


































































































































































































































































































































































































































































Alkylation of Aromatics 

charge on the alkyl side chain, initiating heterolytic cleavage of polar O-C 

bond and shift of alkyl carbocation to nitrogen. Thus the necessary condition 

for the reaction to take place in the desired direction is that aniline should 

adsorb on Lewis sites and methanol on Bronsted acid sites. In the present 

study, more than 70% selectivity of the N-alkylated product is obtained. 

6.10 Conclusions 

The methylation of aniline is carried out efficiently over the prepared 

catalytic systems. The percentage N-methyl selectivity is more than that of C­

alkylated product selectivity in all the systems. The influence of various 

reaction parameters like reaction temperature, flow rate and aniline to 

methanol molar ratio were found to influence the catalytic activity and 

selectivity. An acceptable correlation is obtained between various types of 

acidity obtained from NH3 TPD as well as percentage product selectivities. A 

reaction mechanism involving the combined action of Bronsted and Lewis acid 

sites has been proposed for the alkylation of aniline over titania and modified 

titania systems. 
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6.11 Introduction 

Section C 

Methylation of Anisole 

There is currently a significant world wide interest in the use of solid 

acid and base catalysts to promote various organic reactions, of industrial 

importance, since such systems often give value added products with improved 

selectivity without creating major burdens to the environment. The selective 

synthesis of alkyl phenols especially o-cresol and 2,6-xylenol is receiving 

increasing interest in recent years because of their importance as intermediates 

for the synthesis of a variety of resins, herbicides, pesticides and other 

chemicals62
-64. Xylenol or dimethylphenol is a benzene-derivative with two 

methyl groups and a hydroxyl group. Six isomers exist for xylenol of which 

2,6-xylenol with both methyl group in a ortho position with respect to the 

hydroxyl group is the most important. The name xylenol is a contraction of two 

similar compounds xylene and phenol. Together with cresols and cresylic acid, 

xylenols are an important class of phenolics with great industrial importance. 

Xylenols are used as pesticides and used in the manufacture of antioxidants. 

Xylenol orange is a redox indicator built on a xylenol skeleton. 2,6-xylenol is a 

monomer for Poly(p-phenylene oxide) engineering resins through carbon -

oxygen oxidative coupling. In one study 2,6-xylenol is oxidized with 

iodosobenzene diacetate with a five fold excess of the phenol65
• 

Alkylation of alkoxy benzenes thus becomes a very important reaction 

from the industrial point of view66.The synthesis of 2,6-xylenol by the 

alkylation of phenol with methanol has been attempted over different metal 

oxide catalysts67
•
71

• It is known that anisole can undergo intramolecular 
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rearrangement reaction to o-cresol or intermolecular rearrangement between 

two molecules to give methyl anisole and phenol. Also, dealkylation reactions 

can prevail depending upon the reaction conditions or acid-base properties of 

the catalyst. Apart from the acid-base properties of the catalysts, the product 

selectivity is often influenced by the operating conditions and the nature of 

alkylating agent. Bautista and co-workers found that dealkylation to phenol is 

predominant over AIP04-Ah03 catalysts in the alkylation of anisole with 

methanol 72. Jyothi et al reported the selective synthesis of 2,6-xylenol by the 

reaction of anisole and methanol over solid base catalysts comprising of tin 

oxide and rare earth elements like Lanthanum Cerium and Samarium as 

promoters 73. It has also been reported that the incorporation of weak acid sites 

and comparatively stronger basic sites are responsible for the selective 

methylation of phenol to o-cresol and 2,6_xyleno174075. 

6.12 Process Optimization 

Methylation of anisole was carried out over a fixed bed down flow 

glass reactor under a constant flow of nitrogen. O.5g of the powdered catalyst 

was loaded in the middle of the reactor and placed in a temperature controlled 

furnace with a thermocouple for measuring the reaction temperature. The feed, 

which contains a mixture of anisole and methanol, was passed using a syringe 

pump. The product was cooled in a water cooled condenser, collected in a 

receiver and analyzed using a Gas Chromatograph (Chemito GC 1000) using 

BP! capillary column (l2mx O.32m) with FID detector. The major product 

obtained in this reaction is 2,6-xylenol. Small amounts of phenol, o-cresol as 

well as methyl anisole are obtained during the course of the reaction. No peak 
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corresponding to the fonnation of trimethyl phenol is obtained from the GC 

results. The scheme of anisole methylation reaction is given in figure 6.15. The 

optimization of the reaction variables such as reaction temperature, flow rate 

and molar ratio of anisole and methanol is done to get maximum conversion as 

well as product selectivity. 

Anisole 

(c) 

__ ~_:_)~_:_~ ___ . &CHl 

CH30 

(a) 

Methyl Anisole 

OH 

&: CH, (b) H'C~CH3 
I /' --'--'------------- I 

/'/' CH30H // 
o-Cresol 2,6-xylenol 

Figure 6.15 

Pathways of Anisole Methylation 

(a) Ortho Alkylation, (b) C-Alkylation, (c) Intennolecular Reaction 

6.12.1 Influence of Reaction Temperature 

The anisole conversion and product selectivity as a function of reaction 

temperature is shown in table 6.11. The anisole conversion increased with 

temperature and attained a maximum of 44.6% at 380°C. Thereafter the 
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percentage anisole conversion decreases considerably. This can be attributed to 

the decomposition of methanol at higher temperatures. Maximum 2,6-xylenol 

selectivity was attained at 380°C but at higher temperatures it decreases. The 

percentage selectivity of methyl anisole decreases appreciably as the 

temperature increases. Methyl anisole as soon as it is fonned gets converted to 

other products. Another interesting observation is that the percentage phenol 

selectivity increases with the increase of reaction temperature. The possibility 

of fonning the dealkylated product increases with temperature. 

Table 6.11 

Influence of Reaction Temperature on the Methylation of Anisole 

Reaction Percentage Selectivity (%) 

TemperatureoC Conversion 2,6-xylenol Phenol Cresol Methyl Anisole 

340 19.5 43.6 3.1 22.8 30.6 

360 22.9 39.9 6.2 26.2 27.7 

380 44.6 65.5 7.3 12.6 14.6 

400 22.9 50.9 18.7 45.6 4.8 

420 18.8 47.5 41.3 30.2 1.0 

Catalyst-O.5g bLalO, Flow Rale-5mUli, Amsole: MethanoI-I:5 

6.12.2 Influence of molar ratios of anisole and methanol 

The effect of anisole to methanol molar ratio on the product selectivity 

was investigated at 380 QC taking several anisole to methanol molar ratios over 

TiLalO catalyst to select an optimum feed mix. The major product fonned was 

2,6-xylenol along with small quantities of phenol, methyl anisole and cresol. 

The results are presented in table 6.12. The selectivity to methyl anisole 
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decreases with mcrease m the molar ratio of methanol and anisole. The 

percentage selectivity of the dealkylated product does not vary appreciably 

with the increase of methanol content. An optimum molar ratio of 1:7 

(anisole:methanol) is chosen for the reaCtion as it gives good conversion and 

better selectivity. 

Table 6.12 

Influence of methanol/anisole molar ratio on the Methylation of Anisole 

Methanol/ Percentage Selectivity (%) 

Anisole Conversion 2,6-xylenol Phenol Cresol Methyl Anisole 

3 25.4 54.2 6.5 10.5 28.8 

5 44.6 65.5 7.3 12.6 14.6 

7 32.1 46.7 6.3 30.9 16.1 

9 19.6 45.2 7.1 34.5 13.3 
Catalyst-O.5g 'I .LaW, Flow Rate-5mllh, Reaction Temperature-380"C 

6.12.3 Influence of Flow Rate 

The effect of flow rate on anisole conversIOn as well as product 

selectivity is shown in table 6.13. The flow rate is varied from 3 to 7mIJh, 

keeping all other reaction parameters identical. When the flow rate increases 

from 3 to 5mllh, a gradual increase of anisole conversion from 34.2 to 44.6 % 

is noticed. After that anisole conversion decreases with flow rate. It can be 

seen that the selectivity of methyl anisole increases with increase in flow rate 

with a concomitant decrease in the selectivity of 2,6-xylenol. This suggests that 

methyl anisole is the possible intermediate in the formation of 2,6-xylenol. The 

isomerisation of methyl anisole to 2,6-xylenol further supports this reaction 
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pathway. Hence, conversion of anisole to 2,6-xylenol in the presence of 

methanol must be taking place in two consecutive reactions (a) the fonnation 

of methyl anisole from anisole and (b) isomerisation of methyl anisole to 2,6-

xyleno!. When anisole alone was passed over the catalyst under similar 

conditions phenol and o-cresol were detected as major products but the 

conversion was low. 

Table 6.13 

Influence of flow rate on the Methylation of Anisole 

Flow Rate Percentage Selectivity (%) 

mlth Conversion 2,6-xylenol Phenol Cresol Methyl Anisole 

3 34.2 61.3 12.8 15.7 10.2 

4 39.4 59.1 8.5 19.6 12.8 

5 44.6 65.5 7.3 12.6 14.6 

6 35.1 42.2 8.1 23.9 25.8 

7 30.5 37.2 6.9 19.5 36.4 
Catalyst-O.5g ftLalO, Anisole: Methanol-I :5, ReactIOn Temperature-380"C 

6.12.4 Effect of Time on Stream 

One of the major criteria required for a good catalyst is its stability over 

the course of the reaction. Retention of the catalytic activity and desired 

product selectivity is the most sought after property of a catalyst. Thus, a time 

on stream study becomes highly important in the field of catalysis. A time on 

stream study was performed with different systems under optimized reaction 

conditions (Catalyst-0.5g, Anisole: Methanol-l :5, Reaction Temperature-

380°C, Flow rate-5mVh). Figures 6.16 and 6.17 describe the effect of time on 
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stream on the conversion of anisole with methanol over various catalyst 

systems. The selectivity pattern is almost silimilar over the systems. 

160 

~' 
~ 120 

\:::: 
0 ..... 
~ 80 
Cl) 

~ 
0 40 u 

1 2 345 6 
Time(h) 

7 

1--0-- Ti -V- TiCr6 --l:l-- TiW 61 

Figure 6.16 

8 

Effect of time on stream over Ti, TiCr6 and TiW6 

The deactivation pattern of transition metals incorporated titania 

systems differs considerably from rare earth metals incorporated systems. In 

the earlier case, a continuous loss in the catalytic activity with time is 

observed. But in rare earth metal incorporated systems, an initial deactivation 

was observed over all the catalysts and thereafter attained a stable activity. The 

deactivation of pure titania is fast compared to their modified forms shows that 

modification with other metals improves the stability of titania, besides 

increasing their catalytic activity. The faster deactivation can be explained in 

terms of coke deposition. 
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Effect of time on stream over TiLa6, TiSm6 and TiPr6 

6.13 Comparison of Catalyst Systems 

Anisole methylation is carried out under the optimized reaction 

conditions over the prepared catalyst systems. The effect of transition metals as 

well as the rare earth metals on the catalytic activity and selectivity of the 

systems is given in tables 6.14 and 6.15. Pure titania possess a catalytic activity 

of 10.5 in this reaction with a xylenol selectivity of 47.5%. The selectivity to 

methyl anisole is more in the case of pure titania than others. Both transition 

metals and rare earth metals enhance the catalytic activity of pure titania. In all 

the systems, the major product obtained is 2,6-xylenol. Among the various 

transition metals, chromium incorporated titania systems are found to be most 

active. These systems also show the highest xylenol selectivity. 
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Table 6.14 

Effect of Transition Metals on Anisole Methylation 

Systems Conversion Selectivity 

(%) Phenol Cresols 2,6-xylenol Methyl Anisole 

Ti 10.5 7.4 24.3 47.5 20.7 

TiM02 40.2 9.8 14.2 69.4 6.5 

TiM06 52.4 3.8 12.1 74.2 9.9 

TiMoI0 65.5 2.7 7.1 84.1 6.2 

TiCr2 50.6 2.8 7.5 80.1 9.6 

TiCr6 61.3 1.9 3.3 88.8 5.0 

TiCrlO 67.3 1.0 6.7 84.3 7.9 

TiW2 48.6 5.9 19.9 63.3 11.0 

TiW6 55.0 2.2 4.7 80.3 12.7 

TiWlO 56.0 1.0 18.5 72.5 8.0 
Catalyst-O.5g l!LalO, Amsole: Metfianol-I :5, ReactIon [ emperature-380DC, Flow Rate-5mUh 

Among the rare earth metals, praseodymium incorporated titania 

systems are showing maximum catalytic activity as well as xylenol selectivity 

in anisole methylation reaction. An attempt to investigate the influence of the 

metal loading on the catalytic activity is quite reasonable. As expected, the 

variation in metal loading had a significant impact on the catalytic activity as 

well as product selectivity. A common trend in the percentage anisole 

selectivity is observed among all the modified systems. As the percentage of 

metal incorporation increases, there is a reduction in the rate of dealkylation of 
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anisole to phenol. In all the metal incorporated systems, the percentage anisole 

conversion increases with the metal content. 

Table 6.15 

Effect of Rare Earth Metals on anisole methylation 

Systems Conversion Selectivity 

(%) Phenol Cresols 2,6-xylenol Methyl Anisole 

Ti 10.5 7.4 24.3 47.5 20.7 

TiLa2 40.9 10.8 4.8 76.6 7.8 

TiLa6 44.0 8.6 17.8 60.1 13.5 

TiLalO 44.6 7.3 12.6 65.5 14.6 

TiPr2 40.9 5.7 2.9 79.3 12.1 

TiPr6 48.8 4.7 10.0 82.2 3.0 

TiPrlO 51.5 3.8 6.7 85.1 4.5 

TiSm2 42.5 10.0 21.0 57.9 11.1 

TiSm6 61.3 6.49 17.47 56.1 19.9 

TiSmlO 61.9 4.7 17.4 54.3 23.6 

CataIyst-O.5g I ILalO, Amsole : Methanol-I :5, ReactIon I emperature-380oC, Flow Rate-5mUh 

The acid base properties of the catalysts affect the final selectivity of 

heterogeneous catalysts 76. Figures 6.18 and 6.19 gives the correlation between 

the percentage anisole conversion and the percentage cyclohexanol 

decomposition reaction. Similarly a good correlation is obtained between the 

2,6-xylenol selectivity and strong acidity assessed by ammonia TPD and the 

results are compiled in figures 6.20 and 6.21. 
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Correlation between % Anisole Conversion and % Cyc1ohexanol Conversion 
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Correlation between strong acidity from NH3 TPD and %2,6 Xylenol 
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Cyclohexanol decomposition reaction is a typical test reaction for 

investigating the acid-base properties of the catalytic sites on the metal 

oxides77
-
79

. Studies utilizing different alcohols showed that acid sites on the 

catalyst cause dehydration of the alcohol molecule and the basic sites cause 

dehydrogenation8o
• So the percentage of cyc1ohexanol decomposition gives an 

idea about both the acidic and basic sites. In the present study, the percentage 

anisole conversion is well correlated with the percentage cyc1ohexanol 

decomposition reaction. So it can be concluded that the methylation of anisole 

occurs on the acidic as well as basic sites of the prepared catalysts. It is also 

clear that the strong acid sites present in the catalyst are responsible for the 

formation of 2,6-xylenol. 

6.14 Conclusions 

The formation of alkylated phenols is a major area of chemistry and 

clean processes are required. The conversion of anisole to 2,6-xylenol is an 

important target, and the prepared titania and modified titania catalyst systems 

may provide the answer. The acid-base properties of the prepared catalysts are 

responsible for the methylation of anisole. The high selectivity to 2,6-xylenol 

can be attributed to the presence of strong acidic sites present in the catalyst. 

The product selectivity is also influenced by reaction temperature, flow rate as 

well as the molar ratio of anisole and methanol. 
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Chapter 7 

Catalytic Dehydrogenation 

Abstract 

The dehydrogenation of cyclic alkanes and alkenes to aromatic 

molecules is one of the key reactions during naphtha reforming. The 

hydrogenation of olefins is also an important reaction in the chemical 

technology. The area is rapidly developing due to a great deal of research 

effort. Developments in dehydrogenation should bring more selective and 

active catalysts and oxidative dehydrogenation to increase thermodynamically 

limited conversion. The vapour phase dehydrogenation of cyclohexane as well 

as cyclohexene is carried out over the prepared systems. The influence of 

reaction temperature and flow rate is investigated in detail. The percentage 

conversion as well as the selectivity to the dehydrogenated product has an 

intimate dependence with the reaction time. The surface acidity of the 

prepared systems can be correlated with the percentage cyclohexane 

conversion. 
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7.1 Introduction 

Growing interest IS observed towards the hydro-dehydrogenation 

catalysts due to the legal limits of aromatic emission in exhaust gasesl-2• 

Hydrogenation and dehydrogenation of organic compounds is the oldest and 

most diverse catalytic process3
• Six membered alicyclic rings can be 

aromatized in a number of ways. Aromatization can be easily accomplished if 

there are already one or two double bonds in the ring or if the ring is fused to 

an aromatic ring4. Direct non oxidative catalytic decomposition of 

hydrocarbons is an alternative one step process to produce hydrogen of the 

required purity. The dehydrogenation of cyclohexane as well as cyclohexene is 

carried out over different catalyst systems and benzene i.s reported to be the 

major product in both the casesS
•

11
• 

Benzene cannot be considered to be a useful product because 

cyclohexane is mostly produced by hydrogenation of benzene itselC 2
• 

However, cyclohexane is also available in large amounts in naphthas, so it can 

be recovered from them although with quite demanding procedures. In 

particular, a significant concentration of cyclohexane occurs in the side 

fraction of the so-called benzene heartcut tower, a refmery distillation tower, 

where a benzene-rich fraction (50% of benzene) is separated from a heavy 

gasoline bottom and a light gasoline head fraction, both fulfilling the 1% 

maximum limit for benzene in commercial gasoline 13 • This side fraction can be 

considered a relatively low-value by-product of the refinery and is used to 

provide benzene for petrochemical processes. Due to the important role of 

benzene as an intennediate in petrochemistry, processes for conversion of low­

value hydrocarbons into benzene, such as aromatization of light alkanesl4, are 
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under development. In this context, the conversion of cyclohexane, either 

recovered from the benzene heartcut tower side fraction, or still in mixture 

with benzene, can be a way to enhance the production of benzene and to fulfill 

the need for benzene in some cases. 

The dehydrogenation of cyclohexane to benzene on Pt catalysts as a 

prototypical hydrocarbon reforming reaction was first recognized by Zelinskii 

in 1911 15 and introduced commercially in 1949. The typical hydrocarbon 

reforming catalysts consists of I nm Pt particles supported on alumina. 

Cyc10hexane dehydrogenation has been studied extensively on Pt single 

crystals using surface science techniques 16.32. Grant et al studied the 

dehydrogenation of cyclohexane on Pt/ZnO (0001)-0 model catalysts with 

temperature programmed desorption (TPD), low-energy ion scattering 

spectroscopy, and X-ray photoelectron spectroscopY3. 

Don A. Perry and John C. Hemminger described the effect of 

coadsorbed hydrogen on the initial step in the dehydrogenation of cyclohexane 

on Pt (Ill )34. The experiments show that the initial step in the 

dehydrogenation of cyclohexane is dramatically altered by the presence of 

saturation amounts of surface hydrogen or deuterium. The hydrocarbon-surface 

interaction is substantially weakened, yet the activation energy for initial 

dehydrogenation is lowered by approximately 20%. While other possible 

explanations may exist, their results are consistent with a o--bond metathesis 

mechanism for the initial step in the dehydrogenation of cyclohexane on a 

hydrogenated Pt surface. 

Tiscareno-Luchega et al. studied the dehydrogenation of cyclohexane 

to benzene in a porous alumina oxide reactor packed with platinum! silica 
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oxide supported catalyst and potassium promoted iron oxide catalysts, 

respectivelY5. Terry et al. investigated in detail the catalytic dehydrogenation 

of cyclohexane using silica oxide coated ceramic membranes36
• The effect on 

reaction yield, membrane permeability, and membrane selectivity of altering 

pore size by addition of successive thin film layers (silica oxide particles in an 

iron (III) supported solution) to the membrane surfaces was the primary focus 

of the study. The dehdrogenation of cyclohexane is also carried out over 

platinum-tin-alumina sol-gel catalysts. It is shown that the metal active 

exposed area, determined by the cyc10hexane dehydrogenation rate is not a 

function of the platinum precursor used, but rather a function of the specific 

surface area of the support37
• Pal Teenyi and Victor Galsan studied the 

correlation between cyclohexane and thiophene conversion on alumina 

supported Ni and NiMo catalysts. The electron transfer between Ni and Mo is 

significant in both the reactions38
,1. 

The hydrogenation and dehydrogenation reactions of cyc10hexene on 

Pt( 111) crystal surfaces were investigated by surface vibrational spectroscopy 

via sum frequency generation (SFG) both under vacuum and high pressure 

conditions with 10 Torr cyclohexene and various hydrogen pressures39
• 

Previous surface science studies of cyclohexene chemisorption on Pt(III) in 

vaccum found that the molecule dehydrogenates readily to benzene around 

300K40
-49. The dehydrogenation of cyclohexene over carbon deposited on 

alumina, C/Ah03, which was prepared by contacting hydrocarbons such as 

cyclohexane, cyclohexene and cyclohexanone was investigated under non­

oxidative conditions50
• The selectivity to the dehydrogenated products such as 

benzene and I ,3-cyc1ohexadiene was maximized at specific carbon content. 
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7.2 Process Optimization 

The vapour phase dehydrogenation of cyclohexane and cyclohexene 

were carried out in a fixed bed down flow glass reactor under the flow of 

nitrogen with O.S g of catalyst being placed. Prior to the reaction, the catalyst 

sample was activated at SOO°C for 2h. Then it is placed in the middle part of 

the reactor, supported on either side with a thin layer of glass wool and ceramic 

beds. The reactor was placed in an electrical furnace, and the reaction 

temperature was monitored using a thermocouple located in the reactor center. 

The product stream at the reactor exit was collected in an ice cooled trap and 

then analyzed by Gas Chromatography (Chemito GC 1000) using BPl 

capillary column (12mx O.32m) with FID detector. The catalytic performance 

was evaluated by the conversion and the selectivities obtained during the 

process time. 

The reaction conditions like reaction temperature and flow rate is 

optimized to get good results for all the prepared catalyst systems. The 

,influence of catalyst is very clear when a blank run is carried out. In the 

absence of the catalyst, the percentage conversion is less than one. In the 

catalytic dehydrogenation of cyclohexane, benzene and minor amounts of 

cyclohexene is obtained. A very small percentage of other products like methyl 

cyclopentenes are also formed besides the selective formation of benzene. In 

the present chapter, the optimization of reaction conditions are done for the 

dehydrogenation of cyclohexane only and under that optimized conditions, the 

dehydrogenation of cyclohexane as well as cyclohexene is carried out over the 

prepared catalyst systems. 
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7.2.1 Effect of Temperature 

Preliminarily, the effect of reaction temperature on the catalytic 

conversion of cyclohexane as well as its selectivity was examined. The results 

are given in table 7.1. With the increase of reaction temperature, there is a 

gradual increase in the cyclohexane conversion from 6.0% to 35.3%. Benzene 

selectivity also increases with temperature. When the reaction temperature is 

475°C, maximum benzene selectivity as well as least formation of other 

products like methyl cyclopentanes is observed. Further increase of 

temperature may change the structure of the catalyst and so a reaction 

temperature of 475°C was chosen for all the reactions. It was also assumed that 

the deactivating compound gets readily desorbed at elevated t~mperatures. 

Table 7.1 

Influence of Reaction Temperature on the dehydrogenation of cyclohexane 

Reaction Cyclohexane Selectivity (%) 

Temperature (OC) Conversion (%) Benzene Cyclohexene Others 

400 6.0 75.6 15.0 9.4 

425 10.2 84.3 5.9 9.8 

450 18.6 91.9 3.0 5.1 

475 35.3 95.6 3.0 1.4 
Catalyst chosen- O.5g hMoIO, DuratIon-lh, Flow Rate-3mIlh 

7.2.2 Effect of flow rate 

Table 7.2 shows the influence of flow rate on the catalytic activity and 

product selectivity. The flow rate alters the contact time and at high flow rate, 

the encounter of the reactants and the products with the catalyst surface will be 
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less compared to that at lower feed rates. Progressive increase in the 

cyclohexane conversion is noticed with increase in flow rate upto 3mllh and 

thereafter it decreases. As the flow rate increases, benzene selectivity increases 

initially, reaches a maximum and thereafter it decreases. The fonnation of 

other products is less at higher feed rates because the reactants are in contact 

for less time and hence side reaction is suppressed. An optimum flow rate of 

3mllh is chosen for all the reactions considering its highest percentage 

conversion as well as benzene selectivity. 

Table 7.2 

Influence of Flow rate on the dehydrogenation of cyc10hexane 

Flow Rate Cyclohexane Selectivity (%) 

(mllh) Conversion (%) Benzene Cyclohexene Others 

1 12.1 75.9 8.6 15.6 

2 25.3 89.2 4.9 5.9 

3 35.3 95.6 3.0 1.4 

4 21.4 90.2 9.5 0.3 

5 20.6 85.5 14.4 0.1 
Catalyst chosen- 0.5 g IIMo 10, DuratIOn-I h, ReactIOn r emperature-4756 C 

7.2.3 Effect of time on Stream 

The lowering of activity with time on stream is a common problem 

associated with heterogeneous catalysts. To study this, the reaction was carried 

out continuously for 5h over the prepared catalysts under optimized reaction 

conditions and the product analysis was done at regular intervals of 30 

minutes. The results obtained are shown in figures 7.1 and 7.2. 
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Figure 7.1 

Deactivation studies of titania as well as transition metal incorporated titania in 

the dehydrogenation of cyc10hexane 
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Figure 7.2 

Deactivation studies of rare earth metal incorporated titania in the 

dehydrogenation of cyclohexane 

Cochin University of Science and Technology 239 



Catalytic dehydrogenation 

The catalytic dehydrogenation of cyc10hexene is also carried out 

effectively over the prepared systems. The deactivation studies of some of the 

systems were done under the optimized reaction conditions. The reaction 

mixture was collected at every 30 minutes and the results are depicted in figure 

7.3. 
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Figure 7.3 

Deactivation studies of tit ani a as well as metal incorporated titania in the 

dehydrogenation of cyclohexene. 

The catalyst systems show small drops in the catalytic activity for 2h, 

but in the subsequent hour there is a sudden loss in catalytic activity. After that 

the deactivation rate is gradual in the dehydrogenation of cyc1ohexene. This 

indicates that when the reaction progresses, the number of active sites for 

dehydrogenation decreases upon coke deposition. Similar trends in benzene 

selectivity are also observed among the prepared catalytic systems. Similarly 

as the reaction time increases, there is chance for the formation of light 

hydrocarbons by decomposition. 
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7.3 Comparison of Catalyst Systems 

After optimization studies, catalytic activity of all the prepared systems 

were evaluated using 0.5g of the catalyst and a reaction temperature of 475°C 

at a flow rate of 3 mllh. The results for cyclohexane dehydrogenation over 

transition metal incorporated as well as rare earth metal incorporated systems 

are presented in tables 7.3 and 7.4 respectively. 

Table 7.3 

Influence of Transition metals on the dehydrogenation of cyclohexane 

Systems % Cyclohexane Selectivity (%) 

Conversion Benzene Cyclohexene Others 

Ti 11.0 91.4 7.6 1.0 

TiMo2 22.7 95.4 4.1 0.6 

TiM06 40.4 93.3 5.7 1.0 

TiMolO 55.3 95.6 3.0 1.4 

TiCr2 29.6 95.3 3.0 1.7 

TiCr6 35.3 92.1 6.7 1.2 

TiCrlO 68.0 96.2 2.1 1.7 

TiW2 22.2 80.5 18.4 1.1 

TiW6 25.5 77.4 19.0 3.6 

TiWlO 30.3 71.0 25.6 3.4 
Catalyst wetght-O.5g, DUratIon-) h, Flow rate-3ml/fi, [ emperature-4756C 

Pure titania gave only a very low conversion under the specified 

reaction conditions. An interesting observation is the enhanced benzene 

selectivity of the reaction. Titania alone is efficient enough to give a good 

selectivity of benzene during the reaction. Among the various metal 
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incorporated systems, a notable observation was the increase in percentage 

conversion with the increase in the metal content. Among the different 

transition metals, molybdenum incorporated systems are having highest 

catalytic activity in dehydrogenating cyclohexane with a better selectivity of 

benzene. This can be attributed to the enhanced amount of acidic sites present 

in the catalyst systems. Among the rare earth metals, praseodymia incorporated 

systems are having highest catalytic activity. The catalyst aids the 

transformation of cyc10hexane to cyc10hexene more easily and the formation 

of benzene from cyclohexene is a slow process in this case. But the selectivity 

to benzene is more in the case of lanthana modified systems. 

Table 7.4 

Influence of Rare Earth metals on the dehydrogenation of cyclohexane 

Systems % Cyc10hexane Selectivity (%) 

Conversion Benzene Cyc10hexene Others 

Ti 11.0 9104 7.6 1.0 

TiLa2 17.3 88.5 lOA 1.1 

TiLa6 24.8 90.1 7.5 2.5 

TiLalO 26.5 93.1 4.9 2.0 

TiPr2 30.8 78.2 17.9 3.8 

TiPr6 40.6 75.3 22.8 2.0 

TiPrlO 46.0 73.9 24.1 2.0 

TiSm2 19.0 82.8 14.1 3.1 

TiSm6 22.1 75.3 18.8 5.9 

TiSmlO 24.6 72.3 23.5 4.1 
Catalyst welglit-O.5g, DuratIon-I h, Flow rate-3mIlh, I emperature-475OC 
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The dehydrogenation of cyclohexene is carried out over the prepared 

systems and the results are given in tables 7.5 and 7.6. The major product 

obtained in this reaction is benzene. The following three reactions are 

considered to be alternatives; release of hydrogen molecule, hydrogenation of 

cyc10hexene to cyc10hexane and formations of smaller hydrocarbons by 

hydrogenolysis of cyclohexene. When the second reaction is dominant, the 

overall reaction is described as disproportionation. In the present study, the 

dehydrogenation occurs predominantly over disproportionation. Comparatively 

lower temperature used in the present study leads to a very low formation of 

cracking products. 

Table 7.5 

Influence of Transition metals on the dehydrogenation of cyclohexene 

Systems Conversion (%) Selectivity (%) 

Benzene Cyclohexane Others 

Ti 12.7 70.3 21.8 7.9 

TiM02 29.9 86.6 13.1 0.3 

TiM06 43.5 81.9 14.2 2.5 

TiMolO 62.4 83.7 13.8 2.5 

TiCr2 44.4 89.1 7.9 3.1 

TiCr6 48.7 85.6 9.8 4.7 

TiCrlO 55.S 88.6 11.3 0.1 

TiW2 38.8 75.6 19.9 5.6 

TiW6 42.4 85.8 lOA 3.8 

TiWIO 43.9 80.7 18.1 1.1 
Catalyst weIght-O.5g, Ouratton-Ih, Flow rate-3mVh, Temperature-4756c 
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Pure titania is having a cyclohexene conversion of 12.73% with a 

benzene selectivity of 70.34%. Both transition metals and rare earth metals 

enhance the dehydrogenation of cyclohexene with good benzene selectivity. 

Table 7.6 

Influence of Rare Earth metals on the dehydrogenation of cyclohexene 

Systems Cyc10hexene Selectivity (%) 

Conversion (%) Benzene Cyc10hexane Others 

Ti 12.7 70.3 21.8 7.9 

TiLa2 34.0 81.6 9.4 9.1 

TiLa6 38.6 80.7 15.8 3.5 

TiLal0 37.6 79.8 10.3 9.9 

TiPr2 48.7 78.1 13.7 8.2 

TiPr6 55.2 82.5 14.6 3.0 

TiPrl0 60.3 81.0 9.9 9.2 

TiSm2 40.6 78.6 11.8 9.6 

TiSm6 39.2 81.2 10.5 8.3 

TiSmlO 40.5 83.6 12.4 4.1 
Catalyst welght-O.5g, Duratton-Ih, Flow rate-3mVh, Temperature-475"C 

From the literature, there is evidence that surface acid sites play an 

important role in the dehydrogenation reaction. A good correlation is obtained 

between the total acidity obtained from ammonia TPD and the percentage 

cyclohexane as well as cyc10hexene conversion among the various catalyst 

systems. Figures 7.4 to 7.7 illustrate that the total acidity plays a decisive role 

in the dehydrogenation of cyc10hexane and cyc1ohexene. 
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7.4 Conclusions 

Modified titania catalysts are found to exhibit high activity and 

selectivity in the dehydrogenation of cyclohexane and cyclohexene. The 

reaction always yielded benzene as the predominat product. The catalytic 

activity is significantly affected by the reaction parameters like temperature of 

the reaction, flow rate and reaction time. The total surface acidity of the 

prepared catalyst systems plays an important role in determining the catalytic 

activity. 
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Chapter 8 

PHOTOCATALYSIS 

Introduction and Literature Survey 

Abstract 

For the passed few years, research activities in the domain of 

photocatalysis have acquired a strong momentum. Today photocatalysis is 

regarded as a key technology, and consequently gives rise to research 

programmes and application developments in the world over. This established 

research methodology provides the framework for a broader outline of research 

into enhancement of indoor air quality via photocatalytic oxidation. As an 

"environmentally harmonious catalyst ", titania photocatalysts have been some of 

the most actively investigated catalysts for applications in systems that can 

effectively address environmental pollution. The potential for the effective 

utilization and conversion of solar energy makes research into the modifications 

of the electronic properties of TiO} photo catalysts which are able to absorb and 

operate efficiently even under visible light irradiation. One of its main advantages 

is to make it possible to obtain complete mineralization of pollutants while not 

degrading the environment. 
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8.1 General Introduction 

Heterogeneous photocatalysis has been intensively examined from both 

fundamental and practical perspectives especially in environmental 

remediation scenarios in recent years 1-3. In 1972, Fujishima and Honda 

discovered the photocatalytic splitting of water on Ti02 electrodes4 and this 

event marked the beginning of a new era in heterogeneous photocatalysis. 

Since then, research efforts in understanding the photocatalytic efficiency of 

TiOl have come from extensive research performed by chemists, physicists, 

and chemical engineers. Such studies are often related to energy renewal and 

energy storage5
-
9

. In recent years application to envirorunental clean up have 

been one of the most active areas in heterogeneous ph9tocatalysis. This is 

inspired by the potential application of Ti02 based photocatalysts for the 

destruction of organic compounds in polluted air and in wastewaters 10-11, In 

addition, the discovery of Q-particles have turned the whole field in a new 

direction such that one can now think of reduction of COl to various products 

like HCHO, HCOOH, CH3COOH and CH4• 

Photocatalysis is a direct quantum conversion process and has been 

investigated for utilizing solar energy to produce value added chemicals 12. 

Photochemical processes in heterogeneous systems have gained wide 

popUlarity in recent years because of their wide applications in xerography, 

photography, chemical synthesis, conversion and storage of solar light 

energy. Of particular interest are the photochemical processes on inorganic 

oxide surfaces. The surface as well as the intrinsic properties of the support 

material play an important role in influencing the course of a photochemical 

reaction 13. The support materials, which can control the photochemical 
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behavour of an adsorbed substrate, can be broadly classified into two 

categories; 

~ Nonreactive surfaces, such as silica or alumina which provide an 

ordered two dimensional environment for effecting and controlling the 

photochemical processes more efficiently than can be attained in 

homogeneous solutions. 

~ Reactive surfaces, such as titania or metal chaIcogenides, which 

directly participate in photochemical reactions by absorbing the 

incident photon and transferring the change to an adsorbed molecule or 

by quenching the excited state of the adsorbed molecule. 

In a heterogeneous photocatalysis system, photoinduced molecular 

transformations or reactions take place at the surface of a catalyst I4
• 

Photocatalysis on a semiconductor powder is essentially a redox reaction. 

During a photocatalytic reaction, the irradiated surface of the semiconductor 

will act as a sink for the electrons (or holes) depending upon the direction of 

band bending. The other charge carrier will move under the influence of the 

electric field into the bulk of the semiconductor or to the surface that receives 

the lowest intensity of incident radiation. Thus, the separation of the charge 

carriers namely the electrons and the holes determines the efficiency of the 

photocatalytic reaction. Sometimes effective charge separation can be 

achieved by metallisation, doping or by coupling two semiconductors. The 

photoreactivity of the doped semiconductors appears to be a complex 

function of the dopant concentration, the energy level of the dopants, their 

oxidation states and the type of defects created in the host lattice. 
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A thorough and meticulous understanding of the photocatalytic 

processes will be necessary for the development and design of highly reactive 

photocatalysts, especially since such systems are to be applied to dilute 

concentrations of toxic reactants in the atmosphere and water on a huge 

global scaleI5
• The preparation of well defined photocatalysts is necessary in 

order to identify and clarify the chemical features of the photo fonned 

electrons and holes, to detect the reaction intennediate species and their 

dynamics, and to elucidate the reaction mechanisms at the molecular level, 

which in turn would necessitate a detailed and comprehensive investigation 

of the photogenerated active sites and the local structures I6
-
31

• Photocatalytic 

engineering is under development, now using deposited titania in a fixed bed. 

Some (solar) photocatalytic pilot reactors and prototypes are described. The 

use of solar energy as a source of activating UV irradiation is described as a 

sub discipline called "helio-photocatalysis" 

8.2 Background on Photocatalysis 

Photocatalysis and related phenomena are now well known and well 

recognized. Biogenic photocatalytic phenomena, such as those occurring in 

natural photosynthesis, have been known since prehistoric times and this 

without any knowledge of the intrinsic chemical mechanisms of plant growth. 

Abiogenic photocatalytic phenomena were recognized since the initial studies 

on photochemical phenomena. The tenn "photocatalysis" was introduced as 

early as the 1930s, if not sooner. Since then, this term has been used often in 

the scientific literature. The early workers saw no need to address the 

nomenclature until the field had matured enough. Nonetheless, the tenn was 
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taken to represent that field of chemistry that focused on catalytic reactions 

taking place under the action of light. Consequently, the totality of the 

phenomena related to both photochemistry and catalysis was considered to 

belong to the field of photocatalysis. Such phenomena seemed rather exotic 

and of interest only to a narrow group of specialists. Recent interest and studies 

in environmental photochemistry, in natural photosynthesis and in chemical 

methods for solar energy transformations has contributed greatly to our 

knowledge and understanding of the various phenomena related to both 

photochemistry and catalysis. Many of these phenomena differ qualitatively by 

their nature and, generally speaking, are often found in different fields of 

chemistry. For example, it is possible to distinguish such phenomena as 

catalyzed photochemical reactions, photo activation of catalysts, and 

photoactivated catalytic processes, among several others. 

Water splitting, photofixation of nitrogen, photoreduction of carbon 

dioxide and many other reactions do not occur on illumination with light alone. 

These reactions often require the use of Photocatalysts - a tenn that implies 

photon assisted generation of catalytically active species. The role of photons 

is to generate catalysts or electron-hole pairs in the case of semiconductor 

materials that yield fuels or chemicals in subsequent dark reactions. 

Organic chemicals, which may be found as pollutants in wastewater 

effluents from industrial or domestic sources, must be removed or destroyed 

before discharge to the environment. Such pollutants may also be found in 

ground and surface waters, which also require treatment to achieve acceptable 

drinking water quality I . The increased public concern with these 

environmental pollutants has prompted the need to develop novel treatment 
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methods32 with photocatalysis gaining a lot of attention in the field of pollutant 

degradation. 

Much of the natural purification of aqueous system lagoons, ponds, 

streams, rivers and lakes is caused by sunlight initiating the break down of 

organic molecules into simpler molecules and ultimately to carbon dioxide and 

other mineral products. There are various natural sensitizers that accelerate the 

process. The utilization of colloidal semiconductors and the introduction of 

catalysis to promote specific redox processes on semiconductor surfaces were 

developed in 197633
• Since then, laboratory studies have confirmed that 

naturally occurring semiconductors could enhance this solar driven purification 

process34
• 

The photocatalytic detoxification of wastewater IS a process that 

combines heterogeneous catalysis with solar technologies. Semiconductor 

photocatalysis, with a primary focus on Ti02 has been applied to a variety of 

problems of environmental interest in addition to water and air purification. 

The application of illuminated semiconductors for degrading undesirable 

organics dissolved in air or water is well documented and has been successful 

for a wide variety of compounds35
• Organic compounds such as alcohols, 

carboxylic acids, amines, herbicides and aldehydes have been 

photocatalytically destroyed in laboratories and field studies. The 

photocatalytic process can mineralize the hazardous organic chemicals to 

carbon dioxide, water and simple mineral acids36
• 

An important advantage of the photocatalytic process is that when 

compared to other advanced oxidation technologies, especially those using 

oxidants such as hydrogen peroxide and ozone, expensive oxidizing chemicals 
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are not required as ambient oxygen is the oxidane6
• Photocatalysts are also self 

regenerated and can be reused or recycled. The solar photocatalytic process 

can be applied to destroy nuisance ordour compounds and naturally occurring 

organic matter, which contains the precursors to trihalo methanes formed 

during the chlorine disinfection step in drinking water treatmene7
• 

During the photocatalytic process, the illumination of a semiconductor 

photocatalyst with ultraviolet radiation activates the catalyst, establishing a 

redox environment in the aqueous solution38
• Semiconductors act as sensitizers 

for light induced redox processes due to their electronic structure characterized 

by a filled valence band and an empty conduction band. The energy difference 

between the valence and conduction bands is called the band gap. The 

semiconductor photocatalyst absorbs impinging photons with energies equal to 

or higher than its band gap or threshold energy. Each photon of the required 

energy that hits an electron in the occupied valence band of the semiconductor 

atom can elevate that electron to the unoccupied conduction band leading to 

, the excited state conduction band electron and positive valence band holes. 

8.3 Definition of Photocatalysis 

Some attempts were made III the past to determine the term 

"photocatalysis". Indeed, one of the IUPAC Commissions defined 

photocatalysis as "a catalytic reaction involving light absorption by a catalyst 

or a substrate,,394o. In a later revised glossary40 a complementary definition of 

a photo-assisted catalysis was also proposed: "catalytic reaction involving 

production of a catalyst by absorption of light". Germane to the present 

discussion, an earlier Compendium of Chemical Terminology41 described the 
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notion of catalysis and a catalyst as follows: "Catalysis is the action of a 

catalyst"; and a "Catalyst is a substance that increases the rate of reaction 

without modifying the overall standard Gibbs energy change in the reaction". 

Both of these descriptions are less than satisfactory as they lack some, if not 

many, of the details of the catalytic process. Addition of the extra reactant, 

namely light, inserts an extra dimension to an otherwise complex issue. An 

overview of some approaches in describing photocatalytic phenomena was 

given in a paper42. It is gennane in this context to revisit this overview to attain 

a better appreciation and understanding of the complexity (ies) of 

photocatalysis, particularly heterogeneous photocatalysis. 

Unlike the earlier tenninology41, it is relevant to recall that catalysis 

refers simply to a process in which a substance (the catalyst) accelerates, 

through intimate interaction(s) with the reactant(s) and concomitantly 

providing a lower energy pathway, an otherwise thermodynamically favored 

but kinetically slow reaction with the catalyst fully regenerated quantitatively 

at the conclusion of the catalytic cycle. When photons are also involved, the 

expression photocatalysis can be used to describe, without the implication of 

any specific mechanism, as the acceleration of a photoreaction by the presence 

of a catalyst. The catalyst may accelerate the photoreaction by interacting with 

the substrate(s) either in its ground state or in its excited state or with the 

primary product (of the catalyst), depending on the mechanism of the 

photoreaction 43. The latter description is silent as to whether photons also 

interact with the catalyst. Such a description also embraces photosensitization44 

and yet such a process, defined officially45 as a process whereby a 

photochemical change occurs in one molecular entity as a result of initial 
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photon absorption by another molecular species, known as the photosensitizer, 

is not necessarily catalytic without assessing a turnover quantity and/or the 

quantum yield. The issue rests entirely on the role of the photons. Chanon and 

Chanon46 suggested that the non-descriptive term photocatalysis be taken 

simply as a general label to indicate that light and a substance (the catalyst or 

initiator) are necessary entities to influence a reaction47
• Such a broad 

description indicates the required reagents without undue constraints as to the 

(often unknown) mechanistic details of the chemical process. 

Substrate + light + Catalyst - Products + Catalyst 

Products Subslrate 

(a) (bl 

Figure 8.1 (a) Simple scheme of photogenerated catalysis 

Figure 8.1(b) depicts an example of catalyzed photolysis. 

In the early 1980s, Salomon48 proposed that the broad description of 

photocatalysis be subdivided into two main classes: (i) photogenerated 

catalysis, which is catalytic in photons, and (ii) catalyzed photolysis, which is 

non-catalytic in photons .In photogenerated catalysis, ground states of the 
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catalyst and of the substrate are involved in the thennodynamically 

spontaneous (exoergic) catalytic step. By contrast, in catalyzed photolysis 

either the nominal catalyst T (Figure 8.1) or the substrate or both are in an 

excited state during the catalytic step. 

8.4 Photocatalysis on Titania 

Titanium dioxide, that stolid industrial mainstay has an alter ego. The 

continuing interest in such oxides originates from the fact that Ti02 is an 

excellent catalyst for oxidizing a large variety of organic substances 49.50. The 

capacity of titania to completely oxidize many toxic substances to fonn non­

toxic compounds distinguishes it as being the most pn?mising material for the 

photo detoxification of contaminated water. Ti02• it appears has seemingly 

limitless potential under even indoor room light to break down organics in not 

only trivially annoying things like bad breath, but more dangerous 

contaminants, such as cigarette smoke. 

In the eyes of chemical engineers, Ti02 is an ideal substance for mass use. 

The semiconductive properties of titania are strongly dependent on its 

crystalline structure, non stoichiometry and doping procedure. Stoichiometric 

titania is a dielectric material; however it exhibits semiconductor properties 

when its stoichiometry is altered. Therefore large Ti02 crystallites are not 

useful for photocatalysts 51.1n spite of this vigorous activity and the search for 

the "ideal" photocatalyst for more than two decades, titania has remained as a 

benchmark against which any emerging material candidate will be measured. 

Attributes of an ideal photocatalyst52 in a heterogeneous photocatalysis system 

for solar applications are. 
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• Stability and sustained photocatalytic activity. 

• Good overlap of absorption cross-section with solar spectrum. 

• High conversion efficiency and quantum yield. 

• Compatibility with a variety of substrates and reaction environments. 

• Low cost. 

• Non-toxic. 

A key characteristic of titanium dioxide is its high surface area, which 

allows the rate of reaction to increase, as the efficiency of a photocatalyst is 

proportional to its surface area. Despite the positive attributes of Ti02 as an 

ideal photocatalyst, there are some drawbacks associated with its use; (i) 

charge carrier recombination occurs within nanoseconds, and (ii) the band edge 

absorption's threshold of Ti02 is < 400nm53
• To circumvent these two 

limitations, a number of strategies have been proposed to improve the light 

absorption features and lengthen the carrier lifetime characteristics of Ti02. 

Titania's propensity for oxidation when exposed to light has been known for 

sometime. To show full catalytic potential, Ti02 requires both oxygen and 

water, both of which are abundant in air. Photons impinging on titania dislodge 

electrons, creating holes and free electrons. The holes and free electrons 

oxidize water and oxygen respectively to form hydroxyl as superoxide radicals, 

both ruthless bond cleavers. Two different crystal structures of titania, rutile 

and anatase, are commonly used in photocatalysis with anatase showing a 

higher photocatalytic activity4. The structures of rutile and anatase can be 

described in terms of chains of Ti06 octahedra. The two crystal structures 

differ by the distortion of each octahedron and by the assembly pattern of the 

octahedra chains. These differences in the lattice structures cause different 
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mass densities and electronic band structures between the two crystalline 

forms. Irradiation of Ti02 using low energy UV radiation (A. > 400nm) 

promotes an electron from the valence band (yS) to the conduction band (CB), 

making it available for the transfer, while the positive equivalent, the hole (hJ 

in the valence band is ready to accept an electron from the substrate (Figure 

8.2) ss. 

• 
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Figure 8.2 Energy band diagram of spherical titania particles. 
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A titania photocatalyst has outstanding hydrophilicity and durability, 

making it exceptionally well suited as a material for applying a hydrophilic 

treatment to outside mirrors. Irradiating titania with light having a 

wavelength of less than 380 run produces photocatalytic reactions on the 

surface of titania, causing adsorbed organic matter to oxidize and decompose. 

The strong hydrophilicity shown by the titania film under irradiation by 

ultraviolet light is thought to stem from the exposure of a pristine surface 

following the decomposition of hydrophobic surface compounds. 
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8.5 Enhanancement of Photoactivity of titania 

Metal modified titania systems have been extensively studied even in the 

early days of photoelectrochemistry/photocatalysis56
-
57

, although the reported 

results have been conflicting. Three main consequences of metal modification 

ofTi02 can be distinguished; (a) induction of visible light photoresponse in the 

host material, (b) suppression (or in some cases enhancement) of carrier 

(electron-hole) recombination as a result of new states introduced in the band 

gap of Ti02 by these dopants (c) generation of catalytic sites on the Ti02 

surface that serve to store electrons for subsequent transfer to acceptor species 

in the solution. Transition metal doping can expand the responsiveness of 

suspended metal oxide particles to the visible58
-
66

• On such doped materials, 

enhanced photocatalytic activity for the reduction of C02 and N2 67-68 has been 

reported. Enhancement in the rate of photoreduction upon metal ion loading of 

the semiconductor can produce a photocatalyst with an improved trapping to 

recombination rate ratio. This effect seems to be sensitive to the dopant level. 

Therefore, significantly decreased activity has also been described as reSUlting 

from doping and the effects of transition metal ion dopants are understandably 

somewhat difficult to generalize for all systems. Some transition metal 

dopants69
-
7o

, such as Fe3+ and y4+ inhibit e-/h+ pair recombination, while others 

such as Cr3+ are detrimental to the photocatalytic efficiency of the 

semiconductor. 

A new outside mirror with enhanced rearward visibility on a rainy day has 

been developed using a Ti02-Si02 coating on the glass base. Prepared by the 

sol-gel process, the coating spreads out rain droplets on the mirror surface into 

a thin film of water by a photocatalytic hydrophilic effect in the Ti02-Si02 • 
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This mirror maintains its good hydrophilicity for a long time, and when 

hydrophobic contaminations collect on the glass surface, the suns radiation 

induces a photocatalytic effect that serv~s to decompose the contaminations71
• 

Furthennore, the new mirror has sufficiently high durability for use in the 

severe automotive environment. 

Figure 8.3 Hydrophilic outside mirror (right) 

Photocatalytic enhancement can also be induced by derivatizing the Ti02 

surface with organic substances72
• Photocatalytic reactions on semiconducting 

Ti02 photocatalysts were shown to be remarkably enhanced by the addition of 

small amoints of noble metal such as Pt. Such an enhancement in the 

photocatalytic reactivity has been explained in terms of photoelectrochemical 

mechanism in which the electrons generated by the UV irradiation of the Ti02 

semiconductor quickly transfer to the Pt particles loaded on the Ti02 surface. 

These Pt particles work to effectively enhance the charge separation of the 

electrons and holes, resulting in marked improvement in photocatalytic 

performance. Recent time resolved spectroscopic investigations clearly 
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indicate the important role of Pt particles in the dynamics of such photofonned 

charge carriers73-76• Ways of improving the photocatalytic activity oftitania77 is 

shown schematically in figure 4. 

Figure 8.4 

Ways of improving Ti02 photocatalytic activity. 

8.6 Quantum size effects 

Semiconductor particles, which exhibit size dependent optical and 

electronic properties, are tenned as quantized particles (Q particles) or 

semiconductor clusters 78. Quantum size effects occur for such particles on the 

order of 10-1 OOA 0 in size. The anomalies arise when the size of the 

semiconductor particles become comparable to the de Broglie wavelength of 

the charge carriers in the semiconductor79
-
8o

• The phenomenon of quantum size 

effect is due to electronic modification of the photocatalysts as well as the 

close existence of the photo fonned electron and hole pairs and their efficient 

contribution to the reaction, resulting in a perfonnance much enhanced over 
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that of semiconducting titania powders. The range of size for particles 

experiencing this effect is therefore dependent on the effective mass for the Q­

particle semiconductor. These findings have provided us with new insights into 

photocatalysts such as highly dispersed titanium dioxide. 

Konnann et al estimated the excitation radii for titania particles to be 

between 7.5 and 19 AO. The exciton radii were computed by using various 

literature values and calculated by the equation put forward by Brus81
• 

Graztel82 estimated an excitation radius of -3Ao. Quantization effect is also 

reported with 20-40A ° titania particles. This effect is observed during the 

particle growth and at the final stage of synthesis of these transparent colloids. 

The electron and the hole produced in Q-partcles are confined in a potential 

well of small geometrical dimensions. The electron and the hole do not 

experience the electronic delocalization present in the bulk semiconductor 

possessing a conduction band and the valence band. Instead the confinement 

produces a quantization of discrete electronic states and increases the effective 

band gap of the semiconductor. Such effects can change the color of the 

material (due to the altered optical absorption maxima) and the photocatalytic 

properties. The increase in effective band gap and consequently the blue shift 

in the absorption threshold can become quite dramatic for bulk semiconductors 

with very small band gaps. While photocatalyst particles have not reached Q­

particle sizes yet, it can be expected that this may happen in the future as new 

materials are produced. 

When considering semiconductors other than titania, many reports have 

observed quantum size effects with many different particles. For example, CdS 

and PbS a few nanometers in size have been found to exhibit quantum 
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mechanical effects. Quantization effects have also been demonstrated with 

nanoclusters of hexagonal MOS2 and several of its isomorphous Mo and W 

cha1cogenides83
• 

8.7 Literature Survey 

Systems 

1 Ti02 

2 Ti02 

3 Ti02 

4 Ti02 

5 Ti02 

Reactions investigated Remarks 

Degradation of the Degradation leads to the 

herbicide cinosulfuron84
. fonnation of CO2, NO)­

and S042. as final products 

and in addition cyanuric 

acid. 

Oxidation of methyl Powdered Ti02 showed 

orange aqueous solution85 higher photoactivity when 

irradiated under visible 

light. 

Degradation of acid blue Dye decolourisation could 

be explained by the one 

dimensional diffusion 

model with a first order 

reaction. 

Degradation of sulfonyl Synthesis of titania by the 

urea herbicide, molten salt method also is 

prosulfuron87
. an effective photocatalyst. 

Dichlorvos degradation to A new approach to the 
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7 Ti02 

9 Ti02 

dimethyl phosphate, which study of phosphorus 

further reacted to fonn containing products 

monomethyl phosphate, resulting from 

which was hydrolysed to organophosphurus 

phosphate. The reaction pesticide degradation. 

can be traced using 31 P 

NMR88. 

Degradation of a textile The degradation follows 

dye, methylene blue m the first order kinetics. 

presence and absence of 

common inorganic salts89• 

Destruction of 17 VOCs, The results strengthen the 

which include alkanes, potential use of 

chlorinated alkanes, heterogeneous 

alkenes, ketones, alcohols, photocatalysis in the 

ethers, aromatic abatement of different 

compounds, acetals and classes ofVOC's. 

nitrogenated compounds90 . 

Degradation of methylene Degradation rate depends 

blue91 . 

Oxygenation 

naphthalene92 

on both the specific surface 

area and the crystallinity of 

nanostructured titania film. 

of The reaction involves 

transfer of a hydroxy group 

to naphthalene and 
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reduction of oxygen to 

super oxide followed by 

coupling of the two 

species. 

Oxidation of naphthalene93 Ti02 consisting of anatase 

and rutile crystalline 

phases efficiently catalyses 

the oxidation whereas pure 

anatase or rutile is 

ineffective. 

Destruction 

microcystins94• 

of The pH dependence of 

microcystin destruction can 

be associated with changes 

to surface charge of the 

photocatalyst as well as 

altered hydrophobicity and 

net charge on the toxin. 

Degradation of 3-nitro The reaction follows a first 

acetophenone95 . order kinetics. 

Degradation of anionic The reaction occurs in the 

dyes like Alizarin S, azo adsorbed phase at the 

methyl red, congo red, surface of titania and not in 

Orange G and cationic the solution. The 

dyes like methylene blue96. degradation rate is 

influenced by the chemical 
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structure of different dyes 

as well as that of pH and of 

the presence of inorganic 

salts. 

Oxidation of toluene at Temperature programmed 

room temperature97
• hydrogenation was 

effective at hydrogenating 

the strongly bound 

intennediates fonned 

during toluene oxidation. 

Oxidation of toluene in the CO2 is' the main oxidation 

gas phase98
• product and benzaldehyde 

is the stable intennediate in 

the photooxidation of 

toluene. FTIR spectra of 

the catalyst reveals the fact 

that benzaldehyde 

originates from toluene 

adsorbed on isolated 

hydroxyls. 

Photocatalyzed The selectivity of the 

epoxidation of I-decene by production of 1,2-

H20 2 under visible light99
• epoxydecane was higher 

under visible light than 

under uv light. 
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Oxidation oftoluene'uu. Competetive adsorption of 

water and toluene on 

Titania samples confinn 

that titania has a highly 

elctrophilic surface. 

Photosensitized oxidation The single electron transfer 

of benzyl derivatives ill process from the substrate 

aqueous media lO1 • to the photogenerated hole 

occurs. 

Photocatalytic The redox reactions at the 

interconversion of nitrogen nitrogen containing 

containing benzene substituent have an 

derivatives 102. important role than the 

hydroxylation of aromatic 

ring, which was the 

predominant degradation 

pathway for most of the 

other aromatic compounds. 

Photodegradation of 1,4- The volatile precursors 

dichloro benzene 103 • result in the formation of 

titanium oxide samples, 

which exhibit a high 

photocatalytic activity. 

Oxidation of Ethylene with The large surface area of 

the photocatalysts is one of 
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Photocatalytic 

the most important factors 

in achieving a high 

efficiency of the reaction. 

Two parallel pathways 

decomposition of acetic leading to the formation of 

acid105 different products. 

Photocatalytic Photoactivity affected by 

degradability of substituted both electronic character 

phenols l06 and . by the position of 

substituents in the aromatic 

nng. -

24 Ti02 (Degussa Oxidation m aqueous Higher photocatalytic 

P-25 and phase of imazapyr, a efficiency of Millennium 

Millennium schematic herbicide PC-500, together with its 

PC-500) 

25 Mesoporous 

Ti0 2 

characterized by its composition of anatse 

persistence and mobility in nanocrystallites was 

Photodecomposition 

cationic dye X-GL 

aqueous solution lO8• 

expected to overcome the 

adsorption and interfacial 

processes limitations with 

Degussa P-25. 

of High photocatalytic 

III activity could be due to its 

larger BET surface area 

and mixed crystal 

containing 21.5% brookite 
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Nl\tM~ 
26 ~ substituted Undergo 

and 78.5% anatase. 

hydrophilic Hydrophilicity was 

conversion under visible enhanced by increasing the 

light irradiationl09
• degree of nitrogen 

substitution at oxygen sites 

leading to an increase in 

the absorbed photon 

numbers. 

27 N2 doped Ti02 Photocatalytic degradation High reactivity under 

of three azodyes (Acid visible light allowing more 

orange 7, Procion red MX- efficient usage of solar 

5B and Reactive Black energy. 

5)110 

Destruction 

monochrotophos 

pesticide 111. 

of Higher activity is due to 

the capability of support to 

delocalise the conduction 

band electrons of excited 

titania. 

29 Nd3+ modified Degradation of active Higher photocatalytic 

Ti02 hydrosol brilliant red Dye X-3BII2. activity was ascribed due 

titania 

to the electron trapping 

effect of modified Nd3+ ion 

on Ti02 sol particles. 

doped Effect of dopant on the Distortion along the c-axis 

anatase-rutile phase of anatase titania is due to 
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31 Ta on Ti02 

transitionllJ the combination of 

interstitial as well as 

substitutional 

accommodation of the 

dopant ions. 

To study the influence of Electrical conductivity 

oxygen upon the electrical decreased significantly by 

properties of titania films introducing oxygen. 

doped with Ta114• 

32 Ln203 doped Degradation of Salicylic Complete mineralisation 
.-

Ti02 acid and t-Cinnamic has been achieved in the 

acid 115 case of lanthanide oxide 

doped Ti02 in total 

Decomposition 

acetaldehyde in air116 

contrast to the formation of 

intermediates m case of 

nonmodified Ti02• 

of The nanoscale combination 

of crystalline titania and 

mesoporous silica particles 

was successfully applied as 

a photocatalytic adsorbent 

for the rapid removal from 

air and complete 

decomposition of organic 

molecules. 
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34 TiOz-SiOz 

aerogels 

35 TiOz - W03 

36 TiOzICrz03 

37 TiOz, PtlTiOz, 

W03ITiOz 

PHOTOCATALYSIS Introduction and Literature Survey 

Removal of benzene in The samples possess 

airl17. excellent benzene 

adsorption capacities and 

the adsorbate could be 

decomposed to COz by 

photocatal ytic degradation. 

Study the energy storage Reductive energy 

of the composite generated at a TiOz 

photocatalysis system in photocatalyst under DV 

Photoelectrol ytic 

decomposition of waterl19. 

Vapour phase degradation 

of butyl acetate 120. 

light can be stored in W03 

by coupling them together, 

and the stored energy can 

be used after dark. 

Promising candidate for 

photoanodes. 

Photocatalytic degradation 

is improved because of the 

prevention of initial 

deactivation and of 

photogenerated 

recombination. 

charge 

38 TiOzlZnFez04 Degradation ofPhenol1z1 

nanocomposite 

Inhibit anatase - rutile 

transformation. Also the 

nanocomposite IS a 

promising solar energy 
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39 Sn02/ Ti02 

solar cell 

40 Ti02 

impregnated 

with 

functionalised 

Cu(II)­

porphyrin or 

Cu(II)­

pthalocyanin 

41 FeIII-doped 

Ti02 

42 Surfactant! 

Study of 

photoelecrochemical 

material for applications in 

photocatalysis as well as in 

photoelectrochemical 

converSIOn. 

the The coupled film can be 

utilized to fabricate a low 

behaviours of eOSIn Y - cost solar cell. 

sensitized nanostructured 

coupled Sn02/ Ti02 solar 

cell 122. 

Degradation of 

Nitrophenol l23 

4- The presence of sensitizers 

IS beneficial for the 

photoactivity and suggest 

an important role of Cu 

(11). 

Photocatalyzed oxidation The formation of 

of methanol In aqueous formaldehyde is tentatively 

solution 124. attributed to the conditions 

of particle growth more 

favourable In this novel 

preparation· method. 

Photodegradation of a The degradation proceeds 
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cationic dye, malachite at the semiconductor 

green J25. particle ssurface rather 

than in the bulk solution, 

'OH active species are 

generated and participates 

in the photodecomposition 

reaction. 

43 Ti02 modified Photocatalytic The additives have a 

with Ca, Sr or decomposition of oxalic profound influence on the 

Ba Ion acid126 photocatalytic activity. 

additives. 

44 Ti02 -PVP 

46 Ti02 

Degradation of methylene Higher efficiency In the 

red 127 transportation of photo 

induced electrons and 

holes in the photocatalyst 

and therefore a higher 

photoactivity. 

Decomposition of 2,4- The photoactivity in the 

Dinitroanilinei28 
• decomposition of 2,4-

Dinitroaniline depends on 

the Eg and on the 

crystalline phases. 

Destruction of Catechol129
• Full catechol 

mineralisation IS a 

multi step reaction with 
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1,2,4-benzene triol and 

glycol as the intermediates. 

47 CuOffi02 Photocatalytic reduction of The increase of NO 

NO 130. reaction rate increases with 
. . 

CuO loading mcreasmg 

upto an optimum value and 

then decreases. 

8.8 Photocatalysis; Views and Prospects 

Many studies have been carried out with the aim of developing models 

of practical interest or attaining more refmed understanding of the functioning 

of the photocatalyst. The development and application aspects of various 

semiconductor particulate models in heterogeneous photocatalysis constituted 

primarily the common aim of achieving efficient charge separation. The entry 

of nanosize semiconductor catalysts in heterogeneous photocatalysis has been 

addressed. The expanding area of the field of photocatalysis especially for 

applications in organic chemistry, light images, metallic patterns and pollution 

treatments, however makes us to believe the prospect of wide applicability of 

photocatalysis. The areas of applications of photocatalysis to water purification 

and treatment of water, area selective reactions polymer degradations and 

selective organic synthesis will probably gain priority as they appear to possess 

the potential to alter environmental and electronic scenarios. 
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Chapter 9 

Pltotooxidation of Bendtydrol 
Abstract 

Photocatalysts are likely to provide a versatile means of producing 

several organic compounds. The present chapter provides a detailed study on 

the oxidation of benzhydrol, a secondary alcohol on irradiated surfaces of 

titania. The titanium dioxide photocatalyzed oxidation of benzhydrol in oxygen 

purged acetonitrile gives benzophenone as the sole product. The influence of 

various reaction parameters like irradiation time, amount of catalyst, 

concentration of the reactant and the nature of the solvent has been 

investigated. The proposed mechanism envisages the oxidation of benzhydrol 

by a hole to give the radical cation of benzhydrol and its subsequent reaction 

with a superoxide radical anion produced by the transfer of a conduction band 

electron to oxygen. The nature of the incorporated metal as well as its amount 

upon the rate of photocatalytic oxidatioin of benzhydrol is also discussed. 
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Chapter 9 

9.1 Introduction 

Heterogeneously dispersed semiconductor surfaces provide both a fixed 

environment to influence the chemical reactivity of a wide range of adsorbates 

and a means to initiate light induced redox reactivity in these weakly 

associated molecules. Semiconductor photocatalysis, particularly with Ti02 as 

the catalyst has been employed In photoelectrochemical cells/ 

photoelectrochemical production of hydrogen, photocatalytic degradation of 

pollutants and organic functional group transformations1
-
1l

• Upon photo 

excitation of several semiconductors nonhomogeneously suspended in either 

aqueous or non aqueous solutions or in gaseous mixtures, simultaneous 

oxidation and reduction reactions occur. This conversion often accomplishes 

either a specific, selective oxidation or a complete oxidative degradation of an 

organic substrate present. Molecular oxygen is often assumed to serve as the 

oxidizing agent although details about the mode of its environment have not 

been unambiguously demonstrated in a few gas/solid reactions l2
. 

Photo oxidation is, by far, the most numerous classes of the known 

photocatalytic reactions of organic substrates. It is typical that high (in some 

cases nearly quantitative) chemical yields of oxidation products are formed, 

although sometimes with quantum yields of only a few percent or lessI3. 

Irradiation in the presence of a semiconductor powder, most commonly of the 

inexpensive titanium dioxide is an appealing method for the oxidation of 

organic molecules I4
-
19

. Such heterogeneous photocatalysis has been carried out 

both in organic solvents20
-
24 and in aqueous solution 14· 17. In the former case, 

the reaction is initiated by electron transfer at the interface leading to the 

radical cation of the substrate and the superoxide anion, while in the latter one, 
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the actual species are assumed to be hydroxy radicals fonned by the oxidation 

of the solvent25
-
26

• The charge recombination in the semiconductor is extremely 

fast27
, and thus electron transfer from the solute is thought not to compete in 

aqueous solution. Of appreciable interest would be a means for selecting one 

oxidation pathway over another through heterogeneous photocatalysis, a goal 

that demands considerable mechanistic insight. 

Although there are several photocatalytic studies with Ti02 directed 

mainly towards the mineralisation of pollutants, there are only a few 

photocatalytic studies on organic transfonnatiollS. Virtually, every functional 

group bearing either a nonbonded lone pair of any 1t conjugation can be 

activated toward Ti02 photocatalyzed oxidative reactivity, either by 

dehydrogenation, oxygenation or oxidative cleavage. The gaseous 

dehydrogenation of ethanol to acetaldehyde occurs effectively over irradiated 

titania powde?8. 

Ti02-

CH3CH20H -+ CH3CHO 
O2 

Ti02 - indicates the excited state fonned by band gap excitation of the 

suspended photocatalysts. 

Irradiation of ~-chlorodiethyl sulfide suspended in aerated aqueous, 

non aqueous or mixed solvents in the presence of suspended Ti02 leads to the 

formation of the corresponding sulphoxide in high yield and subsequently the 

sulphone29
• 

Ti0 2-

CICH2CH2SCH2CH3 -+ CICH2CH2SOCH2CH3 
02 

CH3CN 
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Nearly quantitative conversion of the C=C double bond of 1,1-diphenyl 

ethylene to benzophenone and fOlIDaldehyde in the irradiation of TiOz 

suspended in oxygenated acetonitrile3o
• 

TiOz• 
C6HsCH2C6HS -+ C6HsCOC6Hs 

O2 

CH3CN 

Even with the organic compounds with the simplest functionality (the 

alkanes) oxidation products often result when a gaseous stream of substrate 

passes over an irradiated solid semiconductor film. Federica Soana et al 

studied the photocatalyzed oxygenation of naphthalene in wate~l. They 

obtained (E, Z)-2-formylcinnamaldehydes and 1,4-naphthoquinones besides 

traces of naphthols. It is now well established that the photocatalytic oxidation 

of several organic molecules by optically excited semiconductor oxides is 

thermodynamically allowed in the presence of oxygen at room temperature. 

The oxidation of secondary alcohols on irradiated Ti02 in general yields the 

corresponding ketones. 

Metal oxides can sometimes also act as high temperature thelIDal 

oxidation catalysts, but better oxidative selectivity is often observed in the 

room temperature photocatalytic oxidations33. For example, although the 

oxidation of cyclohexane by oxygen over native or chemically modified titania 

is thennodynamically permissible, its rate at room temperature is impossibly 

slow without photoassistance, and at higher temperatures little oxidative 

selectivity is observed. In contrast, TiOz photocatalysis produces 83% 

cyclohexanone, 5% cycIohexanol and 12% col2
• 
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Vijaikumar et al reported the oxidation of benzhydrol under solar 

radiation33
• Though titania is a cheap material, for its effective use, it is 

economically desirable to get good results with solar radiation as the source of 

light. The weak DV light available in the solar radiation is used in organic 

redox reactions in the presence of photocatalysts. Therefore, an oxygen purged 

solution of benzhydrol in the presence of suspended Ti02 was exposed to direct 

solar radiation on a sunny day. Benzophenone was fonned on exposure to 

sunlight and the amount increased with exposure time. Fujishima2 et al have 

succeeded in developing transparent titania coatings on various substrates such 

as glass and ceramic tiles. These coatings could photodegrade in the presence 

of solar radiation various noxious, malodorous chemicals, smoke residues and 

cooking oil residues. 

9.2 Process Optimization 

The photooxidation of benzhydrol was carried out in a Heber 

photoreactor (Multilamp type, model HML-MP88) containing concentrically 

arranged eight numbers of 8W mercury lamps of 365nm wavelength. The only 

product obtained in this reaction is benzophenone. In a typical experiment, 

benzhydrol (lOml of ImM) in acetonitrile was taken in a 20ml glass tube and 

O.OIg of Ti02 was added to it. The reaction mixture was stirred vigorously to 

get a unifonn suspension of the catalyst. After being purged with oxygen for 

15 min, it was irradiated in an annular photo reactor. The reaction mixture was 

centrifuged to remove Ti02 and analyzed by using a gas chromatograph using 

BP-l capillary column (12m X O.32mm). Products were confinned by 

comparison with authentic samples. The results of an extensive study of the 
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photocatalytic oxidation of benzhydrol in acetonitrile by Ti02 in the presence 

of oxygen are discussed below. 

9.2.1 Influence Of Catalyst Weight 

The photocatalytic activity strongly depends on the amount of the 

catalyst. To study this influence, the weight of the catalyst is varied from 

0.0025 to 0.0125g using Ti catalyst for the same volume of a fixed 

concentration of the solution and irradiating for 80 minutes .. The variation in 

the product distribution with the amount oftitania is plotted in figure 9.1. 

I-i 
0 ...... 
~ 
~ 
0 
<) 

';f. 

120 

80 

40 

O+---..----r------,.---,----, 

0.0025 0.005 0.0075 0.01 0.0125 

catalyst weight(gm) 

Figure 9.1 

Dependence of product formation on the amount of Ti02 

1 rnmol benzhydrol. Time of study - 8Ominutes, Lamp rntensity-48W 

All other parameters were kept similar. There is a drastic rise in the 

percentage conversion as the catalyst weight is increased. A saturation point is 
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obtained when the weight of the titania catalyst is 0.01 g, above which further 

rise in catalyst weight doesn't have a significant influence on the activity. 

Therefore, in all the studies, the optimum concentration of Ti02 for the 

photocatalytic oxidation has been fixed as O.Olg. Whatever be the amount of 

the catalyst, benzophenone is obtained as the sole product. 

9.2.2 Influence Of Light Intensity 

The light intensity plays a significant role in any photocatalytic 

reaction. With an increase in light intensity, the number of photons striking the 

semiconductor per unit area of the Ti02 catalyst powder increases. This has 

resulted in an increased amount of the product when the intensity of the lamps 

increases from 16W to 48W for the irradiation of Immol benzhydrol in 

acetonitrile. The percentage conversion remains more or less similar when the 

light intensity is varied from 48W to 64W. The results are given in table 9.1. 

Table 9.1 

Influence Of Light Intensity on the Photooxidation of Benzhydrol 

Light Intensity (W) % Conversion 

16 21.6 

32 57.1 

48 96.5 

64 96.9 

Ti02 catalyst-O.Olg, I mmol benzhydrol, Time of study - 80minutes 
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9.2.3 Influence of Concentration of Benzhydrol 

The effects of concentration of benzhydrol on the photocatalytic 

oxidation was studied be taking solutions of different initial concentrations of 

benzhydrol, and keeping all other factors identical. The amounts of 

benzophenone fonned at different concentrations of the substrate are given in 

table 9.2. The amount of benzophenone varies linearly with the initial 

concentration ofbenzhydrol. 

Table 9.2 

Influence Of Concentration of Benzhydrol on the Photooxidation 

Concentration 0.4 0.6 0.8 1.0 1.2 lA 

of 

Benzhydrol 

Percentage 47.2 57.1 79.9 96.5 98.3 98.5 

Conversion 
IIVL cataJyst-u.u j , Lamp mtensl g ty -4ISW, lIme or stua1 y 'lSUmmutes 

9.2.4 Influence of Solvent 

The photocatalytic reaction is also solvent dependant just like any 

catalyzed reaction. The mechanism and hence the product distribution varies 

with the nature of the solvent. Under different conditions in the Ti02 photo 

assisted oxidation of benzhydrol dissolved in acetonitrile, benzophenone was 

found to be the sole product. When the photooxidation of benzhydrol was 

investigated in methanol and ethanol, benzophenone was not formed and the 

solvents have been oxidized. Acetonitrile is used as a solvent in all cases, 

considering the fact that acetonitrile is stable under photocatalytic conditions. 
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9.2.5 Influence of Irradiation time 

When an oxygen-purged solution of benzhydrol in acetonitrile was 

irradiated with light for several minutes in the absence of the photocatalyst, 

benzophenone was not formed. In another set of experiments, a solution of 

benzhydrol was saturated with oxygen and mixed with Ti02• This solution was 

kept in the dark; product analysis at various time intervals indicated the 

absence of formation of benzophenone. However, when an oxygenated 

solution of benzhydrol in the presence of semiconductor photocatalyst, Ti02, 

was irradiated with light, oxidation of the reactant resulted in the formation of 

benzophenone. The amount of benzophenone increased with increase in time 

of irradiation, which is illustrated in Fig. 9.2. We have also observed that, 

when the photocatalytic oxidation of benzhydrol was conducted in the 

presence of purged nitrogen (i.e. in the absence of oxygen), the substrate was 

not oxidized. 

This observation, along with the results shown in Fig. 9.2, clearly 

reveal that Ti02, oxygen and light are essential for the sustained photocatalytic 

oxidation of benzhydrol to benzophenone. The presence of oxygen is also 

beneficial, as it prevents carrier recombination by trapping the photogenerated 

electrons and forming a superoxide anion radical. Irradiation carried out for 

more than 100 min has not improved the yield of benzophenone and almost a 

saturation level is reached. The reaction is carried out in the presence of solar 

radiation on a sunny day_ The GC results show the presence of the one and 

only product, benzophenone, but the percentage conversion didn't increase 

beyond 19.5% even after 4h. 
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100 

Dependence of Product fonnation on irradiation time 

Ti02 catalyst-O.Olg, Lamp Intensity-48W, I mmol benzhydrol 

(a) Benzhydrol in acetonitrile (ImM) solution with titania in the 

absence of light 

(b) Photolysis ofbenzhydrol in acetonitrile (lmM) with light in the 

absence of titania catalyst 

(c) Irradiation of a solution ofbenzhydrol in acetonitrile (lmM) 

with titania catalyst and oxygen 

The photooxidation reaction is carried out over TiLa6, TiCr6 and TiPr6 

systems and their product distribution with time is given in figure 9.3. All the 

systems are found to be stable with a good percentage conversion and 
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selectivity over the course of the reaction. The photostability of rare earth 

metal incorporated titania systems are more than that of transition metal 

incorporated systems. 
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Figure 9.3 

Dependence of Product fonnation on irradiation time 
Ti02 catalyst-O.Olg, Lamp Intensity-48W, 1 mmol benzhydrol 

9.3 Comparison of Catalyst Systems 

140 

The results obtained for the photooxidation of benzhydrol over the 

prepared catalytic systems under the optimized reaction conditions is given in 

in table 9.3. Pure tit ani a shows comparatively higher catalytic activity in the 
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photooxidation reaction. All the transition metals are having a deteriorating 

influence on the photocatalytic activity oftitania. 

Catalyst 

Ti 

TiM02 

TiM06 

TiMolO 

TiCr2 

TiCr6 

TiCrlO 

TiW2 

TiW6 

TiWlO 

Table 9.3 

Comparison of Catalyst Systems 

% Conversion Catalyst %Conversion 

96.5 TiLa2 65.6 

77.2 TiLa6 77.0 

66.5 TiLalO 93.6 

57.3 TiPr2 90.2 

90.3 TiPr6 92.6 

86.6 TiPrlO 94.6 

76.7 TiSm2 68.3 

52.3 TiSm6 75.6 

49.8 TiSmlO 89.3 

46.1 
Catalyst-O.Olg, Lamp Intenslty-48W, I mmoI benzhydroI, 

Solvent- Acetonitrile 

Another interesting observation is that as the percentage of the 

incorporated transition metals increases, the photocatalytic activity decreases. 

2% transition metal loaded systems exhibiting highest conversion while 10% 

loaded systems exhibiting least conversion. But the trend is reverse in the case 

of rare earth metal incorporated systems. Here 10% rare earth metal 

incorporated titania systems are having highest activity. Except in the case of 

praseodymia incorporated titania systems, all the other systems are having 

comparatively lower capacity of oxidizing benzhydrol under identical reaction 
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conditions. Zhang et at reported that improved crystallinity has a beneficial 

effect on the increase of photocatalytic degradation of phenol by titania 

powders34
• They also reported that the mixtures of anatase and rutile are found 

to be more active than anatase crystallites or rutile crystallites at the same 

calcinations temperatures. The same explanation can be highlighted in the case 

of praseodymia incorporated systems. The XRD spectra of these systems are 

an indicative of its reduced crystallinity. Also a small amount of the rutile 

phase is present along with the anatase phase. 

9.4 Mechanism of the Reaction 

It is recognized that the heterogeneous photooxidation of organic 

compounds sensitized by Ti02 powder in acetonitrile, an inert solvent under 

oxidative conditions, involves a single electron transfer from the adsorbed 

substrate to the photogenerated hole in the valence band (VB), while the 

electron in the conduction band (CB) is captured by a suitable acceptor. In all 

cases the intermediate cations are responsible for the primary oxidation 

products35
• In the proposed mechanism, the oxidation of benzhydrol by the 

hole to give the corresponding radical cation and the subsequent oxidation of 

this radical by superoxide anion radical are suggested. The formation of radical 

cation and superoxide anion radical on irradiated Ti02 is depicted in Fig. 9.4. 

The occurrence of this reaction only in the presence of a solvent like 

acetonitrile in presence of purged oxygen, supports the proposed mechanism 

shown in scheme 1. It has also been reported the result of photooxidation of 

benzhydrol carried out in the presence of a sensitizer 9,1O-dicyanoanthracene 

(DCA) in acetonitrile33
• This supports the oxidation of a radical cation of 
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benzhydrol by a superoxide radical anIOn. An oxygen purged solution of 

benzhydrol and DCA in acetonitrile yielded benzophenone. It is well known 

that, on excitation of DCA, the resulting singlet DCA accepts an electron from 

the electron donor to give the radical anion of DCA and the radical cation of 

the donor. The DCA radical anion can transfer an electron to oxygen to give 

the superoxide anion. The superoxide can oxidize the cation radical36
• In this 

case, the cation radical of benzhydrol would have been formed in the DCA 

sensitized reaction and that would have been oxidized to the ketone by the 

superoxide anion radical. 

Figure 9.4 

Schematic diagram for the formation of radical cation and superoxide anion 

In an independent experiment, irradiation of a mixture of 1 mM 

benzhydrol and O.2mM benzophenone in acetonitrile in the presence of 0.1 % 

Ti02 has yielded the same amount of the oxidized product as in the absence of 

added benzophenone. This result indicates that, though benzophenone is a 
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sensitizer for generation of singlet oxygen, our experimental results above 

indicate that singlet oxygen, if generated, at all has not played any role. 

bv 
(I ) 

tr + Oz(s) --_ .. Oz- (2) 

Scheme I 

Mechanism of photocatalytic oxidation of benzhydrol 

The fonnation of H20 2 in several Ti02 photocatalyzed reactions has 

been proposed. It is noted that in the light-activated Ti02 oxidation of 2-

propanol in aqueous solution or in pure liquid, the mechanism may involve the 

oxidation of surface hydroxyl groups, which participate in the photocatalytic 

oxidation process34
-
35

• The oxidation of benzhydrol with O.2mM H20 2 (the 

maximum amount that would have fomled in our reaction) has not oxidized 

benzhydrol under the present experimental conditions. Therefore, it is 

concluded that the hole and superoxide radical anion are mainly responsible for 

the oxidation. 
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9.3 Conclusions 

Photocatalyzed oxidation of benzhydrol occurs effectively in 

acetonitrile in the presence of oxygen to give benzophenone. The proposed 

mechanism involves the reaction between a cation radical of benzhydrol 

formed by the oxidation of the alcohol by a hole and a superoxide radical anion 

produced by the transfer of a conduction band electron to oxygen. Pure titania 

prepared in the particulate sol-gel route is regarded as a very effective 

photocatalyst in this context. The transition metals are having a negative 

influence in photooxidising benzhydrol. Among the rare earth metals, 

praseodymia incorporated titania systems are having comparable activity with 

that of pure titania. The photocatalytic oxidation of benzhydrol to 

benzophenone opens a very effective path for the selective formation of 

benzophenone. 
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Chapter 10 

Photodegradation of Methyl Orange 

Abstract 

Over the past decade, there has been growing interest in photocatalytic 

oxidation as a means of pollution destruction. The efficient photocatalytic 

degradation of hazardous wastes is one of the most desirable and challenging 

goals in the research of the development of environmentally friendly catalysts. 

The present chapter focuses on the photocatalytic activity of titania as well as 

its modified forms towards the degradation of methyl orange. The dependence 

of photodegradation of the dye on various parameters such as dye 

concentration, photocatalyst concentration, irradiation time and intensity of 

radiation were also investigated in detail. The percentage degradation of 

various systems for this reaction is correlated with the band gap energy of the 

prepared systems. 

Cochin University of Science and Technology 



Chapter 10 

10.1 Introduction 

Dyestuffs are important class of synthetic organic pigments, which 

represent an increasing environmental problem.· The wastewater containing 

these organic dyes is highly coloured, and the dyes are not easily removed in 

biological wastewater treatment plants because most dyes are resistant to 

biodegradation. Azo compounds are an important class of synthetic dyes 

commonly used as coloring agents in the textile, paint, ink, plastics and 

cosmetics industries. They are characterized by the presence of one or more 

azo group bound to aromatic rings. Azo dye, comprising various synthetic 

dyestuffs, even can be potentially reduced into carcinogenic aniliI!e1
• With in 

the overall category of azo dye stuffs, methyl orange is one of the most 

important dye, used in different applications such as dyeing and printing 

industries. The structure of methyl orange aqueous solution in alkaline solution 

is given in figure 10.1. The release of azo dyes into the environment is of great 

concern due to the coloration of natural waters, the toxicity, the mutagenicity, 

and carcinogeniciti-5
• The consequence of this release in the eco-system is a 

dramatic source of aesthetic pollution, eutrophication and perturbation in 

aquatic systems6
. The available physical, chemical and biological methods are 

available for the treatment of textile wastewater is cost effective. However, it 

has been reported that most of the dyes are adsorbed on the adsorbent and are 

not degraded. Hence, physical, chemical and biological methods are not cost 

effective to Indian contexe. This leads to search for highly effective method to 

degrade the dyes into environmentally compatible products. It has been 

revealed from the literature that photocatalysis can be used to destroy the dyes 

using semiconductor catalyst under light irradiations-Il • 
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Ti02 based nanoparticles are materials that recently demonstrated 

enhanced photocatalytic efficiency. The application of these materials for 

relevant industrial dyes is an important step in order to establish semiconductor 

based photocatalysis for environmental use, Ti02 photocatalysis has become 

increasingly important in recent years for environmental improvement such as 

the photodegradation and complete mineralization of organic pollutants 12-20, 

Ti02 nanoparticles have large specific surface areas and high catalytic 

perfonnance in which reactions take place on the Ti02 surface21 , 

o 
I 

O-'S 
I 

o 

Figure 10.1, Structure of methyl orange in basic fonn 

Most of the photocatalytic investigations have focused on Ti02, for 

which a high reactivity and a good chemical stability under ultraviolet light 

have been obtained22
• Among the semiconductors used, Ti02 is considered 

particularly efficient owing to the fonnation of electron-hole pair under 

illumination with near UV light. Nevertheless, the recombination of electron­

hole inhibits the photocatalytic reaction process23
• Ti02 semiconductor has 

high bandgap (3.2 eV), which limits its wide application in visible light range 

of solar spectrum. So, it only absorbs in the ultraviolet range, and efficient 

collection of the solar spectrum requires sensitization by a modification 

molecule absorbing in the visible range. Therefore, in order to realize the solar 

Cochin University of Science and Technology 311 



Chapter 10 

decontamination process, many efforts are contributed to develop the second­

generation photocatalysts that can drive the photodegradation reaction under 

visible light24
• 

Photocatalytic destruction of different classes of organic dyes using 

highly concentrated solar light and Ti02 suspension have been reported25 

where hetero atoms such as S and N in the dye molecules transfonn into SOl" 

and N03". Mineralisation is reported to vary between 80 and 100% in <30min 

irradiation. This work suggests that high potential for the use of highly 

concentrated solar light in the destruction of textile dyes and biological stains 

from waste waters26
• The photocatalytic activity of _titania towards the 

degradation of various anionic dyes such as Alizarin S, Azo methyl red, Congo 

red, Orange G and cationic dyes like methylene blue and malachite green was 

reported in literature27
-
3o

• Nitrogen doped Ti02 is very effective towards the 

photocatalytic degradation of three azodyes like Acid orange 7, Procion red 

MX-SB and Reactive Black. Illuminated titania is also capable of degrading 

dyes like Acid blue 9, X-GL, active Brilliant red Dye X_3B31
-
33

. 

Photocatalytic experiments were conducted using the silica coated 

titania nanoparticies with tunable coatings to photocatalytically degrade methyl 

orange in water solutions34
• The change of effective titania surface area 

available for methyl orange caused by silica coatings and the dispersion 

stability were used to explain the difference in photocatalytic activity. Ping 

Cheng et al studied the enhancement in photocatalytic activity of silica-titania 

binary oxides by comparing their efficiency towards photocatalytic 

degradation of methyl orange35
• The photocatalytic properties of titania silica 

mixed oxide mesoporous materials was also tested by the degradation of 
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methyl orange36
• E. Lei et al investigated the photocatalytic activity of titania 

by studying their rate of photocatalytic degradation in UV light as well as 

visible light. The results showed that the absorption intensity in visible-light 

was dependent on the concentration of the materials, pH value and heat­

treatment temperature37
• 

10.2 Process Optimization 

The photoactivity of the prepared systems was investigated in the 

oxidation of methyl orange aqueous solution. The reaction was carried out in a 

Heber photoreactor (Multi lamp type, model HML-MP88) containing 

concentrically arranged eight numbers of 8W mercury lamps of 365nm 

wavelength. The distilled water solution of methyl orange with a concentration 

of 25 mg/I was chosen for photodegradation. 0.1 g catalyst powder was 

unifoooly dispersed into 20ml of the above solution with vigorous agitation 

under the mercury light. After photooxidation, the suspended catalyst powder 

was separated from methyl orange aqueous solution. The concentration of 

methyl orange was measured using Shimadzu UV -Vis spectrophotometer (UV-

160A). All the photocatalytic experiments were carried out at room 

temperature. 

10.2.1 Effect of Time 

The degradation of methyl orange is conducted over titania 

photocatalyst. The measurement of absorbance is done at regular time intervals 

and calculated the corresponding percentage degradation. Figure 10.2 

illustrates the influence of time Qn the degradation rate of methyl orange at two 
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different initial concentrations of 2Smg/l and 3Smg/1. In both the cases, the 

percentage conversion first increases upto an irradiation time of 80 minutes 

and then it starts decreasing. The increased amount of radiation is the 

dominating factor that facilitates the degradation upto a time of 80 minutes. 

Obviously, the rate of degradation depends on the initial concentrations of 

methyl orange. It is seen that the decrease in the rate of degradation of a 

methyl orange solution after an irradiation time of 80 minutes having a 

concentration of2Smg/l is more than that containing 3Smgll of methyl orange. 
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Influence of time on degradation of methyl orange 

O.lg pure titania, 20ml methyl orange, Intensity-48 Watts 

Further, Davis et al and Mathew38
-
39 explained this behavior that the 

path length of the photons entering the solution decreases and in low 

concentration the reverse effect has observed, there by increasing the number 
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of photon absorption by the catalyst in low concentration. Mengyue et aro. 
suggests that as the initial concentration of the dye increases, the amount of 

catalyst required for the degradation also increases. Since irradiation time and 

the amount of catalyst are constant, the OH. (primary oxidant) fonned at the 

surface of the catalyst is also constant. So the relative number of free radicals 

attacking the dye molecule increases with the amount of catalyst41
• Hence, at 

higher concentration the degradation decreases with increase in the 

concentration of dye. 

10.2.2 Effect of catalyst concentration 

The mass of catalyst used in the photoreactor has to be properly 

selected since it plays an important role on the global efficiency of the 

reaction. Experiments were carried out with different concentrations of catalyst 

(0.025-0.150 g) at fixed methyl orange concentration (25 mg/l). It has been 

observed that the initial rate increases with an increase in the amount of 

catalyst and that it remains almost constant above a certain level and is 

presented in figure 10.3. As the concentration of the catalyst is increased, the 

number of photons absorbed and the number of dye molecules adsorbed are 

increased with respect to an increase in the number of catalyst molecules. The 

density of the molecule in the area of illumination also increases and thus the 

rate gets enhanced. After a certain level, the dye molecules available are not 

sufficient for adsorption by the increased number of catalyst molecule. Hence, 

the additional catalyst powder is not involved in the photocatalytic activity and 

the rate does not increase with increase in the amount of catalyst beyond 

certain limit. It is also expected that the aggregation of the catalyst molecules 
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at high concentration must also be considered, which causes the decrease in the 

number of active surface sites. The experimental data are found in good 

agreement with those reported by Sauer et al. for the degradation of Safira dye 

using Degussa P_2542• Neppolian et at3 also reported the decreased percent 

degradation of reactive dyes at higher catalyst concentration. Further, it is 

explained that the deactivation of activated molecule by collision with the 

ground state molecule with the shielding of Ti02 may also take place. 
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Influence of catalyst concentration in the degradation of methyl orange 
20ml methyl orange (25mgl- t), Intensity-48 Watts, Irradiation time-80 min 

10.2.3 Effect of methyl orange concentration 

Various initial concentrations of methyl orange from l5mg/l to 4Omg/l 

were used to evaluate the influence of the amount of the dye on the efficiency 
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of the reaction with otherwise identical reaction conditions. It can be seen from 

figure lOA that the concentration has a significant effect on the degradation 

rates. As the concentration of methyl orange increases, there is an increase in 

percentage degradation upto a concentration of 25mg/l, and thereafter it starts 

decreasing. This behaviour is expected since the ratio of methyl orange 

molecules/active sites ofTi02 is lower leading to a faster overall disappearance 

of the compound. 
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Influence of dye concentration on the degradation rate of methyl orange 
O.lg pure litania, 80 minutes reaction time,lntensity-48 Watts 

10.2.4 Effect of lamp intensity 

The intensity of radiation falling on the catalyst surface plays an important 

role in any photocatalytic process. Here, the degradation of methyl orange, 
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having a concentration of 25mgll is monitored using O.lg of titania for 80 

minutes with varying intensities ofradiation. Figure 10.5 clearly illustrates the 

dependence of light intensity in the percentage degradation of methyl orange. 

The reaction doesn't occur actually in the dark, indicating the efficiency of the 

photocatalyst in the degradation of methyl orange. The percentage degradation 

of methyl orange rises steeply with intensity up to 48 Watts and thereafter it 

remains almost steady. So an optimum of 48W is chosen for the comparison of 

all the catalyst systems. 
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Influence of Lamp intensity on degradation of methyl orange 
20ml methyl orange (25mgL-I), 0.1 gm Ti02 catalyst, reaction time-8Omin 

10.3 Comparison of Catalyst Systems 

The results obtained for the photocatalytic degradation of methyl 

orange over the prepared systems are given in the tables 10.1 and 10.2. Pure 
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titania is a good photocatalyst in the degradation of methyl orange. Rare earth 

incorporated titania systems are having more photocatalytic activity than that 

of transition metal loaded systems in this reaction. 2% molybdenum, tungsten 

as well as chromium incorporated systems are having almost the same 

percentage conversion. 10% chromium incorporated titania systems are having 

exceptionally high percentage degradation which is very clear from the band 

gap energy calculated from UV-Vis DRS spectra. 

Table 10.1 

Influence of the nature of the incorporated of metal ion in the 

photodegradation of methyl orange 

Catalyst Percentage degradation Catalyst Percentage degradation 

Of methyl orange 

Ti 91.6 

TiCr2 69.7 

TiM02 65.4 

TiW2 66.7 

TiLa2 

TiPr2 

TiSm2 

Of methyl orange 

92.7 

69.8 

89.2 

lOml methyl orange (25mgl-1 ), 0.1 g 1102 catalyst, reaction tlme-8omm, Intenslty-4SW. 

Among the rare earth metals, praseodymium doped metals are 

photocatalytically least active than lanthanum and samarium doped ones. The 

heterogeneous photocatalysis was mainly occurred in interfacial layers. So, the 

affinity and adsorption properties between reactants and photocatalyst surface 

play an important role on determining overall reaction rate44
,4S. Regarding the 

strong adsorption capability of methyl orange on the surface of the systems, the 

key factor was ascribed to the positive charge characteristic of the incorporated 

metal ion on the Ti02 nanoparticle surface. 
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Table 10.2 

Influence of the amount of the incorporated of metal ion in the 

photodegradation of methyl orange 

Catalyst Percentage degradation Catalyst Percentage degradation 

Of methyl orange Of methyl orange 

TiMo6 78.5 TiLa6 89.3 

TiMolO 80.3 TiLa10 93.6 

TiCr6 67.3 TiPr6 68.5 

TiCrlO 94.3 TiPrlO 69.2 

TiW6 73.7 TiSm6 91.2 

TiW10 74.3 TiSrn10 93.1 
20ml methyl orange (25mgl.l), 0.1 g b02 catalyst, reactIon hrne.-8omm, Intenslty.48W. 

The amount of the metal incorporated also has a significant impact on the 

photocatalytic activity. In all the cases, a regular increase in the percentage 

degradation is noticed as the percentage of the incorporated metal increases, 

eventhough the increase is to a lesser extend. Lanthanum as well as Samarium 

incorporated systems are having slightly higher photocatalytic activity than 

other systems. The lesser activity of praseodymium incorporated systems can 

be explained from the respective XRD results. The presence of lower 

percentage of rutile in the system can decrease the photocatalytic activity in 

this reaction. It has been reported that the rutile phase of titanium dioxide has a 

lesser photocatalytic activity than the anatase phase since the rutile phase 

possesses a slightly lower degree of surface hydroxylation46
• 

The values of the band gap are of great importance since they are indicative 

of the energy necessary to initiate the photocatalytic process47
• For the 
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photodegradation of methyl orange, these values must be taken into account. 

The increase in band gap energy, evident from UV -vis DRS studies due to a 

red shift in the Amax values can be well correlated with the percentage 

degradation of methyl orange. Figures 10.6 and 10.7 gives the relationship 

between these two variables in case of transition metal as well as rare earth 

metal loaded systems. 
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Figures 10.6 

Correlation between Amax and % degradation of methyl orange 

It was reported that the pore structure, pore size, particle size and activation 

temperature of titania can affect the photocatalytic activity of organic 

pollutants in wastewater48
,49. There were two competing factors to influence 
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the photocatalytic activity of the modified titania systems. The effective titania 

surface area available for methyl orange would decrease due to incorporation 

of the metals, which induced the decrease of photocatalytic activity. On the 

other hand, the dispersion stability, improved by incorporation of metals would 

expose more titania surface to methyl orange. 
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Figures 10.7 

Correlation between Amax and % degradation of methyl orange 

The enhancement of photoactivity for lanthanide ion doped titania systems 

can be attributed to the concentrated organic materials at the semiconductor 

surface by the fonnation of a complex between the doped lanthanide ions and 
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the substrates. However our results reveal slight enhancement in the 

photoactivity and that too is not proportional to the concentration of the 

lanthanide ion. Theoretically, a greater amount of the incorporated metal 

should be favorable for more complex fonnation, and thus enhanced catalytic 

activity should be observed with higher lanthanide concentration5o
• Therefore, 

the concentration of the substrate is not the only factor that influences the 

activity. The manner in existence of Ln3+ may also play an important role in 

the activity of lanthanide doped titania. Usually Ln3+ is smaller than Ti4+, and 

because of this mismatch of their ionic sizes, the possibility of their migration 

to the interstitial positions cannot be ruled out. 

The photocatalytic activity should have some implications for the specific 

synthesis method followed. In addition, the increase of better surface acidity 

and larger surface area in rare earth mortal doped titania should be important 

factors that induce the improvement of the activity as wellS I. The well­

dispersed titania nanoparticles with high surface area allow high access of the 

reactants to the Ti02 surface in aqueous medium. In the photocatalysis system, 

the dye molecule was excited by absorption of a suitable visible light photon. 

The electrons of excited dye molecule can inject into conduction band (CB) of 

Ti02• Then these electrons could be trapped by electron scavengers (usually 

oxygen molecule). But it was also extremely susceptible for the cation radicals 

and the electrons to recombine if the injected electrons accumulated in the CB 

ofTi02• So, electrons trapping and electrons transfer would be two key steps to 

inhibit electron~ation radical recombination. The cation radical (dye'+) 

produced by electron injection was less stable than the ground state of the 

compound (dye). As a result, unstable cation radical dye may directly be 
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degraded to products or reacted with superoxide radial anion (02.-) to produce 

degradation products. 

According to the principles of semiconductor Ti02 photocatalysis, the 

photoactivity is mainly dependent on three factors: (a) electron-hole 

generation capacity; (b) electron transfer route and efficiency; (c) separation 

efficiency of photogenerated charge pairs. The sensitized photocatalysis 

mechanism is very different from UV light induced photocatalysis mechanism. 

The dye sensitization process involves the excitation of the dye molecule with 

visible light and subsequent electron injection or electron transfer from excited 

state dye molecule to conduction band of semicondu~tor Ti02• The electron 

generation capacity mainly depends upon the intensity of incident photons with 

matchable energy and absorption amount of dye molecule on photocatalysts 

surface. The separation of electron-cation radical and electron transfer 

efficiency depend on the electron acceptor (usually Ti02 conduction band, 

triplet ground state 02 or other scavengers) and transferring route. Indeed, it 

could even be agreed that a tendency to strongly adsorb a given substrate may 

be deleterious to the photocatalytic efficiency. 

10.4 Conclusions 

The photocatalytic degradation of methyl orange can take place 

effectively over the prepared systems. The crystal structure as well as the 

effective surface area plays a significant role in the photocatalytic efficiency. 

Among the different systems, pure titania as well as their lanthanum and 

samarium modified analogues are found to be good photocatalysts. A good 

correlation between the band gap energy and percentage degradation of methyl 
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orange is obtained among the various systems studied. In a sense, the effective 

photodegradation of methyl orange by Ti02 is a very exciting respect in 

photocatalytic area. 
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Summary and Conclusions 

Abstract 

Nowadays the chemical industries are facing challenges to reduce the 

use of environmentally hazardous chemicals. Central to this problem, the 

search for a better methodology for chemical industries has been of great 

interest to scientists throughout the world. Catalysis is a fascinating field of 

science because it deals with processes, which may provide solutions for many 

of the key problems we face. The fundamental aspects giving prime importance 

to the preparation of titania and their modified analogues by particulate sol­

gel route and its physico-chemical characterization are briefly reviewed in this 

thesis. The great versatility of the prepared catalysts for carrying out some 

industrially important organic reactions is also included in the thesis. This 

chapter deals with the summary and the conclusions of the results described in 

the preceding chapters of the thesis. 
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11.1 Summary 

The present work concentrates on the preparation of the catalyst 

starting from a comparatively cheaper inorganic precursor like metatitanic acid 

through sol-gel route. The incorporation of transition metals like chromium, 

molybdenum and tungsten as well as rare earth metals like lanthanum, 

praseodymium and samarium is done in small amounts to titania, thus 

improving the surface characteristics, thermal stability and surface acidity of 

the composite catalysts and consequently their catalytic performance. It is well 

known that supported oxides of transition metals and rare earth metals are 

widely used as catalysts for various reactions. A systematic investigation of the 

physico-chemical characterization of the prepared catalysts is necessary 

considering their industrial relevance. The catalytic and photocatalytic 

properties of titania systems are systematically studied in this work. Thus the 

thesis gives emphasis to various aspects like catalyst preparation, 

characterization and their versatile applications in carrying out some 

industrially important organic transformations. The chapter wise organization 

of the thesis is as follows. 

Chapter 1 gives an overview about solid acid catalysis carried out by titania. 

The importance of titania based catalysts in current environmental aspects is 

discussed in detail. The present chapter gives major stress to the various 

structural aspects of titania as well as different methods for its preparation. A 

brief literature survey is also included in this chapter. 
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Chapter 2 is devoted to a complete description of the materials used in the 

present work and the experimental techniques employed for the catalyst 

characterization. The flow chart describing the mode of preparation of the 

catalyst systems are also included in this chapter. The experimental details for 

the evaluation of catalytic activity are also incorporated in this chapter. The 

surface acidity deteImination by different techniques including the test 

reactions like cumene cracking and cyclohexanol decomposition is the 

additional features of this chapter. 

Chapter 3 focuses on the physico-chemical characterization of the prepared 

catalytic systems. The catalyst systems were characterized by BET surface area 

and pore volume measurements, XRD analysis, TGIDTG studies, UV-Vis 

DRS and FTIR spectroscopy. The elemental composition of the systems were 

revealed by EDX analysis and the Scanning Electron Micrograms of the 

representative systems gives an insight into their surface morphology. The 

results obtained from ammonia TPD and theImodesorption studies using 2,6-

dimethyl pyridine as probe molecule is also described in detail. Cumene 

conversion discriminates the Bronsted as well as Lewis acidity of the prepared 

systems. Cyclohexanol decomposition reaction is carried out to know the acid 

base properties of the catalysts prepared. 

Chapter 4 discusses the applicability of titania and their modified analogues 

towards the epoxidation of cyclohexene. The influence of various reaction 

parameters like reaction temperature, flow rate, nature and amount of the 

solvent as well as the oxidant is investigated in detail in this section. 
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Chapter 5 illuminates the application of titania and their modified analogues in 

the hydroxylation of phenol. Here also, the variation in the catalytic activity 

and product selectivity with experimental parameters has been taken care of. A 

possible mechanism has been suggested after a critical analysis of the catalytic 

performance. 

Chapter 6 deals with the catalytic activity of the prepared systems towards the 

alkylation of aromatics. Tert-butylation of phenol as well as the methylation of 

anline and anisole is carried out efficiently in a vapour phase reactor. Various 

factors, which influence the percentage conversion as. well as the product 

selectivity, are also considered in detail. Attempt has been made to correlate 

the catalytic activity with the surface acidic properties of the catalyst systems. 

Chapter 7 presents the dehydrogenation of cyclohexane and cyclohexene. The 

influence of reaction temperature and flow rate is investigated in detail. The 

dependence of surface acidity of the prepared systems on the percentage 

conversion is also investigated in detail. 

Chapter 8 lays the foundation of photocatalysis. A brief literature review on 

titania as well as their modified systems are tabulated in this section showing 

their applications in the vast field of photocatalysis. The applications oftitania 

based systems in today's world of growing environmental concern are also 

dealt in this chapter. 
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Chapter 9 describes the photooxidation of benzhydrol over titania and their 

modified systems. The influence of various reaction parameters like irradiation 

time, amount of catalyst, concentration of the reactant and the nature of the 

solvent has been investigated. The chapter also discusses the mechanistic 

aspects of this reaction. 

Chapter 10 narrates the photo degradation of methyl orange. The dependence 

of photodegradation of the dye rates on various parameters such as dye 

concentration, photocatalyst concentration, irradiation time and intensity of 

radiation were also studied in detail. The percentage degradation of various 

systems for this reaction is correlated with the band gap energy of the prepared 

systems. 

Chapter 11 presents the summary and important general conclusions of the 

work done. 

11.2 Conclusions 

The following conclusions that can be drawn from the present research 

work are the following. 

~ Particulate sol-gel method is found to be an efficient method for the 

preparation of high surface area titania systems together with their 

transition metal and rare rare earth metal analogues. The high cost of 

alkoxide precursor widely used in the sol-gel synthesis is avoided in the 

present preparation route, which adds to its economical importance. 
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~ The enhanced anatase phase stability of the modified systems is an 

important consequence of metal incorporation. The high dispersion of the 

incorporated metals on the surface of the titania support is evident from 

the XRD patterns. 

~ Modified titania systems are capable of improving the physico chemical 

characteristics and the surface properties of pure titania. The XRD and 

SEM analysis emphasizes the agreement between the increase in surface 

area and decrease in the crystallite size. 

~ The high thermal stability of the prepared systems can be understood 

from the TG-DTG curves. The characteristic peak of pure titania is 

obtained from the FTIR analysis. UV-Vis DRS helped in the 

identification of tetrahedrally coordinated titanium ions and calculation of 

the band gap energy of the prepared systems. 

~ The surface acidic properties of titania supports improve considerably 

upon incorporation of transition metal as well as rare earth metals. There 

is a good correlation between the surface acidity measured by ammonia 

TPD, thermodesorption of 2,6-dimethyl pyridine adsorbed samples and 

catalytic test reactions such as cumene cracking and cyc1ohexanol 

decomposition reaction. 

~ The epoxidation of cyc10hexene is carried out efficiently over the 

prepared systems with the selective formation of cyc10hexene epoxide. 

The excellent activity and selectivity in the epoxidation of cyc10hexene is 

due to highly dispersed Lewis acidic titanium sites. The activity of the 

prepared catalysts and their stability with time in the epoxidation of 
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cyclohexene by tert-butyl hydroperoxide hints that it might be possible to 

create cleaner nylon chemistry. 

~ The prepared systems are highly active in the hydroxylation of phenoL 

Selection of an optimum reaction time also demands prime importance in 

order to achieve maximum activity and selectivity of the products. The 

performance of the catalytic systems points to its potential in the 

degradation of phenolic wastes. 

~ Friedel Crafts alkylation of arenes is successfully carried out over the 

prepared systems and thus introducing green and clean processes 

replacing the conventional hazardous acid catalysts. Tert-butylation of 

phenol gives 4-tertiary butyl phenol as the major product, which is 

catalyzed by medium acid sites. In the methylataion of aniline, the 

percentage N-methyl selectivity is more than that of C-alkylated product 

selectivity in all the systems. Good correlation exists between various 

types of acidity obtained from NH3 TPD as well as percentage product 

selectivities, which give clear-cut evidence about the reaction mechanism. 

The vapour phase methylation of anisole over the prepared catalyst 

systems results in the selective formation of 2,6-xylenol. The acid-base 

properties of catalysts are responsible for the methylation of anisole. 

~ In the catalytic dehydrogenation of cyclohexane and cyclohexene carried 

out over the prepared systems, benzene is obtained as the major product. 

The total surface acidity of the systems plays an important role in 

determining the catalytic activity. 

~ The photooxidation of benzhydrol is efficiently carried out over the 

prepared systems resulting in the formation of benzophenone as the sole 
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product. The proposed mechanism involves the reaction between a cation 

radical of benzhydrol formed by the oxidation of the alcohol by a hole 

and a superoxide radical anion produced by the transfer of a conduction 

band electron to oxygen. 

& The photochemical degradation of methyl orange occurs effectively over 

the prepared catalysts. The large surface area of the photocatalyst is one 

of the most dominating factors in achieving a high efficiency in the 

reaction. The percentage degradation of various systems for this reaction 

is correlated with the band gap energy of the prepared systems. 

Future Outlook 

Catalysis is a fascinating, interdisciplinary and future oriented area. 

Indeed the chemistry of catalysis is as varied as chemistry itself. With its 

versatility and excellent control over products characteristics, sol-gel 

processing has played an important role in catalyst preparation and no doubt 

will continue to do so. The use of metatitanic acid as the precursor in the 

preparation of high surface area titania catalysts receives special attention. 

From the viewpoint of green chemistry, the use of heterogeneous catalysts like 

modified titania is desirable. The present investigation on the catalytic activity 

of modified titania catalysts reveal their high efficiency for various types of 

reaction like epoxidation of cyclohexene as well as hydroxylation of phenol. 

The work can be extended in the epoxidation of other cycloolefms and the 

products of which are of independent significance and/or are valuable 

chemicals for synthesis of biologically active species. The application of the 

prepared catalysts makes the wet air oxidation process more attractive by 
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Summary and Conclusions 

achieving high conversion at considerably lower temperature and pressure. The 

higher activity and selectivity in the alkylation of aromatics carried out over 

the prepared systems is another important observation we got. Since the 

prepared catalysts are highly acidic, studies can be extended for various 

industrially important acid catalyzed alkylation and rearrangements of other 

aromatic molecules. 

Good photocatalytic activity is shown by titania systems towards the 

photo degradation of methyl orange and photooxidation ofbenzhydrol. Being a 

photocatalyst, the work can be extended in this vast ever growing field too. 

The photocatalytic activity of the prepared systems can be utilized to establish 

an effective method for the remediation of volatile organic compounds from 

indoor air, which poses a significant health risk. Titania based catalysts can 

also be applied in the degradation of various types of dye stuffs which 

represent an increasing environmental problem. Their effective removal is a 

challenging task as environmental laws and regulations are becoming more and 

more stringent. The areas of application of photocatalysis to water purification 

and treatment of water, area selective reactions, polymer degradation and 

selective organic synthesis will probably gain priority as they appear to possess 

the potential to alter environmental and electronic scenarios. 
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