydroxylation at these elevated
temperatures. Hence at temperature under investigation, the formation of methyl
carbocation by use of Bronsted acid sites from the catalyst surface does not appear
probable.
Hence methylation should proceed by formation of either the methoxy or
hydroxymethyl carbanion type of species. For formation of the methoxy species there
should be cleavage of the 0 — H bond. While for the methyl carbanion type of species
there should be cleavage of the C H bond. A comparison of the 0 — H and C — H
bond strengths [143] shows us that the 0 — H bond is stronger than the C — H bond in
methanol. Thus cleavage of the C — H bond is considered to be preferred over that of
the 0 — H bond. C — H bond activation of hydrocarbons in known to occur in oxide
catalysts [144,145] based on H — D isotope exchange reactions. Both acidic and basic
sites on the catalysts are believed to be important in the C — H bond activation process.
Recently Suib et al. [127] have confirmed C — H bond activation in benzyl alcohol to
form a species of the type Ph — (+)CHOH on Lewis acid catalysts. Moreover, if the
methoxy species were formed there would have been possible formation of some
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methoxy phenols. But since there were no methoxy phenols detected, methoxy species
cannot be considered to be the alkylating species.
Therefore C-H bond scission is predicted in DP25. Adsorption of methanol
followed by formation of the hydroxymethyl carbanion is as pictured in Schemes 5.4
and 5.5 respectively.
Oxygen

•

Lattice oxygn
Lewis base

Hydrogen
0\Carbon

"
Titanium ion
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Hydroxyl- free surface

Scheme 5. 4 Adsorption of methanol on Degussa P25 TiO2
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Scheme 5. 5 C-H bond scission and formation of hydroxymethyl carbanion on Degussa P25 TiO2

105

It is therefore strongly believed that independent formation of cresols from
phenol should proceed through a dynamic edge - on adsorption of the aromatic ring.
This could occur by donation of it electrons of the benzene ring of phenol to
the vacant d - orbitals of the catalyst, TO + acting as Lewis acid centers, as depicted in
Scheme 5.6.
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Scheme 5. 6 Proposed mechanism for formation of m - and p - cresols on Degussa
P25 TiO2
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Figure 5. 3 TPD profiles for the desorption of pre-adsorbed NH3 and CO2
Table 5. 1 Comparison of Activity - Active Centers concentration of R2, Al and
DP25
Sample

R2

Crystal

Acid sites

Base sites

%

phase

[pmol/g]

[pmol/g]

Conversion

Rutile

240

126

40

Main Products

o — cresol and 2,6 —
xyl eno I

Al

Anatase

123

84

62

Ani so le ,

substituted

anisoles,

cresols,

xylenols and higher C
— alkylated products
DP25

Mixed

5

8

32

108

cresols

It is seen from Fig. 5.3 and Table 5.1, that the catalyst has mixed acid - base
characteristics. The concentration of the acidic as well as basic sites is quite low. This
explains its low catalytic activity with optimum conversion of 32 %. Further, the
ammonia desorption spectrum showed acid sites of three different strengths, weak,
moderately strong and strong corresponding to peaks at 200 °C, 300 °C and 380 °C
respectively. In this temperature range however, only two types of basic sites are
observed weak and strong at 200 °C and 380 °C respectively. However there is a
unique peak at — 140 °C due to the presence of very weak basic sites. Such a peak is
reported by Sato et al. [10] for CeO2 — MgO catalysts and is shown to be responsible
for generation of a hydroxymethyl species from the alcohol used as alkylating agent.
Degussa P25 TiO2 exhibits such a unique distinct weak basic site peak as a
major peak. It is therefore believed to be responsible to generate the carbanion
intermediate (-)CH2OH from adsorbed methanol. In the present mechanism the acid
sites Ti4+ are therefore attributed the role of electron acceptors from the aromatic ring,
during the edge — on adsorption of the phenol molecule.
The cresols could then be obtained by the carbanion nucleophillic attack at the
electron deficient aromatic ring, the nucleophile being generated by activation with
the basic sites. Depicted in Scheme 5.6.

5.4. Conclusions
Degussa P25 TiO2 has been investigated as a methylation catalyst. It gave an
optimum 32 % conversion at 400 °C, with predominant selectivity to cresols. An edgeon adsorption of the phenol molecule has been proposed to explain the observed
selectivity.
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CHAPTER VI
Comparative performance of pure and mixed phase titania
with other catalysts

6.1 Introduction
Investigation of the methylation reaction on TiO2 catalysts, thus far
may be summarized as follows:

Table 6.1 Activity of the rutile catalyst in relation to the sol — gel synthesized anatase

catalyst
Catalyst Phase

Synthesis method

Activity Selectivity

R2

Rutile

TiCl3 + HNO3 + Urea 40 %

Al

Anatase

Sol — gel method with

DP25

Anatase 70

98 %

100 % ortho
Mixture of

TiC14, ethanol and

several

acetone

products

Commercial Sample
(Degussa)

32 %

o, p and m
cresols

Both R2 as well as Al showed excellent TOS stability and very low
deactivation rates. Further, it is clear from the above Table, that only the urea
precursor synthesized Rutile TiO 2 shows the desired ortho — selectivity of 100 %.
To further enhance the activity beyond its 40 %, while maintaining the high
selectivity, the following three fold strategy was adopted to improve performance of
the R2 catalyst.
i.

Preparation of R2 supported catalysts.

ii.

Use of promoters during the synthesis of R2.

iii.

Use of oxalic acid during its synthesis to modulate its surface
characteristics and active centres.
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6.2. Experimental
The catalysts were synthesized as per the procedure described in 2.1.
Following which, they were characterized by XRD, TPD CO2 and NH3, BET surface
area measurements and pore size analysis. R2 and A2 were characterized by insitu
FTIR studies. The methylation reactions were investigated under preoptimized
conditions with 1 g of catalyst, 1 : 6 phenol : methanol molar ratio, which was passed
at a flow rate of 5 ml/h and in the temperature range of 250 — 480 °C.

6.3. Supported samples
6.3.1. Activity — selectivity profiles over supported samples
The supported materials investigated are MgO, Al203, SiO2, and HZMS — 5.
These are also well known catalysts by themselves and were expected to help in
effective dispersion of the TiO2 catalyst and at the same time produce possible
synergistic interactions. Infact these have also been investigated for the methylation of
phenol reaction, as pure catalysts. The catalysts SiO2, Al203, and HZMS — 5 have
been reported to be reasonably active [8,9,17-21], but showed poor selectivity. MgO
on the other hand is reported to be highly ortho — selective but its activity was very
poor [10].
In the present investigation, the methylation reactions are studied over pure
and supported catalysts in the temperature range 250 — 480 °C. Fig. 6.1 summarizes
the activity — selectivity patterns at their respective optimum reaction temperatures.
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Figure 6. 1 Selectivity profiles on pure and supported catalysts at 450 °C, with 1 g of

catalyst, 1:6 phenol : methanol molar ratio.

Thus the pure support catalysts silica, alumina as well as HZSM — 5 were quite
active for the methylation reaction. The optimum conversions were about 20 %, 38 %
and 30 % respectively. However all of them formed a mixture of products. In Fig. 6.1
anisole and the higher alkylated products are collectively grouped as others. Similarly
o — cresol and 2,6 — xylenol are together designated as ortho — products. The other
products observed on silica and alumina catalysts were in all six. On the other hand on
HZSM - 5 they were a concoction of 13 products in addition to the two ortho products.
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The catalyst activity of Si02, Al203 and HZSM — 5 increased in the
corresponding composite catalysts R2/ Si02, R2/Al203 and R2/HZSM — 5, where R2
was only 10 %. The activity of Si02 and HZSM — 5 was enhanced by 10 % but gave a
mixture of products. Also, the activity was below 40 %. The HZSM — 5, as well as the
R2/HZSM — 5 composite systems showed high deactivation rates due to coke
formation, in comparison to pure R2 that was highly stable. The activity of alumina on
the other hand, was enhanced from — 40 % to nearly 80 %. Thus alumina sample
showed large synergistic interaction with the rutile Ti02. Also the selectivity to ortho
products increased from — 30 % to 80 %. However, the remainder 20 % still
constituted of some 6 products including para and meta cresols.
. Hence the supported samples did not seem to be effective in improving the
activity while simultaneously maintaining the selectivity towards the ortho products.
Hence further investigations were carried out using MgO as a support, which is by
itself ortho — selective. As can be seen from Fig. 6.1, although the ortho — selectivity
of the R2/MgO system was reasonably high (84 %), the activity was very poor.
Thus only 7 — Al203 was superior amongst the four supports investigated.
However, it did not maintain 100 % selectivity to ortho products.

6.4. Titania samples with promoters
A promoter is a substance, which, though not itself a catalyst, improves the
effectiveness of the catalyst. The role of a promoter varies. Promoters may function
mainly in two ways, either as a chemical promoter or a structural promoter. Chemical
promoters improve the effectiveness of the catalyst often by altering the electron
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distribution at the surface. Structural promoters improve the mechanical properties and
help prevent sintering. The activity of the catalyst is greatly influenced by the surface
structure. Promoters simply enhance this catalytic activity. However, after nearly 100
years of study in the area, the precise way by which they do this is still a subject of
debate [146]. K and Na are known to be catalysts promoters [147,148]. Typically they
have been added to Fe - based catalysts as promoters, for Fischer — Tropsch synthesis.
They are added mainly to improve the structural integrity and catalytic properties of
these systems [149].
In the present investigation Na and K containing TiO2 samples RNa and RK
have been prepared. Sodium oxalate and potassium oxalate were used as the source of
Na and K. Fig. 6.2 shows the activity — selectivity patterns of these catalysts in
relation to R2.
As can be seen from Fig. 6.2, the promoters enhanced the catalytic activity,
increasing the conversion from 40 % of R2 to 58 % for RNa and 62 % for RK.
Although the % conversion increased substantially, there was however a drop in
selectivity. The ortho — selectivity decreased and there was formation of a mixture of
products. Of the two promoter samples, RK showed higher activity and comparatively
higher ortho — selectivity. The surface area of RK was 23 m 2/g while that of RNa was
21 m2/g.

114

% Selectivity/ Convers ion

R2

RNa

RK

RKO

RO

Catalyst
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— — % conversion maximum

Figure 6. 2 Selectivity patterns of the samples prepared with promoters; with 1g of

catalyst, 1: 6 phenol : methanol molar ratio, flow rate of 5 ml/h.

Use of carboxylic acids during the synthesis is known to increase the surface
area of the catalyst [150]. Hence RKO was prepared using potassium oxalate and
oxalic acid during synthesis. The surface area of the sample nearly doubled and
increased to 46 m2/g. However the activity went down from 62 % in RK to 40 % in
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RKO. Interestingly the ortho — selectivity increased from 40 % of RK to 80 % of
RKO.
Since addition of oxalic acid increased the ortho — selectivity considerably, the
catalyst RO was synthesized by taking oxalic acid alone. The catalyst RO (hereafter
designated as A2) showed much higher surface area (73 m 2/g). Most importantly the
catalyst A2 gave — 80 % conversion at near 100 % ortho —selectivity.

6.5. R2 vs A2
6.5.1. Activity and selectivity
Fig. 6.3 shows the XRD patterns of A2 in comparison with R2. A2 was a 100
% anatase sample while RI was a rutile titania with a small amount of anatase (< 4%).

A2

broulsr..b.wook Le.fflowa
20

30

\3/4A6.....0,1

40

50

20

Figure 6. 3 XRD patters of A2 in comparison with R2
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R2

Table 6.2 gives their relative conversion activity and selectivity.

Table 6.2 Activity — selectivity of the rutile catalyst R2 in relation to the anatase

catalyst A2
Catalyst

Chemicals

code

for synthesis

Phase

Scherrer

BET

%

% ortho

crystallite

surface

Convesrion

selectivity

size [um]

area
[

TiC13 , HNO3,

m2/g1

Rutile

9.1

36

40

100

Anatase

8.7

73

79

98

urea

A2

TiC13, HNO3
Urea, oxalic acid

Thus as discussed earlier R2 gave 40 % conversion and 100 % ortho — selectivity. A2
on the other hand, prepared with additional use of oxalic acid was highly active. It was
twice as active as R2, i.e. about 80 % and gave near 100 % ortho — selectivity. The
activity was found to increase with increase in surface area.
Fig. 6.4 shows the comparative performance of the two catalysts in the
temperature range of 350 — 450 °C.
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Figure 6. 4 Activity — Selectivity profiles of R2 and A2, in the temperature range 350
— 450 °C, with 1 g of the catalyst, 1 : 6 phenol : methanol molar ratio and a flow
rate of 5 ml/h.
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It is clear that A2 is more active than R2 under all conditions of temperature.
Further its ortho — selectivity was greater than 95 % at all the temperatures
investigated.
Although the ortho — selectivity in both the samples R2 and A2 was > 98 %.
There was a difference in the individual break up of the ortho — selectivity. While R2
was more selective towards o — cresol, A2 was more selective towards 2,6 — xylenol
(Fig. 6.4).

6.5.2. Type of active centres

It is shown earlier (section 3.3) on the basis of insitu FTIR studies with
adsorbed pyridine that the catalyst R2 is predominantly a Lewis acid catalyst, with a
small percentage of Bronsted acid sites. Fig. 6.5 shows an overlay of the insitu FTIR
spectra of A2 and R2. It is interesting to note that both the spectra are identical, even
though R2 is rutile phase and A2 is anatase. In both the catalysts, the peaks at 1540,
1557 and 1574 cm-I due to Bronsted acid sites are of much smaller intensities while
the peaks due to Lewis acidity at 1445 and 1605 cm -I are the most intense. Further the
intensity of the Lewis site peaks in A2 is significantly less than the rutile catalyst R2.
Since A2 has twice the catalytic activity as that of R2, it appears that the excess acid
sites of R2 are of no consequence during catalytic methylation of phenol.
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Figure 6. 5 insitu FTIR spectra of R2 and A2 after adsorption of pyridine after

evacuation at room temperature for 30 minutes.
The strength of acid sites as well as basic sites is further probed by temperature
programmed desorption. Fig. 6.6 and 6.7 give the TPD spectra for desorption of NH 3
2 respectively on these catalysts. It is seen from Fig. 6.6 that R2 has large andCO
acidity, which is due to weak Lewis acid sites (peak — 220 °C) and moderately strong
Lewis acid sites (peak — 320 °C). At the same time A2 shows only one desorption
peak at — 380 °C mainly due to the presence of strong Lewis acid sites.
120

0

100

200

300

400

500

400

500

Temperature (°C)
Figure 6. 6 TPD NH3 spectra of R2 and A2

Acid ity (l_tmolig )

60 -

40 -

100

200

300

Temperature (°C)
Figure 6.7 TPD CO2 spectra of R2 and A2
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It is clear from the TPD CO2 spectra in Fig. 6.7, that both these catalysts have similar
distribution of basic sites. Both show a predominant peak due to weak basic sites;
centered at — 150 °C for R2 and — 180 °C for A2. It is shown earlier (section 3.3.4) that
these weak basic sites are essential for the high ortho — selectivity of R2. These weak
basic sites assist in orienting the phenol molecule in a position perpendicular to the
catalyst surface by causing electrostatic repulsions of the electron rich aromatic ring of
phenol. On the other hand the Strong Lewis Acid — Strong Lewis Base (SA — SB)
pairs cause dissociative adsorption of phenol on the sites. From the forgoing
discussion it is concluded that there is an effective concentration of SA — SB pairs and
the activity is proportional to them. Either surplus acidity/basicity is irrelevant.

6.6. Effect of oxalic acid on TiO 2 phase formation and Catalytic
Activity
Since addition of oxalic acid in the synthesis procedure (A2) brought about a
complete phase transformation from rutile to anatase. Catalysts were prepared with
varying quantities of oxalic acid so as to make mixed phase samples in order to study
the effect of these mixed phases on active centres and corresponding methylation
activity.
As mentioned in 2.2.7, these catalysts are synthesized using TiCI3: Oxalic acid:
Urea in the molar ratio of 1: X: 2. Where moles of X was varied from 0 to 1 in steps of
0.2. For convenience sake, hereafter these catalysts would be referred to as oxalic
acid series.
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6.6.1. Results and Discussion
The XRD spectra of the samples are already reported in Fig. 2.2. It is shown
that by increasing the amount of oxalic acid, phase transition occurs from rutile to
anatase. A 25-mol % of oxalic acid equivalent to 0.6 moll of oxalic acid in the present
case was sufficient to bring about a complete phase transition. The details of phase
formation are described in 2.2.7.
Table 6. 3 enlists particulars like the % of anatase in the samples; crystallite
sizes and BET surface areas.

Table 6. 3 Structural properties of the titania samples
Catalyst code

Oxalic acid

Phase

Anatase S:herrer

[moles]

Surface

crystallite

area

sizes [nm]

inazigi

R2

0

Rutile

3.5

9.1

36

R00.2

0.2

Mixed

49.2

6.8

69

R004

0.4

Mixed

67.3

8.3

69

R0 0 6

0.6

Anatase

100

11.1

80

R00.8

0.8

Anatase

100

11.1

86

A2

1

Anatase

100

8.7

73

As can be seen the BET surface areas of the samples prepared using oxalic
acid were generally large and increased as the oxalic acid content increased from 0 to
0.8. However it was found to decrease slightly for sample with 1 mol of oxalic acid.
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6.6.2. Trends in activity — selectivity
Fig. 6.8 shows the trends in activity of the series catalysts. For all the samples
the activity was found to increase with increase in temperature. It reached a maximum

% Conversion

at 450 °C, beyond which the activity decreased.

320

360

400

440

480

Temperature [°C]

Figure 6. 8 Activity profiles of the oxalic acid series samples as a function of
temperature

Fig. 6.9 shows an interesting trend in catalytic activity in relation to the oxalic
acid content of the samples. As the oxalic acid concentration increased from 0 to 0.6
the activity dropped and beyond that the activity steeply increased. Thus the sample
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520

R00.6 showed the lowest activity of about 28 %. Another interesting feature was that
all the samples were highly ortho — selective irrespective of the level of % conversion
or activity. They showed > 95 % ortho — selectivity under all experimental conditions
investigated.
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Figure 6. 9 The activity — selectivity profiles of the oxalic acid series catalysts as a

function of oxalic acid content; Reaction conditions: 1 g of the catalyst, 1:6 phenol :
methanol molar ratio, 5m1/11 flow rate and at a temperature of 450 °C
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6.6.3. Trend in activities of the series

Fig. 6.9 shows that the activity drops at 0.6 moles of oxalic acid, following
which the activity increases steadily. Fig. 6.10 and 6.11 show the TPD NH 3 and TPD

Acidity [iimoVg]

CO2 profiles respectively of all the samples in the series.

0

100

300

200

Temperature [°t]

Figure 6. 10 TPD NH3 spectra of the oxalic acid series samples
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Figure 6. 11 TPD CO2 spectra of the oxalic acid series samples

As can be seen from Fig. 6.11 all the samples showed a low temperature peak
(< 200 °C) in the TPD CO2 spectrum corresponding to weak basic sites. There were
slight shifts in the individual peak temperatures as well as differences in the intensities
of the peaks. The total concentration of the weak basic sites (peak < 200 °C) as well
as that of the strong basic sites is presented in Table 6.4.
Further, in the acidity profiles there was no distinct peak at around 380 °C for
the various samples, which was identified in A2 as crucial for methylation activity.
Most of the catalysts unlike A2, showed a continuous spectrum in the high
temperature region. The concentration of these strong acid sites at 380 °C is similarly
shown in the above Table.
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Following assumptions are made to determine the effective acid — base pairs
responsible for catalytic activity.

i)

Catalytic activity depends upon number of available acid — base pairs for
the dissociative adsorption of phenol.

ii)

It is primarily the Strong Lewis Acid — Strong Lewis Base pairs that are
responsible for the dissociative adsorption.

iii)

The weak base sites primarily help in perpendicular orientation of phenol.
They are hence responsible for ortho — selectivity.

iv)

The lower numerical magnitude of either the Strong Lewis Acid site or
Strong Lewis base site, would determine the effective concentration of SA
— SB pairs. It is considered that one phenol molecule gets adsorbed per
such acid — base pair.

v)

Thus, the extra acidity or basicity of the catalyst is irrelevant for the
methylation activity.

Accordingly the effective concentration of acid — base pairs is determined. It is
shown in the last column in Table 6.4.
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Table 6. 4 Effective active centres in the series samples
Catalyst Oxalic Weak basic Strong acid Strong base Effective acid
code

acid

sites

sites

[moles] [gmol/g]

(SA) sites (SB)

Iimiol/g1

Igmol/g1

base pairs
(SA — SB)
Ii.unol/g1

R2

0

100

24

39

24

R00.2

0.2

276

14

144

14

R00.4

0.4

218

15

100

15

R00.6

0.6

7

48

8

7

R00.8

0.8

21.5

12

103

24

A2

1

161

41

41

41

Fig. 6.12 shows the graph of effective site concentration and activity as a
function of oxalic acid content overlayed on the corresponding catalytic activity
profile. The nature of the two profiles indicates a close similarity in the trends, viz. the
effective site concentration and the observed activity profiles. These results thus
confirm that it is the SA — SB type of Lewis acid — base pairs that govern the
methylation activity in these samples.
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Figure 6. 12 Relation between the effective SA — SB Lewis sites and activity of the

series samples

The discrepancy between the observed and calculated curves could be due to
two reasons:
i)

Firstly their units were different. While activity was expressed as a percent
of phenol conversion, the sites were expressed in ilmol/g.

ii)

Also the second and more important factor is that unlike A2, the other
samples did not show a clear peak at 380 °C, in the acidity profile. Also the
TPD CO2 spectra are Gaussian distribution curves.
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Hence the computation of effective sites is approximate under the given conditions.
Nevertheless the conclusions based on the above assumptions are inevitable.

6.6.4. Trends in individual selectivities
As mentioned before (Fig. 6.9) irrespective of the activities, all the catalysts
were highly ortho — selective. The ortho — selectivity was > 95 % for all the samples
under all experimental conditions investigated. However the ortho — selectivity is the
sum of o — cresol and 2,6 — xylenol. There were differences in the individual
selectivities towards them. Fig. 6.13 depicts the break — up of the ortho — selectivity
for the series. While the % conversion and 2,6 — xylenol selectivity followed a similar
trend, the ortho — selectivity showed a complete reverse trend.
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Figure 6. 13 Individual break — up of ortho selectivity in the oxalic acid series

samples

The TiO2 samples synthesized by using oxalic acid were mesoporous in nature.
However they were not uniformly structured mesopores. Fig. 6.14 shows the pore
size distribution of the samples.

132

0.0030

0.0025 -

0.0020 -

rn
°<=(

0.0015

U

0.0010 0
0.0005 -

0.0000 -

0

20

40

60

80

100

120

Pore diameter (A°)

Figure 6. 14 Pore size distribution of the oxalic acid series samples

It is thus clear that, addition of successively increasing amounts of oxalic acid
during the synthesis affected the porosity of the samples, which in turn could control
the product selectivity. Further it is interesting to note that as the oxalic acid content is
increased, the intensity of the peak at 40 A° decreases while the distribution around
the 80 A° peak increases. However, there is no clear peak at 80 A° across all the
samples. Fig. 6.15 is a graph of the ratio of the intensities of the peak at 40 A ° to that
of the peak at 80 A°, in relation to the moles of oxalic acid used during the synthesis
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Figure 6. 15 Relation between the 40A° and the 80 A° pore size distribution and
product selectivity

As can be seen from the figure that as the 40/80 ratio decreases the selectivity
towards o — cresol also decreases. In other words it is the 40 A ° pores, which could be
controlling the o — cresol formation. On the other hand it appears that the pores of
about 80 A° govern the formation of 2, 6 — xylenol. Thus the titania catalysts
synthesized in this work shoW a kind of shape selective catalysis, while forming the
products.
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6.7. Conclusions
The investigations on the titania samples showed that the alkylation activity on
a particular catalyst system is governed primarily by its acid — base properties. The
nature and concentration of the acid and base sites govern the activity of the catalyst
as well as the nature of orientation of the reactants on the catalyst surface.

Increased surface area enhances the effectiveness of the sites on the catalyst
surface.
The selectivity either towards o — cresol or 2,6 — xylenol was governed by the
pore size distribution in the samples. Pores of larger size favoured formation of 2 %6 —
xylenol. Thus shape selectivity catalysis was exhibited by the titania samples,
synthesized in the present investigation.

We thus conclude that
1. By varying the concentration of oxalic acid it is possible to obtain pure and
mixed phases of TiO 2 as desired.
2. Phase transition from rutile to anatase could be achieved with 25 mole percent
of oxalic acid.
3. Activity decreased upon phase transition to anatase with the minimum required
oxalic acid of 25 mole %. The activity increased as anatase phase is
synthesized with excess amount of oxalic acid.
4. Near 100 % selectivity towards ortho products.
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5. Ortho — selectivity was found to be proportional to the effective Strong Lewis
Acid — Strong Lewis Base pairs concentration.
6. Internal variation between the o-cresol and 2,6-xylenol selectivity could be
explained on the basis of catalyst pore size. Thus larger pore size TiO2
enhanced formation of bulkier 2,6 — xylenol in preference to o — cresol.
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Synthesis of a highly active and highly ortho — selective
Anatase TiO2 catalyst for methylation of phenol.
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