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Abstract 

ZSM-5 supported TÌO2 photocatalysts were synthesized by P25 TÌO2 and sol gel 

TÌO2 methods, tested by photocatalytic degradation of acetophenone in aqueous media, 

and characterized by XRD. Degradation results demonstrated higher photoactivities of 

the photocatalysts prepared by P25 method. Thus, these photocatalysts were intensively 

studied for better understanding the supported TÌO2 photocatalyst. 

TÌO2 maximum coverage on ZSM-5 surface was estimated by solid 1 H- 2 9 Si CP-

MAS FT-NMR to be 23% at 2.5 wt% TiO 2 loading, which agree well with literature 

values. Acetophenone isotherm adsorption result reveals a monolayer and a multi-layer 

adsorptions and the Langmuir isotherm fits well the monolayer region. A maximum 

monolayer adsorption of 69.0 mg/g photocatalyst was obtained from Langmuir fitting. 

Based on the acetophenone molecule dimensions, the maximum acetophenone 

monolayer adsorption, maximum TiO 2 coverage, and ZSM-5 zeolite characteristics, a 

surface model of TÌO2/ZSM-5 is developed quantitatively. 
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1 

Chapter One: Background 

1-1 Introduction 

Air, water, and sunlight are three basic elements for people to live on earth. As a 

result of the destructive nature of mankind, both water and air systems are highly 

contaminated. In particular, the water system has been continuously contaminated 

through domestic, agriculture, and industrial waste. Development of methods to remove 

these contaminants from the water system becomes more important daily. 

Distillation is a simple and traditional water purification method. It is effective for 

the removal of inorganic contaminants. However, it is time -consuming, costly, and 

ineffective for volatile organic pollutants. Activated carbon (AC) filtration is another 

method of water purification, but it is less efficient for some inorganic contaminants such 

as arsenic salts. The problem also arises that infrequently maintained filters can result in 

concentration of contaminants rather than removal, and can serve as a breeding ground 

for bacteria and other microorganisms. In addition, AC is difficult to recycle, and its 

consequent combustion for the destruction of the contaminants may result in secondary 

air pollution. Ion exchange is another method for contaminated water purification, 

2"i" 2~t~ 2 2 

however, though some inorganic ions (Ca , Mg , X", S O 4 ", C O 3 ") can be removed, 

organic contaminants and bacteria prove difficult to exchange. In this light, methods such 

as reverse osmosis have been widely studied as alternatives to ion exchange. The 

apparent disadvantage of this method is the high cost of pure water production. As such, 

the dominant method for surface drinking water purification has still been the chlorine 

oxidation. 



2 
In the 1970s, chlorination was found to produce carcinogenic trihalomethanes 

(THMs) when chlorine reacts with natural organic materials (humics)[1]. Since then, the 

traditional water detoxification method has been challenged when dissolved organic 

carbon (DOC) level is elevated. Ground and surface water have also been found to 

contain much contamination with organic pollutants, such as pesticides, herbicides, 

surfactants, industrial/domestic organic wastes, and accidental spills. For example, it has 

been recently reported that the underground water and reservoir systems have been 

contaminated by the gasoline additive methyl tertiary butyl ether (MTBE) [ 2 ]. These 

contaminants tend to be fairly stable and recalcitrant to complete degradation. As a result 

of these findings, environmental regulations regarding maximum contaminant levels have 

been greatly affected, moving from ppm to ppb levels. As a result, scientists are 

encouraged to find alternative cost effective and efficient methods for water purification. 

1-2 Photocatalytic oxidation technologies (POTs) 

One alternative of water purification involves the adoption of Advanced 

Oxidation Processes (AOPs). The concept of AOPs was defined by Glaze et al. as 

processes that "involve the generation of hydroxyl radicals in sufficient quantity to affect 

water purification". Al l of the processes using ultraviolet (UV)/03, O3/H2O2, UV/H2O2, 

the photo Fenton reaction (UV/H202/Fe2 + or Fe3+) and photocatalysis processes belong to 

this category. Although light or oxidants (O3/H2O2) alone can partially destroy 

contaminants, only simultaneous application of light and oxidants (O3/H2O2) or 

application of dual oxidants (03+H202) to the system can facilitate complete 

mineralization of organic carbon to carbon dioxide[4]. This is the principal advantage of 
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AOPs for water treatment for decontamination, detoxification, decolorization and 

deordorization. 

Over the past 30 years, the majority of AOP research published has been focused 

on photocatalytic oxidation technologies (POTs). Photocatalytic oxidation occurs when 

contaminated water systems are irradiated with UV/Visible light in conjunction with a 

photocatalyst. The word "photocatalysis" clearly indicates that light irradiation and the 

catalyst are the two primary components in this process. There are two possible light 

sources that may be applied for irradiation. Solar energy is one choice since it is more 

cost effective. However, inefficiency of the catalysts often requires artificial generation 

of UV light for the volumes of water to be purified. By this definition, the photocatalysis 

can be classified into two categories: solar photocatalysis and UV photocatalysis. 

The entire spectrum of sunlight and the distribution of light intensity are depicted 

in Figure 1-2.11-5-'. This figure shows that not all light outside the atmosphere reaches the 

earth's surface. Some of the light is absorbed by atmospheric layers, such as ozone, prior 

to reaching the earth. Further more, sunlight is emitted in three regions of the spectrum, 

infrared (IR), visible (Vis.), and UV regions. The wavelengths of UV and IR light are 

shorter than 400 nm and longer than 700 nm respectively. The sunlight UV intensity is 

about 1 mW/cm2 (1.7*IO15 photons/second.cm2)[5], which is only 3 ~ 5 % of the total 

sunlight intensity. 

It is well defined that radiant light energy is proportional to the frequency of the 

light in the form of: 

E = hv (1-2.1) 



where E is the radiant light energy, v is the light's frequency, and h is Plank's constant. 

Thus, the energy of UV irradiation is higher than that of average solar irradiation. 

600 800 1000 
Wavelength (nm) 

Figure 1-2.1 Sunlight spectra beyond and on the earth 

The photocatalysts used for solar and UV irradiations differ. Cadmium sulfide 

(CdS) [6 i is the most widely studied photocatalyst applied in solar irradiation. The obvious 

problem associated with CdS is the inherent toxicity from cadmium photo-corrosion. In 

the case of UV light irradiation, TiO 2 is regarded as being one of the most efficient UV 

photocatalysts^. 

1-3 Photochemical principles 

It is well known that a catalyst can affect both forward and reverse reaction rates, 

without obviously changing the position of the reaction equilibrium. During chemical 

reactions, there are almost no physical and chemical changes in the catalysts before and 

after the reactions. This concept is also applicable for a photocatalyst. Photosynthesis is a 

well known photocatalytic process catalyzed by chlorophyll under sunlight. The term 
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photocatalysis is in one sense a misnomer, since photons are consumed during this 

process making endoergonic processes such as photosynthesis possible. However, the 

light-adsorbing material remains unaltered thus allowing for adoption of a "catalysis" 

terminology. The term catalysis is usually applied to define accelerated processes that are 

exergonic and consequently thermally allowed. There are important differences between 

thermal catalysis and photocatalysis. Notably, temperature generally has a positive effect 

on most thermal reactions, however, it tends not to affect photocatalytic reactions 

significantly. Thus temperature effects are useful in distinguishing the role of the photo 

and thermal steps in overall reactions. 

There are two fundamental laws of photochemistry. The first one states: iiOnly the 

light which is absorbed by a molecule can be effective in producing photochemical 

change in the molecule". This law was formulated in the works of Grotthus (1817) and 

Graper (1843). The second photochemistry law was deduced by Stark (1908-12) and 

Einstein (1912-13), which states: "The absorption of light by a molecule is a one-

quantum process, so that the sum of the primary process quantum yields must be unity"; 

that is 

ZcpFl.OO (1-3.1) 

where (p¡ is the quantum yield of the /th primary process. The primary processes may 

include dissociation, isomerization, fluorescence, phosphorescence, radiationless 

transitions, radiationless relaxation to the ground state, and all other processes that lead to 

the destruction or deactivation of the excited molecule'-7''. 

In addition to the aforementioned photochemistry rules, there is the Frank-

Condon principle, which states that the time required for absorption of a quantum of light 
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and the resultant transition of an electron to an excited state is so short (approximately 

IO"15 second) compared to that of vibration of the molecule (about IO"13 second) that, 

during the act of absorption and excitation, the nuclei do not alter appreciably their 

relative positions (i.e., intemuclear distance r) or their kinetic energies. In other words, 

when a molecule absorbs a photon, the molecule is excited from its lower electronic 

energy state to an upper state. During this process, the electronic transition (promotion of 

an electron), which has been excited by electromagnetic radiation, occurs rapidly 

compared to nuclear motion. Thus, the nuclei remain essentially frozen at the equilibrium 

configuration of the ground state during the transition. Since the molecular geometry of 

excited electronic state is different from the ground state, we expect some changes in 

nuclear configuration to occur subsequent to the transition. 

1-4 Photocatalysis classification and TÌO2 photocatalysis 

In terms of reaction medium, photocatalysis reactions can be classified as 

homogeneous processes and heterogeneous processes. In a homogeneous photocatalysis 

process, the photocatalytic reaction takes place in one phase. The photocatalysts used in 

these processes are called homogeneous photocatalysts. Some examples are Fenton 

Reagent1^, soluble metal photocatalysts such as copper complexes[9], iron complexes'̂ 101, 

dyes'-11-1, tin chloride and palladium chloride[12], and hydrogen peroxide[4]. On the other 

hand, heterogeneous photocatalysis involves a reaction at the surface/interface of a 

catalyst, which is defined as a heterogeneous photocatalyst since it is non-soluble in the 

reaction medium. Normally, these reactions occur in solid/liquid or solid/gas interfaces. 

Examples of the heterogeneous photocatalysts range from insoluble polyoxometalates'13], 
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such as Cs 3 PWi 2 O 4O N 4 ' 1 5 ] in the colloidal and powder forms[16"19], and Wi 0 O 3 2

4 " and 

SiWi 2O4O4" salts. The other class of heterogeneous photocatalysts involves 

semiconductors, such as TiO 2

[ 2 0 " 2 8 ] , ZnO, CdS, MoO 3 andFe2O3. 

1-4.1 TiO 2 photocatalysis 

In 1976, Carey et alP9^ first reported the photocatalytic degradation of biphenyl 

and chlorobiphenyls in the presence of titanium dioxide. Since then, many applications 

using the Ti0 2 /UV process have been investigated'30"411. This is primarily because a 

majority of organic and inorganic compounds can be degraded over this photocatalyst 

into less toxic organic compounds, or most often into inorganic materials under UV 

irradiation. A variety of organic contaminants can be completely mineralized into carbon 

dioxide (CO2), other inorganic acids, salts and water. For example, Mathews et alS42] 

have demonstrated that organic compounds containing halogens (X), sulphur (S), 

phosphorus (P) or nitrogen (N), in an aqueous solution, can be completely mineralized 

into carbon dioxide and water plus respective inorganic chloride(Cl')'3 , sulphate (SO4

2" 

), phosphate (PO4 ") and nitrate (NO3") ions. Oxidation of nitrogen-containing compounds 

presents the most complex results'43'44]. Examples of target organic contaminants include 

pesticides, insecticides, herbicides, surfactants, aromatics, dyes'45'41, organic wastes in the 

Whitewater from pulpmills and biocompounds'42]. Among these classes of organic 

contaminants, complete mineralization of simple and complex chlorinated derivatives in 

the forms of alkanes, alkenes, carboxylic acids, and aromatics has been reported 

repeatedly. Few organics have displayed resistance to photocatalytic degradation. 

Chlorobenzene was first reported to undergo incomplete mineralization over Ti0 2 ' 3 9 ] . 
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However, experiments with a different TiO 2 catalyst and with a higher oxygen pressure 

demonstrated that complete mineralization of chi orobenzene may be achieved1-363. CCI4 is 

another example of a photocatalytically resistant compound since there is no active 

hydrogen in this molecular structure. 

Some disadvantages limit the industrial applications of TiO 2 photocatalysts. First, 

this technology is now only efficient for low contaminant concentration in ppm to ppb 

levels in the area of water treatment, which is why its research has been more focused on 

drinking water purification. Second, only a limited portion of the solar light can be 

utilized by TiO 2 photocatalysis, since its 3.2 eV band gap (the minimum energy 

difference between the valence band and conduction band) results in only a small overlap 

of its action spectrum (< 400 nm) with the solar spectrum. Thus most solar driven TiO 2 

technologies involve modified TiO 2 photocatalysts. Third, the technology quantum yield, 

which is the ratio of the number of moles of contaminants degraded to the number of 

moles of irradiation photons, is very low (usually less than 5%) in aqueous reactions. 

Finally, the separation of photocatalyst slurry is an disadvantageous step in industrial 

application and so, photocatalyst immobilization is currently a hot research focus. 

In spite of above disadvantages, the research in this area is still very active. This 

is primarily because TiO 2 is chemically and physically stable, non-toxic, and low in cost 

for preparation. The commercially available TiO 2, Degussa P25 (Germany), has been 

regarded as a standard photocatalyst, and has been used as a reference for a long period 

of time. Some of its physical properties are listed in Table 1-4.1.1. 
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Table 1-4.1.1 Degussa P25 TiO 2 physical properties 

Particle size 
nm 

Density 
g/cm3 

Specific 
area m /g 

Anatase 
phase 
wt% 

Rutile 
phase 
wt% 

Band gap (eV) 
/excitation 

wavelength(nm) 
30(crystal) 
1000-3000 
(in water) 

1.5 50+15 75 25 3.2/388(anatase) 
3.0/413(rutile) 

It has been widely accepted that valence holes (electron vacancy in the valence 

band (VB)) and hydroxyl radical generated by UV irradiation are the main oxidizing 

species in TiO 2 photocatalytic oxidation processes. The oxidization potentials of some 

oxidizing agents are listed in Table 1-4.1.2[2 \ 

Table 1-4.1.2 Oxidation potentials of some oxidizing agents 

Species Oxidation potentials (V) 
fluorine 
TiO 2 valence hole of anatase and rutile 
hydroxyl radical 
atomic oxygen 
ozone 
hydrogen peroxide 
chlorine 
hydrogen 
conduction band electrons in rutile 

3.03 
3.00 
2.80 
2.42 
2.07 
1.78 
1.36 
0.00 
0.00 

conduction band electrons in anatase -0.15 

From the above table, we can see that the most powerful oxidizing species after 

fluorine are VB hole of TiO 2 and the hydroxyl radical, with the oxidization potentials of 

3.00 V and 2.80 V respectively. This is why the majority of organic contaminants can be 

degraded by the TiO 2 photocatalytic oxidation process. 
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1-4.2 TiO 2 lattice structures of rutile and anatase 

There are four phases OfTiO2 crystals that exist in nature. These are the 

amorphous, anatase, rutile, and brookite phases[46l Brookite phase tends to present in 

trace amounts and is rarely studied in the area OfTiO2 photocatalysis. Amorphous TiO 2 

shows weak or no X-ray diffraction^471 and thus, is also not often studied. Rutile and 

anatase phases are commonly studied in TiO 2 photocatalysis, with anatase TiO 2 showing 

a higher photocatalytic activity1-48'49]. The structures of rutile and anatase can be described 

in terms of chains of TiOo octahedra. The two crystal structures differ by distortions of 

each octahedron and by the assembly pattern of the octahedra chains. Figure 1-4.2.1 

shows the unit cell structures of the rutile and anatase crystal[50]. 

In Figure 1-4.2.1, it can be seen that each T i 4 + ion is surrounded by an octahedron 

of six O2" ions. The octahedron in rutile is not regular, showing a slight orthorhombic 

distortion, as illustrated in the left and the middle unit cell structures. The octahedron in 

anatase is significantly distorted such that its symmetry is lower than that of the 

orthorhombic shape, as indicated in the right unit cell structure. The Ti-Ti distances in 

anatase are greater (3.79 and 3.04 A) than in rutile (3.57 and 2.96 A), whereas the Ti-O 

distances are shorter in anatase (1.934 and 1.980 Â) compared with rutile (1.949 and 

1.980 Â). These differences in lattice structures cause different mass densities and 

electronic band structures between the two forms of TiO 2. 
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Figure 1-4.2.1 Crystal structures of anatase and rutile phases OfTiO2 

(Reprinted with permission from reference[50]. Copyright (1995) American Chemical 
Society) 

The question then arises, why anatase TiO 2 is more photoactive than rutile TiO2? 

One of the reasons may lie in the difference in their crystal structures and thus, in their 

energy band structures. 

It is known that rutile TiO 2 is more stable than anatase type at higher 

temperatures, so it is commonly found in igneous rock. Most of the titanium dioxide used 

in industry is in this form, such as the TiO 2 applied to pigments, paints, and cosmetics. 

The anatase phase tends to be stable at lower temperatures and converts to the rutile 

phase at higher temperatures. From Figure 1-4.2.1, we can see that the rutile crystal 

lattice unit is shorter but wider than that of anatase phase. Thus, its specific gravity is 

slightly higher than that of anatase phase. Its higher hardness can also be explained by its 

lattice unit. 

The band gap energy (Eg) of a semiconductor is the minimum light energy 

required to make the material electrically conductive, or, in other words, to excite the 
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electrons (e") from its valence band (VB) to its conduction band (CB), producing 

highly localized holes (h+) in VB in the lattice of the irradiated semiconductor particles. 

For anatase TiO 2, Eg is 3.2 eV, which corresponds to UV light at a wavelength (X) of 388 

nm; the Eg for rutile TiO 2 is 3.0 eV, corresponding to UV light at X - 413 nm. The VB 

energies for the two phases are similar, but the level of CB energy for anatase is 

approximately 0.2 eV higher than for rutile TiO 2. This means that the CB electrons in 

anatase TiO 2 have greater reducing power than those in rutile TiO 2. As TiO 2 has a 

threshold wavelength in the near UV, it is not an efficient photocatalyst for solar 

utilization. Reduced T iO x ' 5 1 ' 5 2 ' 4 9 ^ may prove to be an interesting direction of research in 

an attempt to shift TiO 2 band gap energy. Recent research interest has been focused on 

narrowing the TiO 2 photocatalyst band gap by different methods. Sugiyama et al. [53] 

reported that a TiO 2-TiC photocatalyst made by chemical vapor deposition methods has a 

visible light activity. Asahi et a/. [ 5 4 ] synthesized Ti0 2 . x N x photocatalyst by sputtering the 

TiO 2 target in N2(40%)/Ar gas mixture. This photocatalyst demonstrated activity 

improvement under X = 500 nm. Shahed et a/. [ 5 5 ] studied the carbon-containing TiO 2 

catalyst by controlled combustion of Ti metal in natural gas. This catalyst also absorbed 

longer wavelength photons in the violet, blue, and green regions, yielding an eightfold 

efficiency boost. Thus far, however, a practical TiO 2 photocatalyst for highly efficient 

use of visible light has not emerged. 

1-4.3 Other application areas OfTiO2 photocatalysis 

After the discovery OfTiO2 photo assisted electrolysis of water by Fujishima and 

Honda [56], TiO 2 has found a variety of applications. Water splitting research still received 
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much attention[57"59]. In addition to the widely studied application of TiO 2 in POTs, 

TiO 2 semiconductor material also exhibits strong bactericidal activity when irradiated by 

UV light. The first report of microbiocidal effects of TiO 2 photocatalysts was published 

in 1985[60]. Since then, anti-microbial effects OfTiO 2 have received increasing attention. 

The target biological organisms have included pathogenic bacteria, viruses, protozoa, 

fungi, and cancer cells. Tumors caused by transplantation of HeLa cells into nude mice 

were suppressed by irradiation with 300-400 nm light in the presence of T i0 2 ' 6 1 ] . Jacoby 

et al}62' studied the mineralization of bacterial cell mass on photocatalytic surface in 

air and related mechanism. Blake et al}64^ reviewed the work that has been published on 

disinfection and killing of cancer cells using titanium dioxide. In addition, TiO 2 

photocatalysis has also been applied in the areas of chemical synthesis'65' 6 6 ] , catalyst 

synthesis'671, and noble metal recovery'681. 

1-5 TiO2 photocatalysis mechanism 

The widely accepted mechanism in semiconductor photocatalysis involves the 

excitation of an electron from the VB to the CB. Upon irradiation with light energy equal 

to or larger than the semiconductor Eg, an electron is excited from VB to CB, leaving an 

electron vacancy ("hole") in VB. This primary photochemical process is now well 

established. The holes generated in the semiconductor are very oxidative, so they can 

directly attack and oxidize substrate molecules, or can oxidize hydroxyl groups into 

hydroxyl radicals, •OHs, which is also a highly oxidizing species. The most widely 

accepted mechanism of a semiconductor photocatalyst is illustrated in Figure 1-5.1. 
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e" : excited electrons in CB 
h + : holes in VB 
R : reactants/contaminants 

Figure 1-5.1 A diagram of the mechanism of semiconductor photocatalysis 

Though the trapped holes have been proposed to directly oxidize adsorbed 

substrates^691, the hydroxyl radical attack mechanism dominates in semiconductor 

photocatalytic reactions. As a photogenerated hole has a 3.00 V oxidation potential, it is 

so oxidative that the surface bound -OH groups or surface adsorbed water molecules can 

be easily oxidized into hydroxyl radicals (•OH)'7 0' 7 1 I Comparable to the redox potential 

of ozone [ 7 2 ] , the hydroxyl radical potential is positive enough to oxidize most organic 

substrates. 

On the other hand, electron trapping is usually believed to be achieved through 

the adsorbed molecular oxygen to facilitate production of O 2

- anions, the phenomenon of 

which was studied by Rao et alJ49\ H 2 O 2 and O 2 can be generated by the O 2 fading 

reaction: 

2 O 2 + 2H + H 2 O 2 + O 2 

It is often reported that photocatalytic activity is nearly completely suppressed in 

the absence of oxygen. The resulting species, superoxide O2", is highly active and can 
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attack either organic molecules or adsorbed intermediates or, after protonation, can 

provide an additional source of surface-bound hydroxyl radicals: 

O 2" + 2H + -» 2 .OH 

Thus, the adsorbed oxygen is important for photocatalytic oxidation reactions. Lewis et 

al. ' 7 3 ] have attributed the lower activity of rutile TiO 2 compared with anatase TiO 2 to a 

lower capability to adsorb O 2 and thus, a higher electron-hole recombination rate. From 

above reactions, we can see that oxygen functions as more than an electron scavenger'74" 

76 17 77 781 Í761 18 

. Hoffmann et al} J suggested and confirmed by O isotope labeling 

experiments, that H 2 O 2 , the most frequently detected intermediate species in the 

photocatalytic oxidations, is partially produced from adsorbed oxygen. 

During photocatalytic oxidations, the hole can also undergo an e7h+ 

recombination process with a CB electron. The recombination is a problem since it 

decreases the quantum yields of the photocatalytic degradation reactions. The 

recombination of the photogenerated electron and hole is so rapid (occurring on a time 

scale of nanoseconds) that interfacial electron transfer is kinetically competitive only 

when a relevant electron donor or acceptor is preadsorbed prior to irradiation'791. 

Reducing the rate of the recombination of the electrons and holes is a key 

consideration in design of semiconductor photocatalysts. In both aqueous and non

aqueous suspensions, the critical issue governing the efficiency of photocatalytic 

oxidative degradation is the minimization of the electron-hole recombination rate by 

maximizing the rate of interfacial electron transfer to capture photogenerated charge 

carriers'801. The charge carriers recombination rate is significantly influenced by the 

densities of Lewis acidic and basic sites on the surface of photocatalysts'811, the state of 
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hydration of active -OH groups on the surface[82] and the hydrophobic-hydrophilic 

characteristics of the surface1-65'83]. These variables, in turn, are influenced by reaction 

conditions and the method used in the preparation of the photocatalysts. Many 

researchers have tried to modify the TiO 2 surface, using such methods as adding electron 

trapping metals Pt and Au, combinations with other semiconductors, or incorporation of 

other elements into TiO 2 lattice to suppress the photogenerated chargers recombination. 

The mechanism is to trap or transfer the photogenerated CB electrons onto these 

additives resulting in the reduction of e7h+ charge carriers recombination. Some of these 

modifications have significantly improved the efficiency OfTiO2 photocatalyst. 

In a photocatalytic reaction, the rate of oxidation by the holes or hydroxyl radicals 

must be balanced by the rate of reduction by the electrons. Either of these reactions can 

be a rate-limiting step. Although the above physical events are generally accepted as the 

initial step for the photo oxidation process, the subsequent chemical events at the liquid-

solid interface remain an ambiguous and controversial issue. No theories have been 

accepted unanimously for its mechanistic explanation. For example, the choice between 

the hole (h+) directed mechanism and hydroxyl radical (•OH) driven mechanism remains 

uncertain, since similar reaction intermediates are expected from these two schemes in an 

aqueous system. It is also unclear where the reaction happens. Some researches suggest 

that the organic contaminant molecules are attacked by hole-generated hydroxyl radicals 

on photocatalyst's surface as well as in the aqueous phase nearby the solid surface. Other 

groups believe that the degradation reaction occurs only on the solid photocatalyst 

surface. The latter mechanism is supported by the preponderance of evidence on 
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photocatalytic chemistry in an aqueous solution'841. This suggests that the hydroxyl 

radical does not diffuse from TiO 2 surface into bulk aqueous phase. 

The following reactions'851 summarize the possible mechanistic steps. Generally 

speaking, from irradiation on TiO 2 photocatalyst to reduction of contaminants, the 

process undergoes five steps: (i) electron-hole generation; (ii) hole trapping from valence 

band (VB); (iii) electron transferring from the conduction band (CB); (iv) oxidation of 

organic contaminants; and (v) charge carriers recombination. 

(i) Electron-hole generation: 

TiO 2 + hv -> TiO 2 (e" in CB, h + in VB) (1-5.1) 

(ii) Hole trapping from VB : 

Ti0 2(h+) + H 2 O a d s -> TiO 2 + H + + .OHads (1-5.2) 

TiO2(Ii+) + OH a d s " -> TiO 2 + .OH a d s (1-5.3) 

TiO2(Ii+) + R -> TiO 2 + .R +

a d s (1-5.4) 

(iii) Electron transferring from CB : 

Ti02(e")+ O2, a d s -» TiO 2 + •O2" (1-5.5) 

2.02" + 2H + -» H 2 O 2 + O 2 (1-5.6) 

.O2" + 2 H + ^ 2 . 0 H a d s (1-5.7) 

Ti02(e") + H 2 O 2 -» TiO 2 + OH" + .OH a d s (1-5-8) 

(iv) Oxidation of organic contaminants: 

. O H a d s + R H a d s ^.R+ads+H2O (1-5.9) 

Ti0 2(h+) + R a d s -> TiO 2 + .R+ads (1-5.10) 

(v) Charge carriers recombination 

TiO 2 (e") + TiO 2 (h+) -> heat (recombination) ( 1 -5.11 ) 
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TiO 2 (e")+ .OH a d s -> TiO 2 + OtT (1-5.12) 

In the above mechanism, the primary e7h+ pairs are derived from the UV 

irradiation in Equation (1-5.1). Equations (1-5.2 - 1-5.4) are the three means of hole 

trapping on the adsorbed organic species, adsorbed water molecules, and the surface 

hydroxyl groups. Dissolved oxygen can accept the excited electrons to form superoxide 

radical ions, which is another possible source of hydroxyl radicals (Equation 1-5.7). 

Thus, hydroxyl radical •OHATIS species can be generated not only from VB hole trapping 

processes (Equations 1-5.2 and 1-5.3), but also from the CB electron scavenging steps 

(Equations 1-5.5 and 1-5.7). The highly oxidizing hydroxyl radicals or holes provide the 

main power for contaminant degradation (Equations 1-5.9 and 1-5.10). Meanwhile, the 

hydrogen peroxide produced from Equation 1-5.6 is also a strong oxidant, which can 

directly attack contaminant substrate or produce another source of hydroxyl radicals 

through the UV irradiation process. Equations 1-5.11 and 1-5.12 are the main charge 

carrier recombination and quenching processes, which are the main reasons for the low 

quantum yield OfTiO2 POTs. 

1-6 Acetophenone (AP) degradation pathways, TiO 2 photocatalytic oxidation 

kinetics, and experimental data treatment 

1-6.1 Acetophenone (AP) degradation pathways 

Acetophenone (AP) was selected as a target contaminant in the thesis. AP is 

structurally an aromatic ring connected with a carboxyl >C=0 group. The K orbitals from 

the aromatic ring and >C=0 form a conjugated 7t system, resulting in the molecular 
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structure being relatively planar and stable. Hydroxylated aromatic intemediates are 

commonly reported in photocatalytic degradation of aromatic compounds in aqueous 

solution. A majority of people assume that the AP degradation mechanism is driven by 

hydroxyl radical attack on the aromatic ring. Xu and Langford [ 8 6'8 7 ] studied the formation 

rate of the intermediate of 2-hydroxylacetophenone (2HAP). Several 

dihydroxylacetophenone isomers were also identified. The direct attack process of 

hydroxyl radicals generated from TiO 2 photocatalysis on an AP molecule can be seen in 

Figure 1-6.1.1: 

2HAP , 3HAP , 4HAP , phenol 

(several isomers) 

Figure 1-6.1.1 AP photocatalytic degradation pathways 

The intermediates in the reaction can be 2HAP, 3HAP, 4HAP and phenol according to 

this reaction mechanism. During the evaluation of the photoactivities of the Ti0 2/ZSM-5 

photocatalysts in the thesis, the intermediates were not studied. However, it was observed 

that there was an intermediate peak in each aqueous phase HPLC chromatogram. (see 

Figure 1-6.1.2). 
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Figure 1-6.1.2 HPLC chromatograph of the intermediates formed in ~25 ppm AP 
photocatalytic degradation over TÌO2/ZSM-5 photocatalyst prepared by P25 

hydrothermal attachment method in an aqueous phase adopted from Section 4-2.1 

In Figure 1-6.1.2, the features before retention time of 2.0 minutes are caused by 

the sample injection. The peak at 2.35 minutes retention time has been identified as AP. 

The peak at 3.8 minutes was from an intermediate formed in the reaction. AP was almost 

all adsorbed onto the photocatalyst before illumination, such that the AP concentration 

remaining in the aqueous solution was very low (lower than 0.05 ppm). The intermediate 

concentration can be estimated to be lower than 1 ppm. It was observed that the 

intermediates existed only in the aqueous phase. None was extracted by acetonitrile. This 

indicates that the intermediate is relatively hydrophilic. According to above reaction 

pathway, it can be any one of the three possible intermediates 2HAP, 3HAP or 4HAP. 

Further work will be required for the identification of these intermediates. 
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1-6.2 TiO 2 photocatalysis kinetics 

The most popular kinetic interpretation for TiO 2 photocatalysis is the Langmuir-

Hinshelwood (L-H) model based on the pre-adsorption equilibrium and surface reactions 

T88 77 411 

that occur ' ' . The L-H model assumes: (i) photocatalytic degradation reactions of 

organic contaminants occur on the surface of the TiO 2 photocatalyst; (ii) substrate 

adsorption follows the traditional Langmuir model, where the surface adsorption sites are 

uniform and independent, the number of surface adsorption sites is fixed, and the 

adsorption is restricted to monolayer; (iii) enthalpy of adsorption is independent of the 

surface coverage of the substrate; (iv) surface reaction is the rate determining step and 

that adsorption and desorption of the substrate reach equilibrium. Thus, the rate 

determining process in the Ti02-photocatalyzed degradation of organics is one involving 

a reaction between an adsorbed substrate in a surface concentration (coverage), 6, and an 

oxidizing agent ox (h+ or •OH) photogenerated at the interface with a photostationary 

surface concentration, 0OX. Oox is a function of illumination light intensity, photocatalyst 

efficiency, and independent of substrate concentration. According to L-H model 

assumption, the degradation rate of organics should be given by Equation 1-6.2.1. 

R = -dC/dt = k L _ H *e 0 X *e (1-6.2.1) 

where, R is the degradation rate, k L - H is a rate constant, C is the substrate concentration, 

and 9 is the substrate coverage on the photocatalyst surface. As the adsorption is 

restricted within a monolayer, 9 can be expressed as K adC e q/(l+ KadCeq), where K ad is an 

equilibrium constant of substrate adsorption-desorption on the solid catalyst surface and 

C e q is the equilibrium concentration of the substrate in bulk phase. If Kad is independent 

of illumination, then Equation 1-6.2.1 becomes: 
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R = k L . H • eo x . K a d C e q / ( l+ K a d C e q ) (1-6.2.2) 

As G0X is independent of C e q , Equation 1-6.2.2 can be simplified into Equation l-6.2.2a or 

Equation 1-6.2.2b, which is the L-H model, with kr = k L_H • 0OX: 

R= kr K a d C e q / ( 1+K a dC e q) (l-6.2.2a) 

1/R = l/k r + l/(k r K a d C e q ) (1-6.2.2b) 

In these equations, kr is the rate constant of the surface reaction of adsorbed substrate; K a d 

is the adsorption-desorption equilibrium constant. From Equation 1-6.2.2a, one can see 

that, if K a d C e q « 1, Equation 1-6.2.2a becomes: 

R = k a p p C e q (1-6.2.2c) 

where, k a p p equals kr K a d and is the pseudo-first order rate constant, or apparent rate 

constant. The case that a substrate is weakly adsorbed (small K a d ) in dilute concentration 

(small C e q) is applicable to Equation 1-6.2.2c. 

On the other hand, several authors^39'89'71] questioned the L-H model, especially, 

Turchi and Ollis [ 7 1 ] , who obtained a similar form of Equation 1-6.2.2a by considering 

four cases for •OH radicals to attack the organic substrate: (1) the attack of surface •OH 

on the substrate adsorbed on surface; (2) the attack of surface •OH on the substrate in 

solution; (3) the attack of solution •OH on the substrate adsorbed on surface; and (4) the 

attack of solution •OH on the substrate in solution. 
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1-6.3 Experimental data treatment 

AP photocatalytic degradation reaction over supported TiO 2 photocatalyst in 

aqueous solution tended to follow pseudo-first order kinetics to a reasonable 

approximation'901. Equation 1-6.3.1 is the definition of the first order reaction kinetics: 

rAp = - d[CA P]/dt = k [ C A P ] (1-6.3.1) 

where, r A P is AP degradation rate, [ C A P ] is AP concentration in the aqueous solution, k is 

the pseudo-first order rate constant, or the apparent rate constant for AP degradation 

reaction. Equation 1-6.3.1 can be easily integrated into to the following useful form: 

In [CAPO]-In [CAP,] =kt (1-6.3.2) 

where [CApo] and [CApt] represent AP concentration in aqueous solution at time zero and 

time t after irradiation, respectively. From Equation 1-6.3.2, k can be obtained. This k is 

different from the kinetic rate constant kr in Equation 1-6.2.2a, where kr represents the 

photocatalytic reaction constant, while the k in Equation 1-6.3.2 is the macro AP 

degradation rate constant which includes the influences of mass transfer factors (such as 

the rate constants for AP to diffuse from the bulk solution onto the catalyst surface ka and 

for products/intermediates to diffuse from the catalyst surface to bulk solution ka) and the 

kr in Equation 1-6.2.2a. Normally, the photocatalyst reactivity can be represented by k 

under the condition that the mass transfer processes are not rate-limiting steps. In this 

thesis, k was adopted to represent a relative photocatalyst activity. 
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1-7 Parameters affecting TiO2 photocatalytic process 

Though Equationl-6.2.1 gives the rate of photocatalytic degradation reactions 

occurring on the catalysts surface, the overall degradation rate is also affected by TiO 2 

catalyst reaction kinetics. Since the photodegradation of contaminants occurs in aqueous 

medium, the final degradation rate is primarily controlled by the rate-limiting step. 

According to the mass transport theories, mass transfer rates in terms of diffusions should 

be considered for an overall degradation rate. In order for contaminant molecules to be 

degraded, the substrate in the bulk solution (C0) must diffuse and be adsorbed onto the 

photocatalyst surface (the surface substrate concentration Cs) at a molecular diffusion rate 

ra. The driving force of the mass transfer is (Co-Cs), while the resistance can be expressed 

by the thickness of the mass-transfer transitional layer of o¡, which is dependent on the 

relative motion of the photocatalyst to the bulk solution. The surface reaction of the 

substrate on the surface can then proceed reaction A(s)->R(s) at a rate rs. If the surface 

reaction is the rate determining step, rs represents the contaminant overall degradation 

rate. The driving force for this step is C s and the concentration of the redox pairs 

generated from the irradiation. The photocatalyst efficiency and irradiation intensity are 

responsible for the charge pair concentrations. Finally, the products/intermediates 

desorption and diffusion from the surface to the bulk environment (C R s -> CRO) must 

occur, at a rate of r¿, where C R s and CRO are the products' or intermediates concentrations 

on photocatalyst surface and bulk phase respectively. The driving force in this process 

can be described by C R S - CRO. The resistance of the process can be expressed by 80, the 

thickness of the reverse transitional film layer. The overall photocatalytic degradation 

rate should be determined by the slowest of the three rates ra, rs, r¿. For photocatalyst 
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evaluation, the reaction conditions should be adjusted to eliminate the effects of inward 

reactant diffusion and outward products/intermediates diffusion to assure that the overall 

degradation rate is a correct indication of the photocatalytic degradation reactions. 

In the case of favourable reaction kinetics, the process will be controlled by TiO 2 

photocatalyst activity, which is determined by the synthesis method. The textural and 

structural characteristics of TiO 2 are very sensitive to preparation methods'911. For a 

supported TiO 2 photocatalyst, a synthetic method consists of TiO 2 precursor selection, 

TiO 2 sol gel preparation, support modification, and the procedures of coating, drying, 

calcinations, etc. The physical and chemical properties of the photocatalyst will be 

determined by these individual processes. 

In addition, the substrate adsorption strength of a photocatalyst is also an 

important factor influencing the photocatalyst activity. As TiO 2 has a polar surface plus 

its small specific surface area (about 50 m2/g), its organic substrate adsorption capacity is 

limited. Cunningham et o/. [ 8 0 ] studied the adsorption isotherms of three substituted 

benzoic acids: salicyclic acid, 3-chloro-4-hydroxyl benzoic acid, and 4-amino benzoic 

acid on TiO 2. They suggested the following model to fit these substituted benzoic acids 

adsorption isotherms: 

C e q M s

2 = l/(K.n s

2 ( m a x )) + C e q / n s

2 ( m a x ) (1-7.1) 

where C e q is the substrate equilibrium molar concentration; n s

2 is the number of solute 

moles adsorbed per gram of TiO 2; ns

2(max) is the limiting number of moles of solute that 

can be adsorbed onto a gram of TiO 2. From plot of C e q /n s

2 versus C e q , they found that 

these aromatic compounds' adsorption isotherms fit well with the model. Their respective 

limiting numbers of moles of these aromatic compounds adsorbed on a gram of TiO 2 
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were measured from the reciprocal of the slope of such linear plots. Further, they 

investigated the substrate coverage effects on their respective degradation rates. 

Though irradiation light intensity is not explicitly expressed in the L-H model of 

Equation 1-6.2.2a, it is obvious that the light intensity is a factor affecting the TiO 2 

photoactivity. Actually, the factor of light intensity is implicitly included in the term of kr 

in Equation 1-6.2.2a via 0OX, which is proportional to the illumination light intensity. In 

H-L model, K a d is independent of illumination intensity; however, it has been found that 

K a d is also influenced by illumination intensity. Meng et al}92] reported that kr and K a d " 1 

increased linearly with the square root of incident UV light intensity in the degradation of 

para-chlorobenzoate (4-CBA) over P25 TiO 2. Xu and Langford[86] found that kr was 

proportionally increased with UV light intensity, but K a d was decreased when irradiation 

was performed at higher light intensity for AP degradation over P25 TiO 2 photocatalyst. 

Quantum yield was also studied by Aguado et a l . . They found that quantum yield 

deceases with increasing light intensity. As both kr and K a d are affected by light intensity, 

the pseudo-first order rate constant k is apparently a function of light intensity. Ollis et 

al.w systematically studied the influence of light intensity on photocatalytic 

mineralization. They reviewed the studies reporting the effect of light intensity on the 

kinetics of the photocatalysis process and stated that at low light intensities, the apparent 

rate constant increased linearly with light intensity, at intermediate light intensities the 

constant depended on the square root of the light intensity, and at high light intensities 

(higher than 100 times the intensity of sunlight), was independent of light intensity. The 

intensity of sunlight on the earth was used as a reference in their work. Several studies^94' 

9 5 ] attributed these changes to the recombination rate of photogenerated electron-hole 
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pairs at higher light intensities. In this thesis, the UV light intensity entering into the 

reactor from a Xenon short arc lamp was measured by actinometry method to be around 

17 

6.6 X 10 photons/second with less than 5% variation. Considering the area of quartz 

reactor window (inner diameter ID 2.5 cm), we can calculate that the UV light intensity 

used in our experiments is approximately 80 times the intensity of sunlight UV-Vis. 

intensity of 1.7 x IO15 photons/second»cm2[5]. Thus, the pseudo-first order rate constants 

were processed and corrected according to Ollis et a/.[4]'s result for intermediate light 

intensity, that is, the apparent rate constant is proportional to the square root of UV light 

intensity. 

1-8 AP molecule structure 

As AP molecule dimension is a critical parameter to understand its adsorption on 

the porous photocatalyst, it is necessary to investigate its molecule configurations in 

detail. SPARTAN '02 software (Molecular Modeling Program) was utilized to calculate 

AP's geometry in its lowest energy state. Figure 1-8.1 illustrates its configuration. In this 

figure, it can be seen that the longest length across AP molecule is the distance between 

H4 and H8, which is 7.3 A; other distances are indicated in Figure 1-8.1. The distance 

nearly vertical to the longest length from H l to H5 is 4.3 Â, which is the widest part of 

the molecule. These distances are measured from the centre of one nucleus to the centre 

of another nucleus. Considering the van der Waals radius of hydrogen of 0.37 A, we 

estimate AP molecular dimension as 8.1 A x 5.1 A. 
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*• Longest length 7.3 A 

- 4.6 A 

* 5 . 0 A 

v 4.3 A 

Figure 1-8.1 AP molecule dimensions 

1-9 Supported TiO 2 photocatalysts 

It is widely reported that TiO 2 suspensions have higher efficiency than 

immobilized catalysts. However, as mentioned above, the tiny size of the TiO 2 

suspension particle (usually less than 0.5 u\m) makes complete separation of the catalyst 

costly, and thus, the process is not industrially viable. Adsorptive supports may enhance 

the overall organic destruction by pre-concentrating organic molecules on the catalyst 

surface. Compared with slurry TiO 2, immobilized TiO 2 processes have the following 

advantages: 

1) As TiO 2 POTs are currently efficient only for dilute (ppm level) contaminants 

removal, from the point of kinetics, the photocatalytic oxidation rate is 

normally low because of low contaminant concentration near the active sites 

of TiO 2. If TiO 2 is immobilized on an adsorbent support, the contaminant can 
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be pre-concentrated around the active TiO 2 sites, and the oxidation rate may 

be increased by reducing the diffusion requirement from three to two 

dimensions. 

2) Industrially, immobilized TiO 2 photocatalyts can be easily separated and make 

it possible for the contaminated media to be continuously treated. 

3) The immobilized TiO 2 can be easily recycled and the treatment cost will be 

reduced. 

In recent years, immobilized TiO 2 photocatalysts have been receiving more 

attention. A number of supports have been investigated for TiO 2 immobilization, such as 

glass beads[96-"], fibre glass [ 1 0 ( M 0 2 ], silica [ 1 0 3- , 0 5 ] , clay [ 1 0 6 ], sand [107], and zeolites'108"110'90I 

Liu et al.[110'111] encapsulated TiO 2 in zeolite Y and zeolite L, through ion exchange with 

ammonium titanyl oxalate monohydrate, (NH 4) 2TiO(C 2O 4) 2H 2O. Using platinized 

titanium dioxide (Pt-TiO2), Zhang et a/. [ 1 1 2 ] supported TiO 2 on silica gel and investigated 

the destruction of organic compounds in aqueous solution through fixed-bed 

photoreactors. They showed that the destruction rate of trichloroethylene (TCE) was 16 

times of that of Degussa P25 TiO 2. Xu and Langford p o ' 8 7 ] coated TiO 2 on X, Y, A, ZSM-

5, and MCM-41 zeolites and concluded that ZSM-5 was a promising adsorbent support 

for TiO 2 photocatalysts. Research by Beaune et o/. [ 1 1 3 ] was the first attempt 

involving both zeolite and semiconductor in photocatalytic oxidation. These authors 

mixed Degussa P25 TiO 2 with zeolite Y in an acetonitrile suspension for photooxidation 

of isopropylbenzene and a-methylstyrene to AP. Experimental results showed that the 

conversion rate of the mixture catalyst of P25 TiO 2 and zeolite Y was higher for 

isopropylbenzene and lower for a-methylstyrene degradation than that of P25 TiO 2 
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catalyst. In addition, Durgakumari et a/. [ 1 1 4 ] studied TiO 2 supported HZSM-5 and TiO 2 

+ HZSM-5 zeolite combinate photocatalysts in the photodegradation of aqueous phenol 

and /?-chlorophenol, and concluded that the use of TiO 2 + zeolite combinate (mechanical 

mixture) is more effective than Ti0 2/ZSM-5 and P25 TiO 2, because the substrate 

adsorbed on zeolite could reach the mobile TiO 2 easily. Matthews'-107] immobilized P25 

TiO 2 on sand from a coastal dune in 1991. Using the sand supported P25 photocatalyst, 

he studied photocatalytic degradations of several dyes and salicylic acid, and concluded 

that the reaction rate over this photocatalyst was mass transfer limited. Bideau et a/. [ ! 1 5 ] 

found an unusual result from the glass and silica supported P25 TiO 2 photocatalysts. 

They claimed that the TiO 2 is more tightly bound to these supports by P25 TiO 2 than by 

sol gel TiO 2 on the supports. As a result, for degradation of formic acid, the silica 

supported P25 TiO 2 photocatalyst performed better than P25 TiO 2 treated by the same 

process without supports. They concluded that TiO 2 on supports may benefit from a 

reduction in the size of the TiO 2 particles on the support surface. 

According to Pozzo and his co-workers'-116-1, a good photocatalyst support should 

have the following properties: 

• transparency to UV light; 

• strong physical-chemical bonds between TiO 2 and the surface without any 

negative effect on degradation properties; 

• a higher specific surface area for higher contaminant adsorption; 

• a good capacity to adsorb target organic contaminants, a physical configuration 

favouring the liquid-solid separation, and chemically inert. 
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According to above standards, ZSM-5 may be a promising support for TiO 2 

photocatalyst. Besides, its modifiable surface properties, such as surface acidity, 

electrical property, pore properties, etc., offer a variety of alternatives to adjust its surface 

properties to achieve the lowest e7h+ recombination rate. 

1-10 ZSM-5 zeolite structure 

ZSM-5 zeolite was invented by Mobil Oil in the middle of 1960s. It is a high Si 

content zeolite. Besides oxygen, the main elemental components of the zeolite are Si and 

Al . Its physical and chemical properties vary with its SiO 2ZAl 2O 3 formula ratio, which 

ranges from 10 to infinity. ZSM-5 zeolites have been widely studied and used as 

adsorbents, catalysts, and catalyst supports for many years. It has been recognized as an 

excellent petroleum cracking catalyst. ZSM-5 zeolite has a hydrophobic surface and is a 

good organic contaminant adsorbent with an anhydrous framework density'117] of 1.785 

g/cm . Its structure is based on channels with intersecting tunnels composed of five-ring 

building units leading to lattice structure arranged in a ten-membered oxygen ring. Its 

linear channels have a dimension of (5.1 ~ 5.4 A) x (5.6 ~ 5.8 A) which are 

perpendicularly arranged to the zigzag channels with a dimension of (5.1 ~ 5.4 A) x (5.4 

~5 .6Â) [ , , 8 - , 2 0 ] . Silicalite possesses the same structure as the ZSM-5 zeolite, except that it 

is a pure siliceous form of ZSM-5 (without aluminum). In ZSM-5, aluminum sites are 

acidic. The substitution of A l 3 + in place of the tetrahedral S i 4 + silica requires the presence 

of an added positive charge. Thus, there usually exist Na + ions or other ions in ZSM-5 

after its synthesis. When the ion is H + , the acidity of the hydrogen form zeolite is very 

high, implying that its surface acidity can be adjusted by exchanging its ions for H + . 
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Usually, the ZSM-5 specific surface area is about 360 ~ 450 m2/g. It's pore structure 

and X-ray diffraction pattern are illustrated in Figure 1-10.1 and Figure 5-2.2. 

The ZSM-5 sample used in this thesis was a product of Zeolyst International in 

the hydrogen form, with SiO2ZAl2Os mole ratio of 280, Na content 0.05%, and a specific 

surface area S = 363 m2/g (measured by applying Brunauer-Emmett-Teller (BET) theory 

to N 2 adsorption for the determination of the adsorption isotherm), and a specific pore 

volume 0.3 cm3/g. 

Commonly, zeolites have large specific "surface" areas, which are divided into 

"internal surface area" (Sjn) and "external surface area" (Sex). The internal surface area Sjn 

is located on the inside surfaces of the channels and channel intersections/cages of the 

zeolite frame structure, while the external surface area S e x refers to the external surface 

areas of crystal frame, fracture channels, and fracture channel intersections other than Sjn. 

ZSM-5 zeolite possesses a well-organized crystalline framework with external and 

internal structures. Both of the internal and external surface areas are influenced by the 

size of ZSM-5 zeolite crystal, which is composed of unit crystal cells. The unit cell 

parameters were found to be a = 20.1, b = 19.9, and c = 13.4 A [ 1 2 1 l The internal and 

external surfaces are also dependent on the sizes of adsórbate molecules. 

Zeolite surface is usually complicated. This may be one of the reasons why zeolite 

catalysis theory is far behind its practice. Regarding the ZSM-5 zeolite surface, various 

experimental methods have been applied to study its surface configurations. For example, 

aromatics adsorption has been frequently used to investigate ZSM-5 or silicalite crystal 
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structures by isotherm measurements'122"1263, isoteric heat'1 2 7'1 2 8 ] or calorimetry'129'130], 

G C [ 1 3 1 ] , X R D [ 1 3 2 ] or nuclear magnet resonance(NMR)[133], theoretical calculations with 

computer simulations'134"1371, and statistical thermodynamics'138'118]. The results showed 

that some unusual adsorption characteristics at ZSM-5/aromatics systems are associated 

with the heterogeneity of adsorption sites. It was believed that the site heterogeneity was 

first reported in the calorimetrie studies of Thamm' 1 2 9 ' 1 3 0 ]. After that, at least three sites 

for aromatics adsorption have been suggested by considering the topology of ZSM-5 

frame structure. 

Lee and co-workers'118] proposed a three-site model for the adsorption of benzene 

and p-xylene on silicalite zeolite. They used a lattice gas model with three kinds of 

adsorption sites located at the channel intersections (I), the straight channels (S), and the 

zigzag channels (Z), as indicated in Figure 1-10.1 with the exception that the straight 

channel was given as 0.51Â><0.57 A. 

Olmrvmtmr llMr#B(S 

Figure 1-10.1 Channel structure of silicalite 

(Reprinted with permission from reference [ n . Copyright (1999) American Chemical 
Society) 

They used their three-site lattice model to fit the experimental isotherms of 

benzene and p-xylene adsorbed on silicalite, and estimated that the adsorption energy of 
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site S was larger than that of site I, which means that the straight channel sites S are 

filled first. This may not be the case because the reported computational simulations^34' 

75 135 139 1361 

suggest that channel intersections I are filled first and the view is supported 

by some experimental findings'138]. 

Based on Lee et a/.'s model and their adsorption isotherms, isoteric heats of 

adsorption, and the temperature dependence of adsorption, Narkiewicz-Michalek et 

a/. [ 1 I 9 ] determined the best fit parameters corresponding sites of I, S, Z, while fitting best 

the experienced adsorption isotherms of benzene and />-xylene in silicalite at different 

temperatures. They proposed a homogeneous three-site model and a heterogeneous three-

site model for that system. Though the agreement between theoretically predicted and 

experimentally measured heats of p-xylene adsorption is quite good for their 

homogeneous three-site model, there were some problems in predicting the rapid 

decrease of differential heat of benzene adsorption observed experimentally by 

Thamm [129]. That problem was solved by Narkiewicz-Michalek et al's introduction of the 

heterogeneous three-site model. In addition, Narkiewicz-Michalek et al also explained the 

increase in adsorption heats of/>-xylene from its very low coverage by that the adsorbed 

molecules already interact with each other even when the coverage was less than 4 

molecules/unit cell. This phenomenon has also been identified by other researchers'-140-'. 

Narkiewicz-Michalek et al. suggested that the strong attractive interaction between p-

xylene molecules may mask to some extent the effects of the energetic heterogeneity of 

the adsorption sites in silicalite, so it is difficult to separate the two contributions to the 

total energy of adsorption. Figure 1-10.2 illustrates the occupation by benzene molecules 

on various adsorption sites in silicalite at 273K and 303K in Narkiewicz-Michalek et o/.'s 
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heterogeneous three-site model. The solid lines denoted by i l , i2, z(s) and s(z) are the 

occupancies of different adsorption sites by benzene molecules, i l and i2 are the two 

states of benzene molecules, z(s) or s(z) mean the adsorption sites S or Z, which are hard 

to differentiate by their theoretical calculations. 

Cu AO S O 1 2 0 «GO- 2 0 0 

a* 2 0 0 0 « o o sooo 
p r e s s u r e < P « > 

Figure 1-10.2 Occupation by benzene molecules of various adsorption sites in silicalite 
at 273 K(A) and 303K(B) calculated for the heterogeneous three-site model. The solid 

lines denoted by i l , i2, z(s), and s(z) are the occupancies of different adsorption sites by 
benzene molecules in silicalite. The dashed line is the overall adsorption isotherm 

(Reprinted with permission from reference [ 1 1 9 ] . Copyright (1999) American Chemical 
Society) 

In Figure 1-10.2, it can be seen that at both higher and lower temperatures the 

overall adsorption isotherm exhibits two-step behavior; however, at the lower 



36 
temperature, the second step is less pronounced. This model predicts that the 

adsorption of benzene molecules at lower coverage (less than 4 moles/unit cell) and 

higher coverage (more than 6.5 molecules/unit cell) mainly occupies site I at both 

temperatures. At the coverage between 4 and 6.5 molecules/unit cell, the model predicts 

that all channels and most of the channel intersections are filled. In the case of p-xylene 

adsorption, these molecules fill mainly the channel intersections at the locations denoted 

by i l at lower coverage than 4 molecules/unit cell, higher than that, a rapid filling of 

zigzag channels accompanied by the reorientation of molecules adsorbed in the channel 

intersection starts. 

1-11 Research objectives 

This thesis focuses on study on ZSM-5 supported TiO 2 photocatalyst. Although 

TiO 2 has been immobilized on many supports, little literature has been reported on ZSM-

5 zeolite. As far as we know, Xu and Langford'90^ are the first researchers to use ZSM-5 

as a TiO 2 support in this area. 

An initial objective was to try to improve Xu-Langford method'901. Several 

methods were applied to synthesize the ZSM-5 supported TiO 2 photocatalysts. Since P25 

TiO 2 is regarded as an efficient photocatalyst in this area, the "reference" method was to 

coat P25 TiO 2 on ZSM-5. As mentioned in Section 1-9, several researchers have 

combined P25 TiO 2 with zeolite Y ' 1 1 3 ] , sand [107], glass and silica [ 1 1 5 ], but no literature has 

ever reported P25 TiO 2 on ZSM-5 zeolite. In fact, if this method is useful, the supported 

photocatalyst's cost will be reduced, because the most popular method to prepare a 

supported TiO 2 is to use sol gel TiO 2, which is usually prepared by hydrolysis of 
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expensive TiO2-Containing agents such as titanium tetra isopropoxide (TTIP) or 

titanium tetra chloride. Besides, the reproducibility of the P25 coated supported 

photocatalyst can be more easily controlled than the complicated TiO 2 sol gel synthesis. 

However, the methods expected to produce material superior to the Xu-Langford 

example did expand the exploration of sol gel methods. One approach was to coat 

aqueous sol gel TiO 2 onto ZSM-5 zeolite. As mentioned above, an aqueous TiO 2 sol gel 

can be synthesized by hydrolysis of TTIP or titanium tetra chloride in aqueous medium, 

however, as the latter agent is difficult to manipulate because of its highly moisture 

sensitive property, the former agent is more favourable. In this approach, nitric acid aided 

hydrolysis of TTIP was applied to prepare the aqueous TiO 2 sol gel. A TiO 2 sol gel can 

also be prepared in an organic solvent. Thus, the second approach was to use an organic 

TiO 2 sol gel to coat the ZSM-5 zeolite support. This TiO 2 sol gel was also prepared by 

nitric acid hydrolysis of TTIP, but in absolute ethanol medium. As will be seen below, we 

did not succeed in producing a superior photocatalyst despite variation of conditions for 

sol gel formation over a range of variables for the methods mentioned. Consequently, the 

research focused on P25 TiO 2 coating on ZSM-5. 

Second, a model contaminant will be selected to test these supported 

photocatalysts' photoactivities. This compound should be relatively chemically stable and 

can represent some contaminants in a contaminated water system. Strong adsorption on 

the support is a consideration for a good pre-concentration on a zeolite adsorbent and/or 

TiO 2 sites. For these reasons, acetophenone (AP) was selected as the model contaminant 

to evaluate photocatalysts' activities in this thesis. As far as we know, there is no 

literature published on AP photocatalytic degradation over Ti0 2/ZSM-5 photocatalysts, 
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partially because AP has an extremely favourable adsorption on ZSM-5 zeolite. 

Fujihira et alAAX' 1 4 2 ] studied AP oxidation over a pure TiO 2 photocatalyst. Henglein et 

a/. [ 1 4 3 ] focused on AP degradation over a colloidal TiO 2 photocatalyst. Xu and 

Langford [ 9 0'8 7 ] studied AP photocatalytic degradation over TiO 2 photocatalysts supported 

on zeolite A, X, Y, and MCM-41 and report details of the reaction path way. But they 

avoided using AP as a target substrate to study the Ti02/ZSM-5 photocatalysts because 

its strong adsorption does present difficulties. Instead, they used 4-chlorophenol (4-CP) 

for testing Ti0 2/ZSM-5 activity. Since strong adsorption is a key aspect of the usage 

envisioned for supported photocatalysts, the objective became understanding of such 

adsorption on ZSM-5 and its relation to photoactivity. 

TiO 2 phase compositions and particle size are important for better understanding 

the supported photocatalysts. X-ray diffraction technique was utilized to characterize the 

TiO 2 phases on these supported photocatalysts. For deep understanding the supported 

photocatalyst, it is necessary to establish a surface model in terms of TiO 2 coverage and 

AP adsorption sites on the supported photocatalyst surface. The supported photocatalyst 

synthesized by the best method as mentioned above will be selected for these studies. To 
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obtain TiO 2 coverage on the supported photocatalyst, H- Si solid state Cross 

Polarization (CP) plus Magic Angle Spinning (MAS) nuclear magnetic resonance (NMR) 

technique was applied as reported by Vaisman et al}l44\ In their similar work, they 

reported that the maximum TiO 2 monolayer coverage of about 20% of ZSM-5 surface 

was reached by 2.5 wt% TiO 2 loading on ZSM-5 surface. Additional TiO 2 loading did not 

bring further increase in TiO 2 coverage, instead, a build-up of TiO 2 particles produced 

larger TiO 2 islands. Their result was compared to our supported photocatalyst. To 
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understand adsorption, an AP adsorption isotherm on the supported photocatalyst was 

obtained. It was possible to analyze for monolayer adsorption. Finally, based on the 

parameters of TiO 2 coverage, AP monolayer adsorption, AP molecule sizes, and 

characteristics of ZSM-5 zeolite surface, a supported photocatalyst surface model can be 

developed. 
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Chapter Two : Experimental 

In this Chapter, TÌO2/ZSM-5 synthetic methods, the chemicals used in thesis, the 

UV reactor system and glass filter, and the UV light intensity measurement method are 

described. A quantitative HPLC analytical method for AP analysis will also be discussed. 

2-1 Materials 

TTIP (97%), acetophenone (AP) (99%), absolute ethanol, 1, 10-phenanthroline, 

and ferric chloride (97%) were purchased from Aldrich and used as received. Acetonitrile 

(99.99% for HPLC and 99.5% for extraction), sulphuric acid (95-98%), potassium 

oxalate (98.5-101.0%), and sodium salt of 2, 2-dimethyl-2-2-silapentane-5-sulfonic acid 

(DSS) were from EM Science and also used as received. HNO3 (BDH, 68-70%), and 

sodium acetate (BDH, 99.0-100.5%) were supplied by BDH and used without any further 

treatment. Potassium írá-oxalatoferrate (m), the actinometer, was synthesized in the 

laboratory according to Johnson et al. procedures'-1451. Detailed procedures are described 

in Section 2-3. P25 TiO 2 and ZSM-5 zeolite were provided by Degussa Corporation and 

Zeolyst International respectively and used as received. Kaolinite was supplied by the 

XRD Group of the Department of Geology and Geophysics, University of Calgary, AB, 

Canada. Millipore filtered doubly distilled water (DDW) was used throughout 

experiments. Detailed information on the materials used in this thesis appears in 

Appendix 1. 
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2-2 Reactor system 

The reactor system is illustrated in Figure 2-2.1. UV light is generated by an 

Xenon short arc lamp enclosed in an AlOlO lamp housing from PTI and powered by a 

250 LPS power supply (PTI) at 140 W. The AlOlO lamp housing was cooled by tap 

water at a constant flow rate. The Xenon Short Arc Lamp was purchased from USHIO 

Inc. (Japan). After the UV light is filtered by the infrared filter, it passes through a UV 

light glass filter of 320 nm wavelength cutoff. The transmission spectrum of the filter was 

measured on an HP 8452A Diode Array Spectrophotometer to determine UV light 

transmittance through the cutoff filter into the reactor system. The reactor was a 125 ml 

jacketed cylindrical glass vessel equipped with a flat quartz window (ID 2.5 cm). The 

system was kept at 22 ± 1°C by a circulation of water from a thermostatic in the jacket, 

and magnetically stirred during the adsorption and reaction experiments. 

Prior to each experiment, the light intensity was measured by the chemical 

actinometry method, which will be explained in detail in the following section. In each 

experiment, 0.5 ~ 2.0 g of catalyst and 100.0 ml of solutions of various known AP 

concentrations (20-800 ppm) were equilibrated for a certain period of time before 

irradiation. Oxygen was not added to the reactor, but the reactor was open during 

irradiation. Thus oxygen came only from atmospheric oxygen dissolved in the slurry. 

Irradiation time was monitored and, an aliquot of 2.0 ml sample was withdrawn with a 

syringe from the reactor and filtered through a Millipore membrane filter (0.45 um pore 

size, sample loss through this filter was tested to be 2-6%, depending the extent of reuse) 

for HPLC analysis of AP concentration. 
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In the lower AP concentration (-25 ppm) irradiation experiments, the final 

irradiated mixture was immediately filtered with an Amicon high recovery filter unit with 

a 0.45 um Millipore membrane for solid-liquid separation, and then the catalyst was 

extracted with acetonitrile to determine the amount of AP adsorbed on it. For the high AP 

concentration irradiation experiments and the experiments for measuring the AP 

adsorption capacities, an aliquot of 2.0 ml was taken to measure the final equilibrium AP 

concentration before the irradiated mixture was filtered and extracted. 

Xenon 
Lamp 

Glass filter \ 

IR filter 

Reactor 125ml 

Cooling water 

Magnetic stirrer 

Figure 2-2.1 UV reactor system configuration 

AP adsorption isotherm was determined by using a series of 60 ml glass 

cylindrical vials loaded with various weights (10-50 mg) of a sample photocatalyst. The 

mixtures of the sample photocatalyst with 50.0 ml 20 ~ 100 ppm AP aqueous solution 

were equilibrated at a temperature of 22 ± 1°C for 8 ~ 12 hours, then an aliquot of 2.0 ml 

sample was withdrawn, filtered with the Millipore membrane, and analyzed to obtain the 

AP concentration decrease for the calculation of AP adsorption. 
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2-3 UV irradiation light intensity measurement— K3Fe(C2O4)3^H2O 

actinometry 

Several methods[146] are available to measure irradiation intensity, such as 

"thermalpile"-galvanometers, chemical actinometers, and phototubes. Collecting light 

exactly as it enters a reaction vessel is tricky. Compared with other techniques, chemical 

actinometry is more precise and simple. The basic idea is to illuminate a photosensitive 

compound of known quantum yield for a given period of time, and measure the amount 

of a product formed. The light intensity can be calculated as photons per second or 

Einsteins (moles of photons) per second by the amount of the irradiation product. 

Currently, a widely used UV chemical actinometer is potassium /rà-oxalatoferrate (m) 

(K 3Fe(C 2O 4) 3^H 2O ). It was developed by Hatchard and Parker t 1 4 7 ' 1 4 8 ]. The actinometer 

is reliable over a wide range of UV wavelengths because of its near constant quantum 

yield. When a sulphuric acid solution of K 3Fe(C 20 4) 3-3H 20 is irradiated in the 

wavelengths ranging from 250 nm to around 500 nm, a simultaneous reduction of Fe(III) 

to Fe(II) and oxidation of oxalate ion occur. The quantum yield of Fe(II) formation 

around 366 nm wavelength irradiation has been accurately documented to be 1.21 with 

little wavelength dependence. The product ferrous ion and its oxalate complex are stable, 

and can be easily analyzed by visible spectrometry through the formation of a red 

coloured 1, lO-phenanthroline-Fe(II) complex. 

Potassium im-oxalatoferrate (m) can be easily synthesized by mixing three 

volumes of 1.5 M aqueous potassium oxalate (K 2C 2O 4)-H 2O solution with one volume of 

1.5 M ferric chloride (FeCl3) (reagent grade chemicals) solution under high speed 

stirring. Then the product solution is cooled to O0C and kept it at this temperature until 
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crystallization is completed. The product is beautiful pure green crystal which can be 

collected by filtration. The precipitated K3Fe(C2O4)3-SH2O should be recrystallized, 

preferably three times, by decanting off the mother liquor, redissolving it in three 

volumes of warm water, and cooling to and keeping at O0C for complete recrystalization. 

The final product should be washed with a small volume of ice water. The final crystals 

were dried on the filter paper in the oven at 40°C. The product yield was higher than 

50% [ 1 4 6' 1 4 5 ] . UV light intensity can be measured in the actinometer according to the two 

steps as follows: 

Step 1: Determination of the Fe(II) complex extinction coefficient, e, at 510 nm in Beer-

Lambert (B-L) law of the Fe(II) complex calibration curve 

A series of different Fe(II) concentration solutions were prepared from ferrous 

ammonium sulphate, (NH4)2Fe(SO4)3. The absorbance spectrum at 510 nm was measured 

with the UV-Vis. spectrophotometer. A series of 0.8 ~ 8 x IO"5 M Fe(II) solutions were 

prepared by diluting a mixture of a certain volume of 4 x IO"4 M Fe(II) 0.05 M H 2SO 4 

aqueous solution (prepared from the dissolution of (NH4)2Fe(SO4)3 in 0.05 M H 2SO 4), 

2.0 ml of 0.1 wt% 1, 10-phenanthroline indicator solution, and 5.0 ml of buffer solution 

into 25 ml volumetric flask. The buffer solution contained 0.6 M sodium acetate and 0.18 

M H 2SO 4 . After the Fe(II) complex solutions were completely developed in the dark 

(usually it will take at least one hour), their absorbance at 510 nm was measured in a 1.00 

cm quartz cell. The Fe(II) complex calibration curve is illustrated in Figure 2-3.1. 

According to B-L law: 

A = el [Fe(II)] (2-3.1) 
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where A is absorbance, 8 is the extinction coefficient, 1 is the light path length (1.00 

cm), and [Fe(II)] is the Fe(II)-complex concentration. According to Equation 2-3.1, e can 

be determined from the slope of the plot of A versus. [Fe(II)] in Figure 2-3.1. The Fe(II) 

complex extinction coefficient was measured to be e = 1.1 IxlO 4 liters/mole*cm, which is 

in good agreement with the value reported in literature[146]. 
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0.00E+00 2.00E-05 4.00E-05 6.00E-05 8.00E-05 1.00E-04 
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Figure 2-3.1 Fe(II)-Complex B-L law calibration curve 

Step 2: Actinometry 

A known volume V i ml (e.g. 100.0 ml) of 0.006 M K 3Fe(C 2O 4) 3 in 0.05 M H 2 SO 4 

was irradiated at a fixed lamp power for a period of t, say 3.00 minutes. Some of Fe(III) 

was reduced to Fe(II) in proportion to photon flux and the known quantum yield. Then an 

aliquot of V 2 ml (e.g. 5.00 ml) of the irradiated solution was diluted into a V 3 ml 

volumetric flask (e.g. 100.0 ml), which contained 2.5 ml of 0.1 wt% 1, 10-phenanthroline 

indicator and 10.0 ml above mentioned buffer solution. Colour was allowed to fully 

develop for at least one hour in the dark. At the same time, an identical but unirradiated 

actinometer solution was prepared for use as a background reference. The absorbance (A) 
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of the sample solution was measured at 510 nm in a 1.00 cm quartz cell. Using the Fe 

(II) quantum yield O = 1.21, we calculated the UV light intensity. 

Hilop and Bolton'149^ elucidated the complex mechanism of this reduction 

process. Presumably, it includes a ligand to metal electron transfer in the iron-oxalate 

complex with formation of an oxalyl radical anion as shown in Equation 2-3.2. 

Fe111(C2O4)3

3" + hv -» Fe" + 2C 20 4

2" + C2O4* " (2-3.2) 

C2O4* " -»• CO 2 ' " +CO2 (2-3.3) 

Fe111(C2O4)3

3" + CO2" " -> Fe" + CO 2 + 3C 20 4

2" (2-3.4) 

The oxalyl radical anion decomposes to a carbon dioxide radical anion and a carbon 

dioxide according to Equation 2-3.3. Again, the CO2" " radical anion is able to reduce 

ferrioxalate with formation of ferrous ions (Equation 2-3.4). The correct reaction 

stoichiometry of the photolysis of potassium irà-oxalatoferrate (m) in aqueous solution is 

given by Equation 2-3.5 [149]: 

2Fe I"(C204)3

3" + hv -> 2Fe" + 2C0 2 + 5C 20 4

2" (2-3.5) 

From Equation 2-3.5, it can been seen that the theoretical maximum Fe" quantum yield 

should be 2 rather than 1 (the actual value of 1.21, corresponding to a primary yield of 

0.605). The Fe" quantum yield is irradiation wavelength dependent. It ranges from 1.25 

to 0.013 over the irradiation wavelength 253.7 ~ 577 nm but changes little between 254 

and 520 nm [ 7l Its near wavelength independence in the UV region is very valuable for 

broad band light sources. 

The product [Fe11] is determined by B - L law, thus the amount of product Fe" 

moles can be obtained. The light intensity was calculated from the following Equation 2-
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I0 = 6.023XIO2 0ViV3A/(V2e*t) photons/second (2-3.6) 

where I0 is the light intensity measured through the interference glass filter into the 

reactor in photons/second; A is the absorbance measured at 51 Onm from the 

spectrophotometer; s is the experiment value of the molar extinction coefficient of the 

Fe(II) complex as determined from the above B - L law; <I> is Fe (II) quantum yield at 

around 366nm irradiation (O = 1.21); and t is the irradiation time in seconds. 

Figure 2-3.2 is the relationship between light intensity and the LPS-250 power 

supply measured by the actinometry. In order to know the accurate light intensity for 

each photocatalyst, the light intensity was measured before and after each experiment. 

0 A 1 1 1 ! 1 1 
80 100 120 140 160 180 200 

LPS-250 power scale W 

Figure 2-3.2 UV light intensity (Io) entering reactor through the 320 nm cut-off 
interference glass filter versus LPS 250 UV power scale 

The wavelength of the Xenon short arc lamp illumination ranges from UV to 

visible region. Through the cutoff interference filter, only the part of X > 320nm light 

entered the reactor, so the light intensity measured by this actinometer includes all 

portion of X > 320 nm, however, as the threshold irradiation wavelength of TiO 2 
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photocatalyst is 388 nm, only the portion of the UV light 320 nm < À < 388 nm might 

be utilized for the photocatalytic degradation. This is why a quantum yield was not 

adopted in this thesis. There is also ambiguity about absorption of all light entering the 

reactor by TiO 2 particles. 

2-4 UV-Vis. transmittance spectrum of the 320 nm cut-off interference glass 

filter 

For the evaluation of the photoactivity, the wavelength of the UV irradiation 

entering the reactor is critical. The filter transmittance spectrum was tested by the UV-

Vis. spectrophotometer. Its transmittance spectrum is illustrated in Figure 2-4.1. 

35 

30 

8 25 

I 20 
'a 
Cfl 
U 

15 

10 

0 

***** 
• • • • 

300 310 320 330 340 350 360 370 380 390 400 
Wavelength nm 

Figure 2-4.1 320 nm cut-off glass fdter UV-Vis. transmittance spectrum 

From Figure 2-4.1, one can see that the glass filter transmits only a small portion 

(less than 2%) of UV irradiation with wavelengths shorter than 320 nm. 
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2-5 AP analytical methods 

2-5.1 AP UV-Vis. absorbance spectrum 

In order to avoid direct photolysis of the organic contaminants from direct UV 

illumination during photocatalyst evaluation, the irradiation wavelength must be longer 

than the longest absorbance wavelength of AP. Figure 2-5.1 is the AP UV-Vis. 

absorbance spectrum in a 1.00 cm quartz cell at room temperature at a concentration of 

25 ppm. 
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Figure 2-5.1 25 ppm AP UV-Vis absorbance spectrum 

Figure 2-5.1 shows that there is almost no absorbance of UV light at wavelengths 

longer than 320nm. The maximum absorbance occurs at 246nm, which is used in the UV-

Vis. detector of the HPLC analytical instrument. 
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2-5.2 AP analysis by high performance liquid chromatography (HPLC) 

A Waters 600 High Performance Liquid Chromatography (HPLC) equipped with 

tuneable Waters 486 UV-Vis. absorbance detector was applied for quantitative AP 

analysis using a Nova-Pak C i 8 column (150 mm x 2.9 mm). The mobile phase was 

composed of 50 V % acetonitrile and 50 V % DDW water (18 Mfì/cm) at a flow rate of 

1.00 ml/minute. A sample loop of 20 pi was used for sample injection with a 100 pi 

injection syringe. The AP retention time was measured to be 2.35 minutes at 1400 ± 100 

psi. The wavelength of the HPLC detector was fixed at 246 nm. Analysis data were 

automatically processed by Waters Millennium Chromatography Manager software 

according to the calibration curves stored within. A typical HPLC chromatography is 

depicted in Figure 2-5.2.1. 

AP (2.35 minutes) 

0 1 2 3 4 5 
Retention time in minutes 

Figure 2-5.2.1 HPLC chromatograph of 25 ppm AP aqueous solution 

In order to accurately measure the AP photocatalytic degradation, a solid-liquid 

separation process followed by acetonitrile extraction of the filter cake catalyst was 
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applied. The total AP left over after the irradiation was obtained by summing up the 

AP in the aqueous and acetonitrile media. Thus, measures of AP concentrations in the 

two media were required. Unfortunately, it was found that the HPLC responses from an 

aqueous sample and an acetonitrile sample were different, though the AP concentrations 

in the two samples were same. The difference may be caused by the change of AP's 

absorbance at 246 nm (UV detector wavelength), because the mobile phase composition 

can be slightly changed by the injections of the AP samples in different media. This 

necessitated two calibration curves of AP in the two media, shown in Figure 2-5.2.2 and 

Figure 2-5.2.3. 
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Figure 2-5.2.2 HPLC calibration curve for AP in aqueous medium 
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Figure 2-5.2.3 AP calibration curve in acetonitrile medium 

Thee above two calibration curves show that the HPLC detector has more 

absorbance response in an aqueous medium than that in an acetonitrile medium for the 

same AP concentration. 

2-5.3 AP recovery efficiencies in the Millipore membrane filtration and acetonitrile 

extraction processes 

As ZSM-5 zeolite is a strong AP adsorbent, almost all AP molecules can be 

adsorbed onto a Ti02(P25)/ZSM-5 photocatalyst when initial AP concentration in 

aqueous solution is low. For example, an AP adsorption of 70 mg/g means that 1.00 g 

catalyst can adsorb all of the AP in a 100 ml 700 ppm aqueous solution onto the catalyst 

with a trace amount of AP left over in the aqueous phase at equilibrium. In this case, it 

will be too difficult to study the photocatalyst activity in low AP concentration without a 

measurement of the adsorbed AP on the solid catalyst. 
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In order to measure the adsorbed AP on the solid phase, the solid photocatalyst 

was separated by membrane fdtration using a Millipore Amicon high recovery fdter unit 

installed with a piece of 0.45 um Millipore membrane, and then the fdter catalyst cake 

was extracted with a certain volume of acetonitrile. Acetonitrile appeared to be an 

excellent extraction solvent for this purpose, because AP could be fully extracted by this 

solvent in only a few minutes. 

Usually, there will be some sample losses in all fdtration and extraction processes, 

which means that the AP left over in the reactor after irradiation cannot be completely 

recovered in the Millipore membrane filtration and acetonitrile extraction process. 

Therefore, to accurately measure the amount of AP adsorbed on the photocatalyst, a term 

of "AP recovery efficiency" was defined, which represents the percentage of AP 

recovered in this process. 100% AP recovery efficiency means that there is no sample 

loss in this process. In fact, we found that AP recovery efficiency is usually less than 

100%. 

It is necessary to show that CH 3 CN recovers adsorbed AP in each of the blank 

cases: 1) quantitative recovery from ZSM-5 prior irradiation; 2) quantitative recovery 

from irradiated ZSM-5 in absence of photocatalyst; and 3) quantitative recovery from 

photocatalyst coated ZSM-5 in the absence of irradiation. These three blanks are 

described in the three trials below. In each trial, 1.00 g adsorbent was mixed, stirred with 

100.0 ml AP aqueous solution of different concentrations for 2 hours at 22 ± 1°C. UV 

irradiation of 6.6 x IO17 photons/second and À, > 320 nm was only applied in the second 

trial to check AP recovery efficiency in ZSM-5 after light irradiation. The slurry was 
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separated by a 50 ml Millipore Amicon high recovery filter unit installed with 0.45 um 

Millipore membrane followed by the extraction of the filter cake catalyst by acetonitrile 

for 10 ~ 30 minutes. 

Other conditions used in each trial were as follows: 

Trial 1: ZSM-5 zeolite was used as the adsorbent and AP initial concentration 

was 898 ppm. No UV irradiation was applied in this trial. This resulted in 63.0 ppm AP 

in 100.0 ml aqueous phase and 814 ppm in 100.0 ml acetonitrile phase. The recovery 

efficiency in this process was measured to be 97.7%. 

Trial 2: The adsorbent was still ZSM-5, but the AP initial concentration was 

lowered to 807 ppm and the slurry was irradiated for two hours. This yielded 30.8 ppm 

and 762 ppm in the aqueous phase and acetonitrile phases respectively. The AP recovery 

efficiency was determined to be 98.2% in this trial. 

Trial 3: the adsorbent was changed into 5 wt% TiO 2 (P25)/ZSM-5 photocatalyst 

and AP initial concentration was further decreased to 363 ppm. No UV irradiation was 

applied in this trial. The final AP concentrations were measured to be 0.5 ppm and 355 

ppm in aqueous phase and acetonitrile phase respectively. The AP recovery efficiency 

turned out to be 98.0%. 

The three results were summarized in Table 2-5.3.1. 
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Table 2-5.3.1 AP recovery efficiencies (400-800 ppm) in the filtration and extraction 
processes 

Trial 
Adsorbents CAPO 

ppm 

Resulte 
concern 

d AP 
.rations Final 

AP ppm 
(100 ml) 

AP loss 
ppm 
(100 ml) 

AP 
recovery 
efficiencies 
(%) 

Notes Trial 
Adsorbents CAPO 

ppm Aq. 
100.0 
ml 

Ac. 
100.0 
ml 

Final 
AP ppm 
(100 ml) 

AP loss 
ppm 
(100 ml) 

AP 
recovery 
efficiencies 
(%) 

Notes 

1 ZSM-5 898 63.0 814 877 21 97.7 No 
irrad. 

2 ZSM-5 807 30.8 762 793 14 98.2 2h 
irrad. 

3 Ti0 2 /ZSM-
5 

363 0.5 355 356 7 98.0 No 
irrad. 

Average 98.0±0.2 

Note: CAPO: initial AP concentration in 100.0 ml aqueous solution; Aq. and A c : aqueous 
phase and acetonitrile phase respectively; irrad.: irradiation. 

From Table 2-5.3.1, we can get the following conclusions: 

I. The effect of AP initial concentration on AP recovery efficiency is not significant, 

which means that we can use the average recovery efficiency in the for different 

AP initial concentrations. 

II. AP recovery efficiency is independent of adsorbents in terms of Ti0 2/ZSM-5 or 

pure ZSM-5. 

III. The AP recovery efficiencies in Trial 1 and Trial 2 demonstrate that ZSM-5 

zeolite is photocatalytically inactive for AP degradation, and AP photolysis was 
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negligible, because AP recovered in Trial 2 after two-hour irradiation is no less 

than that in Trial 1 without irradiation. 

IV. AP recovery efficiency is relatively stable in this process regardless of AP initial 

concentrations. The average value of these recovery efficiencies in this process is 

(97.7%+98.2%+98.0%)/3 = 98.0%, and the average deviation is ( 197.7%-

98.0% I + I 98.0%-98.0% | + | 98.2%-98.0% | )/3 = 0.2%. 

If AP concentration decreased to about 25 ppm, according to the same procedures, the 

average AP recovery efficiency was found to be 95.0± 0.4% as indicated in Table 2-

5.3.2. 

Table 2-5.3.2 AP recovery efficiencies (-25 ppm) in the filtration and extraction 
processes 

Trial 
Adsorbents CAPO 

ppm 

Resulted AP 
concentrations Final 

AP 
ppm 
(100ml) 

AP loss 
ppm 
(100ml) 

AP 
recovery 
efficiencies 
(%) 

Notes Trial 
Adsorbents CAPO 

ppm Aq. 
100.0 
ml 

Ac. 
100.0 
ml 

Final 
AP 
ppm 
(100ml) 

AP loss 
ppm 
(100ml) 

AP 
recovery 
efficiencies 
(%) 

Notes 

1 ZSM-5 
(0.50 g) 

26.2 0.1 24.8 24.9 1.3 95.0 No 
irrad. 

2 ZSM-5 
(0.50 g) 

26.2 0.1 24.7 24.8 1.4 94.7 No 
irrad. 

3 ZSM-5 
(TOOg) 

26.2 — 24.7 24.7 1.5 94.3 No 
irrad. 

4 ZSM-5 
(1.00 g) 

26.2 0.2 24.9 25.1 1.1 95.8 No 
irrad. 

Average 95.0±0.4 
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3-1 Introduction 

The preparation method of a TiO 2 semiconductor is a key factor which influences 

its photoactivity[150' 1 7 ' 1 5 1 ] . This may also be true for a supported TiO 2 photocatalyst 

synthesis. In order to study the influence of synthesis methods, three methods were used 

and described in this Chapter. The first method is "P25 hydrothermal attachment". This 

method is based on the idea that, as Degussa P25 TiO 2 has been regarded as an efficient 

and standard photocatalyst for a long time, an efficient catalyst may be obtained by 

coating P25 TiO 2 onto ZSM-5 zeolite. The second and third methods are both based on 

TiO 2 so gel coating procedures, prepared in aqueous solution and the other synthesized in 

organic alcohol solvent. The detailed procedures are listed in Figure 3-4.1. 

3-2 "P25 hydrothermal attachment" method 

It is relatively easy to coat P25 TiO 2 onto a ZSM-5 support, because there is no 

need for preparation of TiO 2 sol gels. Al l ZSM-5 supports used in this thesis were 

pre treated under the same condition of 600°C for 10-12 hours before they were used. 

Then a series of 5.0 g ZSM-5 and a certain amount of P25 TiO 2 were mixed into 100ml 

60°C DDW in 120 ml glass vials, which were then sonicated at 60°C for two hours in a 

VWR P2500D Aquasonic ultrasonicator, followed by 30 minutes stirring and 60 minutes 

drying in a vacuum rotary evaporator at 50°C. After that, the catalyst was dried in an 

oven overnight at 120°C. Finally, the sample catalysts were calcined in a muffle furnace 
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for 8-12 hours at 450°C. For XRD diffraction studies, the calcination temperatures 

varied. The photocatalyst synthesized by this method is denoted as "Ti02(P25)/ZSM-5". 

3-3 "Particulate" sol gel method 

TiO 2 sol gel can be synthesized by a variety of methods. Generally, the gelation 

processes can be achieved by a hydrolysis of titanium chloride or titanium alkyoxides in 

aqueous or organic media. For example, using TiCl 4 j Kormann et a/. [ 1 5 2 ] synthesized 

quantum-sized TiO 2 (d < 3 nm) in water, ethanol, 2-propanol, and acetonitrile. As 

titanium tetrachloride is difficult to manipulate because of its high moisture sensitivity, 

more and more researchers tend to use titanium alkyoxides as TiO 2 precursors. Normally, 

a preparation of a TiO 2 colloidal sol proceeds in two steps: (1) the preparation of hydrous 

precipitate by hydrolysis of a TiO 2 precursor reagent. In this step, the precipitate particles 

aggregate together to form large clumps of amorphous hydrated TiO 2 particles; (2) the 

preparation of a stable colloidal sol suspension by peptizing the precipitates with acids, 

such as HNO3. This pepitization step helps to reduce the precipitate aggregates into 

smaller particles. It normally includes two possible processes that could occur 

simultaneously. One is that the aggregates may be broken down into smaller particles of 

colloidal dimensions by chemical, thermal or mechanical energies; the other is that 

particles can be charged by proton adsorption and stabilized through electrostatic 

repulsion. Thus, a number of parameters influence the TiO 2 particle size in the colloidal 

sol gels, such as suspension pH, ionic strength, particle concentration, and temperature. 
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The "particulate" TiO 2 sol gel in this thesis was prepared through a HNO3 acid 

aided TTIP hydrolysis in aqueous medium. This method was initially reported by 

Anderson et al. [ 1 5 3 í in 1988. Their work was aimed at the synthesis of TiO 2 ceramic 

membrane rather than supported photocatalysts. In their work, the TiO 2 sol gels 

synthesized in aqueous medium and ethanol solvent were termed as "particulate" sol gel 

and "polymeric" sol gel respectively. Actually, the TiO 2 particles in both sol gels may 

exist as polymers. These terms were adopted in this synthesis to differentiate between the 

two types of the TiO 2 sol gels. 

Three "particulate" sol gels were synthesized by the following compositions: 

HNO3/TTIP = 0.2, 0.4, 0.7 mole ratios 

H20/TTIP = 200 mole ratio 

A typical "particulate" sol gel was synthesized by the following procedures: a 

mixture of 0.05 mole (14.65 g) TTIP dissolved in 20 ml absolute ethanol was titrated 

slowly into 180 ml DDW under high speed stirring at room temperature. It was noted that 

some clouds of precipitates appeared in the solution with continuous addition of TTIP. 

After the precipitation process was completed, 1.88 g nitric acid dissolved in 15 ml DDW 

was added into the precipitated solution, according to HNO3/TTIP = 0.4 mole ratio. It 

was found that the precipitate clouds began to disperse and the suspension became more 

and more homogeneous. The suspension was stirred for 30 minutes before it was heated 

to 85-95°C for 12 hours to peptize. A stable and transparent sol gel of 150 ml was 

obtained. TiO 2 content in this sol gel was calculated to be 2.67g Ti0 2/ml. This sol gel is 

so stable that there is no precipitation even after storage for more than one year. 
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In order to study the effect of HNO3/TTIP mole ratio on the sol gel TiO 2 

particle size and catalyst performance, other two sol gels with the same H20/TTIP = 200 

mole ratio, but with different HNO3/TTIP mole ratios of 0.2 and 0.7 were prepared. 

The HNO3 effect on TiO 2 particle size of the "particulate" sol gels was 

qualitatively analyzed by comparison of absorbance of the three sol gel solutions diluted 

10-13 times for an identical TiO 2 concentration. The UV-Vis. absorbance spectra of 

these sols are shown in Figure 3-3.1. 

200 300 400 500 600 700 800 
Wavelength nm 

Figure 3-3.1 UV-Vis. absorbance spectra of particulate sol gels prepared by different 
HNO3/TTIP mole ratios 

Figure 3-3.1 shows that the three sol gel suspensions have different UV-Vis. 

absorbance spectra in spite of identical TiO 2 concentrations. The sol gel peptized with 
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HN03/TTIP = 0.4 mole ratio produced the smallest TiO 2 particles, as indicated by its 

best transparency. This result agrees with Anderson et a/.[153]'s work. 

The gelation chemical changes can be summarized in the following reactions: 

Ti(OR)4+ H 2 O ^ Ti(OR)3(OH)+HOR (3-3.1) 

Ti(OR)3(OH) + H2O-» Ti(OR)2(OH)2+HOR (3-3.2) 

Ti(OR)2(OH)2 + H 2 O ^ Ti(OR)(OH)3+HOR (3-3.3) 

Ti(OR)(OH)3 + H20-> Ti(OH)4+HOR (3-3.4) 

Then the partially or fully hydrolyzed species undergo two types of condensation 

reactions after HNO 3 was added: 

I I HNO 3 I i 
-Ti-OR + H O - T i - ^ - T r O - T i - + H O R W i i I l 

I H N O 3 i , 

i i I l 
-Ti-OH + H O - T i - - J r O - T i - + H 2 0 

Now the "particulate" sol gels were ready for coating on the ZSM-5 support. A 

specified volume of the sol gel (which was diluted into 20 ml with DDW in case the sol 

gel volume was less than 20 ml) was mixed with 3.0 g ZSM-5 support and rotated in the 

vacuum rotary evaporator for 30 minutes under atmospheric pressure at 35°C, followed 

by drying in the evaporator under tap vacuum at 50°C for 0.5-1 hour. Then the 

photocatalysts were subjected to the same processes as used those for the catalysts made 

by "P25 hydrothermal attachment" method. The TiO 2 loadings on the Ti02/ZSM-5 
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photocatalysts were designed in a range from 0.5 wt% to 30 wt%. The photocatalyst 

synthesized by this method is denoted as "Ti02(Prt)/ZSM-5". 

3-4 "Polymeric" sol gel method 

The TiO 2 so gel in this method was prepared by nitric acid assisted hydrolysis of 

TTIP in absolute ethanol containing trace amount of water by the mole composition of 

HN0 3/TTIP/H 20/C 5H 2OH = 0.025/1/4/50. A typical sol gel was made by the following 

procedures: 0.05 mole TTIP (14.65g 97%) dissolved in 15g absolute ethanol was slowly 

titrated into 100.0 g absolute ethanol containing 3.68g H 2O and 1.16g 68% HNO 3 at 

room temperature with high speed stirring for 0.5 hour. Thus, a transparent "polymeric" 

sol gel containing 3 wt% TiO 2 was obtained. The reaction mechanism was believed to be 

similar to that in the above "particulate" sol gel synthesis. It was found that, the 

"polymeric" sol gel became increasingly viscous if it was stirred for a longer time. 

Usually, this sol gel should be applied within three hours after it was prepared. A volume 

of the sol was mixed with ZSM-5 zeolite in a rotary evaporator at 35°C for 30 minutes 

followed by drying in vacuum rotary at 50°C and in an oven at 120°C overnight. Finally, 

the catalysts were calcined at 450°C overnight in the furnace. By these steps, the TiO 2 

loading on ZSM-5 can reach ~5 wt%. For higher TiO 2 loading, a larger volume of this sol 

gel was needed; however, it was found that it was hard to dry the mixture of large volume 

of "polymeric" sol gel and ZSM-5 in the vacuum rotary under an even higher 

temperature. Therefore a higher TiO 2 loading catalyst had to be coated several times. 

In the process of mixing the "polymeric" sol gel with ZSM-5 support, if the sol 

gel volume was not large enough to immerse the ZSM-5 support, the sol gel was first 
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diluted with absolute ethanol to a volume enough to submerge the ZSM-5 support. For 

example, for 5.00 g ZSM-5, a volume of 20 ml was needed to impregnate the 5.00 g 

ZSM-5 support, so if the sol gel volume was less than 20 ml, additional absolute ethanol 

was added to dilute the sol gel into 20 ml. In this way, the TiO 2 particles could be evenly 

distributed into the 5.00 g ZSM-5 support. Other subsequent procedures were the same as 

used in the "P25 hydrothermal attachment" method. A series of different TiO 2 loading 

Ti0 2/ZSM-5 photocatalysts (from 0.5 wt% to 30 wt%) were synthesized by this method. 

The photocatalyst synthesized by this method is denoted as "Ti02(Ply)/ZSM-5". 
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Figure 3-4.1 TÌO2/ZSM-5 photocatalyst synthesis methods 
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Chapter Four: Ti02/ZSM-5 Photoactivities in Low AP (~ 25 ppm) 

Concentration Aqueous Media 

In this Chapter, the photoactivities of the supported TiO 2 photocatalysts were 

tested by AP degradation in ~ 25 ppm aqueous media. There are two terms need to be 

clarified here: a photocatalyst charge is defined as the photocatalyst weight per volume of 

reaction solution expressed in a unit of g/L, while TiO 2 loading means the weight 

percentage of TiO 2 in a Ti0 2/ZSM-5 photocatalyst. For a reference, P25 TiO 2 and 

hydrothermally treated P25 TiO 2 photocatalysts were evaluated. 

4-1 Standard P25 TiO 2 photocatalyst 

It is known that P25 TiO 2 is manufactured through combustion of the 

tetrachloride and oxygen under high temperature (flame oxidation). Though some 

researches have claimed that more attractive TiO 2 have been synthesized by different 

methods, P25 TiO 2 is still regarded as a standard photocatalyst'-154-'. First, AP degradation 

over Degussa P25 TiO 2 photocatalyst was studied. 

4-1.1 AP degradation profile 

In this experiment, 25 ppm AP aqueous solution was irradiated for one hour. The 

stable UV light intensity entering the reactor was measured to be I = 6.6><1017 

photons/second. Then, 0.500 g P25 TiO 2 was mixed with 100.0 ml 25 ppm AP aqueous 

solution under stirring for 30 minutes dark adsorption at 22 ± 1°C. In this case, Ti02 

charge is 5.00 g/L. Before irradiating, an aliquot of 2.0 ml of equilibrated solution was 
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withdrawn by a 5.0 ml syringe, filtered by Millipore membrane, and analyzed by 

HPLC By the same procedures, AP concentration was monitored at a 10-minute interval 

within 60 minutes irradiation. The 60 minutes irradiation resulted in an AP degradation of 

13.7 ppm (from 24.4 ppm to 10.7 ppm). A sample loss of AP through the Millipore 

membrane was checked to be 2%. In order to make most use of the Millipore membrane, 

the membranes were cleaned immediately after each use, dried and stored for next 

application. Each membrane was repeatedly used for six times. The AP loss from direct 

photolysis and adsorption on the reactor inside wall within 30 minutes irradiation was 

analyzed to be 2%, when no P25 photocatalyst was suspended in the solution. This factor 

was considered in the experimental data processing. AP concentration decrease and 

pseudo-first order rate constant k are illustrated in Figure 4-1.1.1. The k is obtained from 

the relationship of k = -AlnCAp/At, where -AlnCAp is the decrease of the natural logarithm 

of AP concentration within At interval of irradiation (here, 10 minutes). 
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Figure 4-1.1.1 -25 ppm AP degradation by P25 TiO 2 (TiO2 charge 5.00 g/L) in 60-
minute UV irradiation 
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Figure 4-1.1.1 shows that AP initial degradation rate is faster at the beginning, 

while 30 minute later, it appears to slow down. This tendency is more obviously observed 

from k plot, where k is reduced from 22 x IO"3 min."1 to 15 x IO"3 min."1 in the initial 27 

minutes irradiation. Secondly, the rate constant approaches a limit of 14 x IO"3 min."1 

The question was ahead, how can the decrease of k be interpreted? 

First of all, a possible reason may be the fact that some oxidizing species, i.e., the 

photon-generated holes and/or the hydroxyl radicals formed by VB holes or CB electrons 

and dissolved oxygen, can be consumed by the reaction intermediates or products. This 

leads to dividing usable photons and decreasing the degradation rate of the primary 

contaminant. Secondly, the deactivation of active sites on TiO 2 particles may contribute 

the decrease of k. With the oxidation reaction progressing, reaction intermediates are 

accumulated on the catalyst surface. Generally speaking, the hydrophilicity of those 

intermediates, such as HAPs and phenol'86' 1 5 5 ] , is promoted in comparison with AP, 

because they are from AP oxidation (oxygen addition). Considering the hydrophilic 

property of TiO 2 surface, we can imagine that those intermediates should have a stronger 

adsorption on TiO 2 surface than that of AP. In this case, the active sites on TiO 2 surface 

will be increasingly covered by those intermediates until equilibrium. On the other hand, 

it may also be more and more difficult for oxidation products (such as CO2) molecules to 

escape from TiO 2 surface because of the strong intermediate adsorption. When the 

degradation process approaches equilibrium, k reaches its limit value. This phenomenon 

is observed in most photocatalytic oxidation processes. 

Examining whether the L-H kinetic model Equation 1-6.2.2b works for AP 

photocatalytic degradation, Equation 1-6.2.2b can be rewritten into the following form: 



68 
l /r A P = l /k r + l/(k RK) (1/CAP) (4-1.1) 

Equation 4-1.1 indicates that if the L-H model matches a reaction, the plot of (l/rAp) 

versus 1/CAP should result in a straight line. The slope and intercept of the plot should be 

l/(k RK) and l/k r respectively. The plot of IAAP ~ 1/CAP from above experimental data is 

drawn in Figure 4-1.1.2. 

Figure 4-1.1.2 l/rAp ~ 1/CAP plot from L-H model in 25 ppm AP degradation over P25 
TiO 2 

Figure 4-1.1.2 shows that L-H kinetic model could be applied for AP degradation 

over P25 TiO 2 photocatalyst. The photocatalytic degradation reaction rate constant kr = 

1/29.361 = 0.034 ppm/minute = 0.068 ppm/minute • g TiO 2. The adsorption equilibrium 

constant K = 4.56 ppm"1. 
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The decrease of k in Figure 4-1.1.1 is just a reflection of the L-H model 

behaviour, a third explanation for the decrease of k. 

4-1.2 P25 TiO 2 charge effects on photocatalytic activities 

AP degradation over P25 TiO 2 photocatalyst is influenced by TiO 2 charge in the 

reactor, which is usually expressed in a unit of g/L or kg/m3. If not enough charge P25 

TiO 2 is suspended in the reactor, the irradiation photons can not be fully captured by the 

TiO 2 catalyst. In order to study the TiO 2 charge effect on AP degradation rate, a series of 

30 minute irradiation experiments were carried out with TiO 2 charge from 0.100 g/L to 

6.00 g/L. In each experiment, TiO 2 photocatalyst was stirred and equilibrated in 100.0 ml 

25 ppm AP aqueous solution for 30 minutes dark adsorption at 22 ± 1°C. UV light 

(wavelength longer than 320 nm) intensity was measured to be the same of I = 6.6 x IO17 

photons/second. The sample loss through the Millipore membrane was checked to be 4%, 

and AP loss by direct photolysis and adsorption was also considered. The reaction slurry 

was equilibrated for 30 minutes before irradiation started. At the beginning and the end of 

irradiation, an aliquot of 2.0 ml sample was withdrawn from the equilibrated slurry, 

filtered, and analyzed by HPLC to obtain the AP degradation during the 30 minutes 

oxidation. The pseudo-first order rate constant k was calculated from each 30 minutes 

illumination experiment. Figure 4-1.2.1 illustrates the P25 TiO 2 charge effects on the 

pseudo-first order rate constant k values. 
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Figure 4-1.2.1 TiO 2 (P25) charge effects on the pseudo-first order rate constant k values 

Figure 4-1.2.1 demonstrates clearly that k increases rapidly with initial P25 

charge increase, and approaches a limit value when TiO 2 charge is about 4 g/L. This 

tendency is usually observed in most photocatalytic oxidation reactions and is explained 

by the photon capturing capability of the TiO 2 photocatalyst in the reactor. In the 

beginning, the intra-particle shading effect plays such an insignificant role that the 

efficiency of catalyst utilization may not be influenced. So the concentration of e7h+ pairs 

generated on the catalyst will be proportional to TiO 2 charge in the reactor, if the 

irradiation UV light intensity is constant. When TiO 2 charge reaches a certain level, all of 

the photons can be captured. This result means that, under a certain UV light intensity, 

there is a limit k value for a photocatalyst, at this time, the minimum TiO 2 charge in the 

reactor is termed as its optimal charge, over which more catalyst charge can not bring 

further significant increase in k value. The P25 TiO 2 optimal charge for this low AP 

concentration solution is around 4-5 g/L; meanwhile, the limit k value is about 14xl0"3  

min."1 for 30 minute irradiation, which agrees well with the limiting value of k estimated 
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in Section 4-1.1. Theoretically, a photocatalyst activity should be represented by its 

initial rate constant (t = 0) in order to remove the influence of by-product/intermediate, 

however, owing to the limitation of instrument analysis, about 10% concentration 

decrease will be needed for an accurate determination of a substrate concentration 

change. 

Besides the effects of catalyst charge and UV light intensity, the photoactivity of a 

photocatalyst is also affected by pH, dissolved oxygen concentration, physical and 

chemical properties of the target contaminants, and its preparation method. 

Since the hydrothermal attachment process was applied as a synthesis method in 

this thesis, it was necessary to study the effect of this process on P25 TiO 2 photoactivity. 

First of all, the activities of hydrothermally treated P25 were studied by degrading -25 

ppm AP aqueous solution. 

4-1.3 Effect of calcination temperature on the hydrothermally treated P25 TiO 2 

(HTP25) catalyst 

Hydrothermal treatment process is a widely used modification process for 

heterogeneous catalyst preparation. The HTP25 was obtained by the following 

procedures. 

10 g P25 TiO 2 was mixed with 100 ml H 2O, rotated in the rotary evaporator at 

35°C and atmospheric pressure for 30 minutes, dried at 35°C under tap vacuum for 60 

minutes, followed by 120°C drying in the oven for 22 hours. Then, the dried sample was 

grouped into 5 parts, each of which was calcined in the muffler furnace under 120°C, 

300°C, 400°C, 450°C, 500°C respectively for 2 hours. It was found that HTP25 
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aggregateci into bigger clumps with the increase in calcination temperatures. Before the 

degradation experiments, the solid sample was crushed into powder with a mortar. Each 

experiment was carried out under the same conditions of UV light intensity (I = 

6.60*IO17 photons/second, X>320 nm), catalyst charge of 5.00 g/L in 25 ppm AP aqueous 

solution, 30 minutes dark adsorption, and irradiation time of 30 minutes. 

Figure 4-1.3.1 shows the calcination temperature effect on the HTP25 

photocatalyst pseudo-first rate constant k, where the square point represents P25 TiO 2 

without treatment (k = 14 x 10"3 min."1); and the diamond points represent k values of 

HTP25 photocatalysts calcined under different temperatures. We can see that the HTP25 

activity is decreased with calcination temperature increase. Initially, the calcination 

temperature played an important role in the decrease of k values when the calcinations 

temperature was lower than 300°C. From 300° to 500°C, the calcination temperature did 

not greatly affect activity. Approximately a 30% decrease in k value was observed after 

the sample was calcined at 500°C, compared with P25 TiO 2 catalyst. 
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Figure 4-1.3.1 Calcination temperature effects on the photoactivities of HTP25 of 

5.00 g/L catalyst charge 

The k values decline with increasing calcination temperature in HTP25 catalysts 

may be mainly caused by TiO 2 particle aggregation, which can result in a decrease in 

HTP25 specific surface area. The effect of phase transition of anatase on the 

photoactivity can be excluded, because of the low calcination temperature. Usually, the 

phase transition temperature OfTiO2 is around 500°C. For example, X u [ 1 5 6 ] reported that, 

for a synthetic TiO 2 prepared by an aqueous TiO 2 sol gel, the phase transition 

temperature occurred between 450 and 550°C, and the P25 has a delayed transition 

temperature between 550 and 650°C. The phase transition temperatures are also affected 

by the properties of its support. Xu also observed that the zeolite X or Y supported TiO 2 

did not undergo phase transition from anatase to rutile even at 730°C. 
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4-2 TiO 2 loading effects on the photoactivities of Ti02(P25)/ZSM-5, 

Ti02(Prt)/ZSM-5, and Ti02(Ply)/ZSM-5 

Low concentration (-25 ppm) AP photodegradation experiments in aqueous 

solutions were carried out on the three Ti0 2/ZSM-5 photocatalysts to compare their 

activities. The supported photocatalyst charge was set to 10.00 g/L. After a stable UV 

light intensity was measured, 1.00 g photocatalyst was mixed with 100.0 ml -25 ppm AP 

aqueous solution, stirred at 22 ± 1°C for 10 ~ 40 minutes for catalyst dispersion, then the 

slurry was irradiated for 120 minutes using the same UV irradiation. The Millipore 

membrane separation and acetonitrile extraction process was applied in measuring AP 

degradation. It was found that, due to the strong adsorption of AP on the catalysts, nearly 

all of the AP molecules were actually adsorbed on the catalysts. The AP concentration in 

the aqueous phase was low enough to be negligible for rate constant calculations. 

Therefore, the experimental errors mainly came from HPLC instrumentation. These 

errors in AP concentrations were ± 0.5 ppm and ± 0.2 ppm in aqueous and acetonitrile 

media respectively. In terms of k values, the experimental errors were ± 0.25 x 10"3 min."1  

in this section. 

4-2.1 TiO 2 (P25)/ZSM-5 photocatalysts 

Figure 4-2.1 illustrates a plot of k dependence on TiO 2 loading, which means the 

TiO 2 weight percentage of a supported photocatalyst. Apparently, k value increases 

approximately proportionally with TiO 2 loading for the low TiO 2 loading photocatalysts 

until about 4 wt% TiO 2 loading, beyond that, additional TiO 2 loading brings little further 
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increase in its pseudo-first order rate constant. This result can be explained by the same 

factors as for P25 TiO 2 catalyst except that limits are reached with low TiO 2 present. 

Figure 4-2.1 indicates that, compared with P25, the limiting rate constant OfTiO2 

(P25)/ZSM-5 catalyst is lower. For example, for 5 wt% TiO 2 loading Ti02(P25)/ZSM-5, 

its limiting k value was 3.OxlO"3 min."1. Considering the photocatalyst charge of 10.00 

g/L and the TiO 2 loading of 5 wt%, we know the corresponding TiO 2 contained in the 

reactor was 0.5g/L. From Figure 4-1.2.1, we can see that the k value for a 0.5 g/L charge 

of P25 TiO 2 was about IOx IO"3 min"1. Thus, about 70% of P25 activity was lost through 

the hydrothermal attachment process. 

The decrease of limit k value after P25 is coated on ZSM-5 zeolite can be 

attributed to two factors. First, the hydrothermal treatment can aggregate TiO 2 particles to 

make unevenly distributed TiO 2 islands on the ZSM-5 external surface, so the effective 

TiO 2 surface is diminished. Second, there may be a strong interaction between adsorbed 

AP molecules and ZSM-5 surface. This interaction results in a low AP mobility towards 

active TiO 2 sites. 



76 

b 
3 

3.5 
3 

2.5 
2 

1.5 
1 

0.5 
0 

-0.5 0 

i i 
iíj í ï ï 

ï" 

i 

5 10 15 

TiO 2 loading (wt%) on ZSM-5 

20 

Figure 4-2.1 TiO 2 loading effects on k values of Ti02(P25)/ZSM-5 photocatalysts 

(10.00 g/L photocatalyst charge) 

From Figure 4-2.1, 4 - 5 wt% TiO 2 loading was found to be the optimal P25 loading 

for this type catalyst to reach its limiting rate constant. Using 4-chlorophenol as a target 

substrate, X u [ 1 5 6 ] reported that the limit k value was reached with a 2 wt% TiO 2 loading 

on his Ti0 2/ZSM-5 prepared by aqueous sol gel TiO 2. The difference between the two 

loading may be causes by the target substrates and the synthetic methods. Owing to its 

superior photocatalytic activity to those made by sol gel methods demonstrated in the 

following sections, the Ti02(P25)/ZSM-5 photocatalysts will be extensively studied and 

characterized in Chapters Six and Seven. 

4-2.2 Ti02(Prt)/ZSM-5 photocatalysts 

We know that the three "particulate" sol gels prepared by different HNO3/TTIP 

mol ratios were different in their TiO 2 particle sizes, and the smallest TiO 2 particles were 
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generated in the sol gel of 0.4 mole ratio of HNO3/TTIP. However, the photocatalysts 

prepared by these sol gels did not show much difference in their activities. Figure 4-2.2 

illustrates the dependence of their pseudo-first order rate constant k on the TiO 2 loading. 
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Figure 4-2.2 Comparison OfTiO2 loading effects on k values of Ti02(Prt)/ZSM-5 
catalysts synthesized by TiO 2 sol gels OfHNO3ZTTIP mole ratios of 0.2, 0.4, 0.7, with a 

photocatalyst charge of 10.00 g/L 

From Figure 4-2.2, it can be seen that there is little difference of k values among 

the three catalysts synthesized by the sol gels with different HN03/TTIP mole ratios, 

though the precursor sol gels were different in TiO 2 particle sizes. As mentioned before, 

the experimental errors in k values were ± 0.25 X IO"3 min."1, therefore, the variations of k 

values of the Ti02(Prt)/ZSM-5 photocatalysts may be caused by experimental errors. 

Figure 4-2.2 also shows that the three photocatalysts quickly reach their 

respective limiting k values at a lower TiO 2 loading than about lwt%, which is lower 

than the 2.5% TiO 2 loading reported by Xu and Langford[90]. 
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Theoretically, is it possible for a 1 wt% TÌO2/ZSM-5 photocatalyst to reach its 

activity limit under our UV light intensity? In order to answer this question, let's try to 

estimate how many TiO 2 molecular units are available for one photon in this case. 

In these experiments, the UV light intensity was 6.6><1017 photons/second with 

wavelength of longer than 320nm. If 50% of UV spectrum focuses within 320~380nm, 

where the UV light is useful for TiO 2 excitation, then the useful UV light flux is 3.3x IO17 

photons/second. When the TiO 2 loading is 1 wt%, we have O.Olg TiO 2 in the 1.00 g 

ZSM-5 supported photocatalyst, that is (0.01/80) x 6.023 x 1023 = 7.5 x IO19 TiO 2 

molecular units, which means more than 200 TiO 2 molecular units for each photon. This 

figure is fairly within our expectation. So, we can say that the lowest TiO 2 loading for a 

limiting k value on the supported TiO 2 photocatalyst could be much lower than 1 wt%. 

How low will be the TiO 2 loading for its limiting k value? As its synthetic method is the 

main factor affecting a photocatalyst activity, it is hard to calculate optimal TiO 2 loading 

theoretically. This datum can only be determined experimentally. Besides, our 

experimental results showed that the AP degradation by ZSM-5 supported photocatalysts 

demonstrated the same pattern as with MCM-41 mesoporous zeolite supported TiO 2 

photocatalysts, reported by Xu and Langford^87^ in 1997. From Figure 4-2.2, it is seen 

that, for AP degradation in aqueous solution, the pseudo-first order rate constant of our 

ZSM-5 supported photocatalyst approaches 1.2 x IO"3 min."1, which is similar to their 

result of 1.1 x i o 3 min."1 for their MCM-41 supported photocatalysts synthesized by a 

similar "particulate" sol gel method. 
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From Figure 4-2.2, it can also be seen that these catalysts were inferior 

compared with "P25 hydrothermal attachment" photocatalysts. The average k value of ~ 

3 1 

1.2 x 10" min." is less than half of that of the latter. 

4-2.3 Ti02(Ply)/ZSM-5 photocatalysts 

Another sol gel method used in this thesis is the "polymeric" sol gel method. 

Figure 4-2.3 illustrates the TiO 2 loading effects on the photoactivity of this type of 

catalyst. 

Figure 4-2.3 shows that this type catalyst follows a similar relationship between k 

and TiO 2 loading to that of Ti02(P25)/ZSM-5 photocatalyst. The k value increases 

3 1 

initially with TiO 2 loading, then approaches a limit of 1.5 x 10" min." , where TiO 2 

loading is 3 ~ 5 wt%. 
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Figure 4-2.3 TiO 2 loading effects on k values of Ti02(Ply)/ZSM-5 photocatalysts 
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In term of pseudo-first order rate constant, this photocatalyst seems to be 

marginally better than a "particulate" sol gel one, but still not as active as those 

synthesized by the "P25 hydrothermal attachment" method. 

4-2.4 Summary on the photocatalysts synthesized by different methods 

From the above experimental results, we found that each method has its own 

characteristics. 

The "P25 hydrothermal attachment" method is the easiest, most practical of the 

three methods. Usually, there are two disadvantages for TiO 2 sol gel synthesis. One is 

that it is difficult to control the sol gel preparation, the other is that most TiO 2 sol gels are 

obtained at the expense of consuming expensive titanium alkyl oxides or other expensive 

precursors. In the "hydrothermal attachment" method, the TiO 2 sol gel synthesis step is 

avoided, instead, the cheap commercial Degussa P25 TiO 2 is applied. So, the synthetic 

cost of a catalyst can be greatly reduced. At the same time, the photocatalyst 

reproducibility by this method is better. Finally, more complicated synthetic procedures 

are required to prepare a sol gel photocatalyst than to synthesize a "hydrothermal 

attachment" catalyst. 

For a comparative study, the pseudo-first order rate constants of the supported TiO 2 

photocatalysts synthesized by the "P25 hydrothermal attachment", "particulate" sol gel, 

and "polymeric" sol gel methods are collected in Figure 4-2.4. 
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Figure 4-2.4 Comparison of k values of the photocatalysts prepared by different 

methods 

In Figure 4-2.4, it is clearly seen that the photocatalysts synthesized by "P25 

hydrothermal attachment" method are superior to those made by sol gel methods. The 

limiting pseudo-first order rate constants of the three photocatalysts are listed in Table A-

2.4. 

Table 4-2.4 The pseudo-first order rate constants of the 10 wt% TiO 2 photocatalysts 
made by different methods 

Methods "particulate" 
sol gel 

"polymeric" 
sol gel 

"P25 hydrothermal 
attachment" 

Notes 

kxlO"3/min 1.2 1.5 3.0 25 ppm AP 
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From Table 4-2.4, one can see that the limiting rate constant of 

Ti02(P25)/ZSM-5 photocatalyst is about two times those of the photocatalysts made by 

sol gel methods. There are some possible reasons for the differences of their 

photoactivities. 

First of all, the difference can be caused by the anatase composition on the 

photocatalysts. In order to understand the relationship between the photoactivities and the 

phase composition of the photocatalysts, X-ray diffraction (XRD) technique was applied, 

discussed in Chapter Five. 

The adsorption capacity of contaminants is another important factor influencing 

the photocatalytic activity. Any change in the organic substrate adsorption will also bring 

about an activity difference among these catalysts. If the adsorption is too strong, an 

organic molecule's mobility on the catalyst surface towards the TiO 2 active sites could be 

reduced and the rate will be decreased because of the dominance of mass transport 

kinetics. The synthetic method is an important factor to influence the surface properties 

of a catalyst, including its organic substrate adsorption. This adsorption difference may 

also contribute to activity difference among the three catalysts. In Chapter Six, the AP 

adsorption isotherm over Ti02(P25)/ZSM-5 photocatalyst is studied. Some more work 

will be needed to correlate the photoactivities of different photocatalysts with their 

respective adsorption capacities for a specific organic substrate. 
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Chapter Five: X-Ray Diffraction (XRD) Study on the Photocatalysts 

Synthesized by Different Methods 

5-1 Introduction 

As X-rays have wavelength in the angstrom range, they are well suited to 

investigate solids' internal structures. XRD is used to identify bulk phases, in terms of 

non-crystallite or quasi-crystallite, to monitor the kinetics of bulk transformation through 

the information from diffractogram changes, to gain insights into the atomic constituents 

of the unit cell from the d-spacings and unit cell dimensions, and to estimate particle sizes 

of microcrystallites that may be present. 

Not long after Rôntgen's discovery of X-rays in 1895, Bragg used X-rays to study 

the structures of crystalline solids. In 1912, he proposed a simple model to explain the 

occurrence of interference maxima in X-rays scattered by a crystal. He pictured the 

crystal as composed of a stack of parallel planes of atoms, each plane allowing some X-

rays to pass but, mirror-like, reflecting some of the X-rays striking it. An incident beam 

of parallel X-rays at angle 9 measured from the plane is thus reflected at 0 from the plane. 

Reflections from successive planes of spacing d travel paths that differ in length by 

2dsin0; if this path difference consists of a whole number of wavelengths, then the 

reflected waves interfere constructively. This results in the famous Bragg condition as 

expressed in Equation 5-1.1 for the constructive interference: 

nÀ. = 2d sine (5-1.1) 



where, n is an integer, d and 8 are indicated in Figure 5-1.1, and X is the X-ray 

wavelength. 
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Reflected Rays 

Figure 5-1.1 Bragg's condition for XRD diffractogram 

For X-rays that satisfy the Bragg condition, the net deviation from the original 

direction of travel is 20. Cystalline solid XRD patterns give in sharp peaks, while the 

amorphous solids show no sharp diffraction peaks, merely broad features or no 

diffraction. The latter is what one expects from a material with no-long-range order. 

Microcrystallites also yield diffraction peaks which are broadened because the fewer the 

planes that give rise to coherent Bragg diffraction, the less sharp is the peak. So, if the 

specific characteristic peak is broadened, there can be two reasons: one is that the 

material is not well crystallized, or the crystal size is too small. 

In this thesis, the powder XRD patterns of the three types of TÌO2/ZSM-5 

photocatalysts were collected using Copper Ka irradiation (X = 1.54059Â), 40KV 40 mA, 

and a monochromator detector on Rigaku Multiflex XRD diffractometer. Diffraction 

patterns were taken over the 20 range of 10-70° at a scanning speed of 27minute. The 
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resulting XRD scans were processed with Jade 6.5 software (Material Data Inc.). The 

estimation of the average particle sizes, t, of crystallites is by Sherre equation: 

t (nm) = Wl pcosG (5-1.2) 

where, k is a shape factor for the particle (for spherical shape, k = 1 is assumed), X and 0 

are the X-ray wavelength and its incident angle, respectively. P is the full width at half 

maximum (FWHM) of the broadened peak in radians of 20. From Equation 5-1.2, it is 

easily seen that the half-height peak width P is inversely proportional to average particle 

size t, which means that a sharpened peak is caused by an increase in the related crystal 

particle size. It is believed that the characteristic peak at 20 = 25.3° in the XRD 

diffractogram of TiO 2 could be used to identify the existence of anatase phase TiO 2 and 

its integrated area represents the anatase content, if it can be resolved from neighbouring 

zeolite reflections, while the main characteristic peak of rutile TiO 2 is located at 20 = 

27.4°. The TiO 2 particle size can be discussed in term of FWHM according to Equation 5-

1.2. 

5-2 ZSM-5 zeolite XRD pattern 

Figure 5-2.1 is the ZSM-5 (SiO 2/Al 2O 3 = 280 mole ratio) XRD diffractogram, 

which matches the characteristics of the standard ZSM-5 XRD pattern'157] in the range of 

23° < 20 < 30° shown in Figure 5-2.2. 
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5-3 Degussa P25 TiO2 photocatalyst XRD pattern 

Degussa P25 TiO 2 has been widely studied in the area of photocatalytic waste 

water treatment. Figure 5-3 shows its XRD diffraction pattern, where line 1 and line 2 

correspond the standard synthesized anatase and rutile TiO 2 matched by Jade 6.5 

database. 

Figure 5-3.1 shows that P25 contains two phases, anatase and rutile, whose 26 

locations match exactly the 20 locations of the standard synthesized TiO 2 sample 

indicated by line 1 and line 2 for anatase and rutile phases respectively. Brookite phase is 

not observed in this figure. This pattern reproduces a similar composition of 75% anatase 

phase. The particle sizes were also analysed by Jade 6.5 software to be 23 nm and 37 nm 

for anatase and rutile phase respectively, which matches the scale of 30 nm provided by 

the manufacturer. This indicates that the XRD results from Jade 6.5 are basically reliable. 
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5-4 XRD patterns of Ti02(Prt)/ZSM-5 photocatalysts 
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5-4.1 HNO3/TTIP mole ratio effects 

The XRD patterns of the photocatalysts synthesized by different "particulate" sol 

gels are shown in Figure 5-4.1. The TiO 2 loading on these photocatalysts was 20 wt%. 

The XRD diffractograms of (1) to (4) are for reference pure ZSM-5, Ti02(Prt)/ZSM-5 

photocatalysts synthesized by "particulate" sol gels of HNO3/TTIP mole ratio 0.2, 0.4, 

0.7 respectively. The line 1 and line 2 represent the diffraction angle 20 locations and 

relative diffraction intensities of anatase and rutile phases respectively in a standard 

synthesized TiO 2 sample matched by Jade 6.5 database. 

In the process of comparing XRD patterns, the most intense characteristic peak in 

the pattern of each photocatalyst (belonging to ZSM-5 background) in the range of 20 

from 23° to 30° were adjusted to the same height as that in ZSM-5 reference The anatase 

peak area was corrected automatically by Jade 6.5 program after a deduction of the peak 

of ZSM-5 near 20 = 25.3°. From Figure 5-4.1, little difference can be observed in the 

three XRD patterns in terms of anatase phase composition or TiO 2 crystal sizes on ZSM-

5 zeolite support, as the anatase phase (20 = 25.3°) peak intensity and width are almost 

same in patterns (2), (3), and (4). The Jade 6.5 software gave the TiO 2 particle size of 14 

nm on each of these photocatalysts. It can be concluded that the TiO 2 particles on these 

ZSM-5 supported TiO 2 photocatalysts are in nano-scale, if their broadened peaks are not 

caused by a semi-amorphous phase TiO 2. 
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5-4.2 TiO 2 loading effects 

If TiO 2 loading on the photocatalyst is low, its anatase and rutile phase peaks are 

seriously overlapped by ZSM-5 support background. In order to study the TiO 2 loading 

effect on the XRD diffraction intensities of anatase and rutile phases on the supported 

TiO 2 photocatalyst, a series of different TiO 2 loadings on the photocatalysts synthesized 

at HNO3/TTIP = 0.4 mole ratio were studied and their XRD patterns are shown in Figure 

5-4.2. It is clearly shown that the main anatase peak intensities at 20 = 25.3° are enlarged 

with TiO 2 loading increase. Figure 5-4.2 also indicates that the ZSM-5 supported TiO 2 

photocatalyst is hard to study by XRD if TiO 2 loading on the catalyst is less than 10 wt%. 

As for the TiO 2 particle sizes on these catalysts, Jade 6.5 software gave approximately in 

the same scale of 14 nm. 
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5-4.3 Calcination temperature effects 

Calcination temperature is an important factor which influences the anatase and 

rutile phases in the photocatalyst preparations. Several authors [ 1 5 2 ' 1 5 8 ' 1 5 9 ] reported that the 

photoactivity of pure TiO 2 is greatly affected by the calcination temperature, increasing 

with calcination temperature up to 550°C [ ' 6 0 ' 1 6 1 ] and decreasing dramatically above this 

temperature. After TiO 2 is loaded on ZSM-5 zeolite, it is expected that the TiO 2 phase 

transition temperature of the supported photocatalyst will be different from that of pure 

T i 0 2

[ 8 7 ] . In order to study the calcination temperature effect, the 20 wt% TiO 2 loading 

Ti02(Prt)/ZSM-5 synthesized by "particulate" sol gel of HN03/TTIP = 0.4 mole ratio 

was calcined separately under 450, 550, 650, 750°C for eight hours. Their XRD 

diffractograms are shown in Figure 5-4.3, with the calcination temperatures listed above 

every pattern. The bottom one is from ZSM-5 as a reference. The vertical lines marked as 

1 and 2 represent the characteristic diffraction 20 and relative intensities of the standard 

synthesized TiO 2 anatase and rutile, respectively. It is shown that the main characteristic 

peaks of anatase TiO 2 at 20 = 25.3° are sharpened from (2) 450°C to (3) 550°C, which 

means the anatase TiO 2 particles aggregated in the process of calcination into larger 

particles according to Sherre Equation 5-1.2, however, with the calcination temperature 

increase above 550°C to 650°C and 750°C, this peak intensity begins to decline and the 

rutile peaks at 20 = 27.4°, 37.1°, and 54.3° start increasing. But there is no evidence 

indicating any change in rutile particle size in the calcination process. It appears that the 

anatase has been transformed into rutile with increase of calcination temperature above 

550°C, which agrees well with the reported temperature1-160' 1 6 1 I To inhibit rutile phase 

formation, the calcination temperature for these photocatalysts should not be too high^. 
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Regarding the TiO 2 particle size change, it seems that higher temperature calcination 

causes anatase TiO 2 particle aggregation on the photocatalyst surface, because the 20 = 

25.3° main peak is sharpened as calcination temperature increases from 450°C to 750°C. 

Jade 6.5 software gave the TiO 2 anatase crystal size as follows: (2) 450°C and (3) 550°C 

14-15 nm, (4) 650°C and (5) 750°C -26 nm. 
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5-5 XRD patterns of Ti02(Ply)/ZSM-5 photocatalysts 
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5-5.1 TiO 2 loading effects 

Figure 5-5.1 illustrates the relative comparison of XRD patterns for 10 wt%, 20 

wt%, and 30 wt% Ti02(Ply)/ZSM-5 calcined under 450°C overnight. The bottom pattern 

is from ZSM-5 as a reference. Line 1 and line 2 have the same meaning as before. It can 

be seen that as TiO 2 loading increases from 10 wt% to 30 wt%, the anatase peaks at 20 = 

25.3° become proportionally larger. But any increase of the rutile phase peak area with 

increased TiO 2 loading is not apparent. Very likely, this implies that the calcination 

temperature of 450°C is favourable for anatase phase formation. The main anatase peak 

in the pattern of 10 wt% Ti02(Prt)/ZSM-5 photocatalyst is badly interfered by the ZSM-5 

peak near this angle, so, for XRD study, a reasonable TiO 2 loading on this type 

photocatalyst should also be no less than 10wt%. Meanwhile, the particles of anatase 

TiO 2 crystals given by Jade 6.5 software are similar in size of about 19 nm for the three 

TiO 2 loadings. Compared with Ti02(Prt)/ZSM-5 synthesized, this method produced 

larger TiO 2 particles on ZSM-5 support under same temperature calcination. 
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5-5.2 Calcinationtemperature effects 

The calcination temperature effects on anatase and rutile phases of the 

photocatalysts made by the "polymeric" sol gel method were also studied by XRD. The 

TiO 2 loading on the photocatalysts was kept at a fixed level of 20 wt%. The only 

difference among these catalysts was the calcination temperature, ranging from (2) 450°C 

to (5) 750°C as indicated in Figure 5-5.2. The bottom diffractogram is from ZSM-5 

zeolite for a reference. Line 1 and line 2 have the same meaning as in Figure 5-4.3. 

Figure 5-5.2, shows that the Ti02(Ply)/ZSM-5 photocatalysts performed 

differently in the calcination process. These photocatalysts can survive calcination 

without apparent phase transition up to 750°C. As indicated by the main anatase peak 

intensity at 20 = 25.3°, the anatase phase diffraction becomes sharpened as the calcination 

temperature rises all the way up to 750°C, which indicates that the anatase particle sizes 

increased with the calcination temperature. There is little change in rutile phase 

diffraction region. The reason for this phenomenon has been previously reported by Xu 

and Langford[87] on X and Y zeolite. They believed that zeolites prevent the fine titania 

particles from both sintering and phase transition upon calcination. In the calcination 

process, TiO 2 particle size change follows the same tendency as in the photocatalysts 

made by "particulate" sol gel methods, i.e., the TiO 2 particle size becomes larger with 

increasing calcination temperature, estimated as, (2) 450°C, 18 nm; (3) 550°C, 19 nm; (4) 

650°C, 23 nm; and (5) 750°C, 33nm, by Jade 6.5 program. The anatase particle size on 

the photocatalyst at 75 O0C calcination almost doubled in comparison with 45 O0C 

calcination. Generally speaking, the TiO 2 particle size on this type photocatalysts is larger 

than that on those prepared by "particulate" sol gel method. 
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5-6 XRD patterns of Ti02(P25)/ZSM-5 photocatalysts 

The next method is the "P25 hydrothermal attachment" method using Degussa 

P25 TiO 2. Experimental results proved this type photocatalyst superior to those made by 

sol gel methods for AP degradation in ~ 25 ppm aqueous solution. They were also 

characterized by XRD from the perspectives OfTiO2 loading and calcination temperature. 

5-6.1 TiO 2 loading effects 

Figure 5-6.1 illustrates the XRD patterns of these photocatalysts of (b) 2.5 wt%, (c) 

5.0 wt%, (d) 10 wt%, and (e) 15 wt% TiO 2 loading. The bottom (a) is the XRD pattern of 

ZSM-5 for a reference. In this figure, one can see that the anatase peak intensity at 20 = 

25.3° increases proportionally with TiO 2 loading, so does the rutile phase. When TiO 2 

loading is lower than 5 wt%, much of the TiO 2 characteristic peak is interfered by the 

ZSM-5 background at this angle. The anatase TiO 2 particle size on 10 wt% and 15 wt% 

Ti02(P25)/ZSM-5 photocatalysts were measured to be 23 nm and 26 nm respectively by 

Jade 6.5 software, which agree with the original Degussa P25 TiO 2 particle size of 30 nm 

provided by the manufacturer. 
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5-6.2 Calcination temperature effects 

Figure 5-6.2 shows the XRD patterns of the calcination temperature effects on 

TiO 2 phases on this type of photocatalyst. The patterns underneath represent the standard 

synthesized anatase and rutile phases from top to bottom respectively, matched by Jade 

6.5 software. The 20 wt% TiO 2 loading photocatalysts were calcined at different 

temperatures ranging from 150°C to 750°C for about two hours. The two-hour calcination 

time was shown to be long enough for phase equilibration, because there was no 

detectable difference between the XRD diffractograms for 2-hour and 8-hour calcinations 

of a test sample. Figure 5-6.2 shows little change in XRD patterns with a calcination 

temperature increase from (1) 150°C up to (5) 550°C, but at 650°C and 750°C, the main 

anatase peak intensity becomes weaker, while the rutile peak intensity appears to 

increase. This phase transition temperature agrees with the reported values'-160' m \ Figure 

5-6.2 suggests that, for the photocatalysts made by "P25 thermal attachment" method, 

calcination temperatures should be lower than 550°C. But, if the calcination temperature 

is too low, other problems may arise. For instance, the binding strength between TiO 2 and 

ZSM-5 may be weakened to cause TiO 2 leaching off its support. Thus, the optimal 

calcination temperature should be lower than anatase phase transition temperature but 

high enough to make a strong Ti02(P25)/ZSM-5 photocatalyst. 



Figure 5-6.2 XRD patterns of calcination temperature effects on anatase and rutile phases of 20 
wt% Ti02(P25)/ZSM-5 
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In the calcination process, TiO 2 crystal size experiences two stages as the 

calcinations temperature increases. When the calcination temperature is lower than 

550°C, there is little change of the TiO 2 crystal particle size on the photocatalyst, Jade 6.5 

software giving a size of 23 nm for the anatase TiO 2; while the calcination temperature 

reached 650°C and 750 °C, the anatase TiO 2 particles grew to 31 and 35 nm respectively. 

5-7 Conclusions and discussions on the photocatalysts made by different methods 

The most useful information from XRD studies on these photocatalysts are the 

phase composition and TiO 2 particle sizes. Are there any correlations between the 

photoactivities and TiO 2 phase composition, or TiO 2 particle sizes? 

In the respect of phase composition, the TiO 2 anatase peak intensities of these 

photocatalysts generally agree with their photoactivities in terms of pseudo-first rate 

constants in Table 4-2.4, which shows that Ti02(P25)/ZSM-5 photocatalyst is more 

active than Ti02(Prt)/ZSM-5, or Ti02(Ply)/ZSM-5 photocatalysts. There is little 

difference between the latter two synthesized by sol gel methods. Figure 5-7.1 illustrates 

the XRD patterns of 10 wt% TiO 2 loading Ti0 2/ZSM-5 photocatalysts synthesized by 

different methods. The calcination temperature and calcination time for these catalysts 

were same at 450°C overnight. The patterns of (a), (b), (c), and (d) from bottom to top, 

belong to the reference ZSM-5, Ti02(Prt)/ZSM-5, Ti02(Ply)/ZSM-5, and 

Ti02(P25)/ZSM-5 respectively. Owing to the lower TiO 2 loading, the anatase phase 

diffraction peaks in (b) and (c) were seriously interfered with by their support ZSM-5 

diffractions. The strongest main anatase peak at 20 = 25.3° occurs in (d). There is little 

difference in the peak intensities at 29 = 25.3° between (b) and (c), which agrees with 
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their similar k values. Regarding the rutile phase, the peak intensity at 20 = 27.3° 

seems also to be enhanced in the pattern (d), but not as significantly as the main anatase 

peaks at 20 = 25.3°. These results can be further confirmed by higher TiO 2 loading 

catalysts as shown in Figure 5-7.2, where the 15 wt% TiO 2 loading Ti02(P25)/ZSM-5 

photocatalyst (3) is compared with the 20 wt% TiO 2 loading photocatalysts made by sol 

gel methods. It can be seen that the main anatase peak at 20 = 25.3° in pattern (3) of 15 

wt% Ti02(P25)/ZSM-5 is even more intense than either of the 20 wt% TiO 2 loading 

Ti02/ZSM-5 synthesized by the sol gel methods. The reason for this agreement can be 

readily interpreted. First of all, researchers have reported that the anatase phase of TiO 2 

contributes more to the TiO 2 photo activity than other phases1-48'49], though an amorphous 

TiO 2 was also reported to be sometimes similar to anatase[162]. Thus, the photoactivity of 

a photocatalyst should be dependent on its anatase phase content, if no amorphous phase 

or brookite phase exist. Secondly, it is known that P25 TiO 2 contains approximately 75% 

anatase and 25% rutile, so the TiO 2 on Ti02(P25)/ZSM-5 can inherit the property of 

anatase-phase-rich composition from its precursor of P25 TiO 2 under lower calcination 

temperature (450°C). 

There is no apparent correlation between TiO 2 particle size and photoactivity, 

though it has been observed by several authors'-160' 1 5 1 1 that particle size has pronounced 

effects on the charge carrier dynamics in semiconductor particles. Generally, high 

temperature calcination causes the TiO 2 particles to aggregate into larger particles for all 

of the three type photocatalysts. Quantitatively, when the calcination temperature was 

between 450-550°C, the TiO 2 particle sizes appeared to be 15 nm, 19 nm, and 23 nm on 

the catalysts prepared by "particulate" sol gel, "polymeric" sol gel, and "P25 
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hydrothermal attachment" methods respectively. The "particulate" sol gel method 

produced the smallest TiO 2 particles on the supported photocatalysts and the largest TiO 2 

particles came from "P25 hydrothermal attachment" method. When the calcination 

temperature was at 750°C, the corresponding TiO 2 particle sizes on the respective 

catalysts became into 26 nm, 33 nm, and 35 nm respectively. However, compared with 

unsupported TiO 2, the TiO 2 particle size of supported titania truly increased slowly with 

calcination temperature. Xu and Langford[87] reported that the unsupported TiO 2 particles 

appeared to grow from 8 to 32 nm up to 550°C in anatase form and then grow to 47 nm 

in rutile form with the phase transition between 450 and 550°C. In this respect of TiO 2 

particle sizes, it is hard to interpret the photoactivities of these photocatalysts. 

In summary, the characteristics of the supported photocatalysts synthesized by 

different method are listed in Table 5-7.1. 

Table 5-7.1 The characteristics of Ti02/ZSM-5 synthesized by different methods 

Catalysts Ti02(Prt)/ZSM-5 Ti02(Ply)/ZSM-5 Ti02(P25)/ZSM-5 

Synthesis methods "Particulate sol 
gel" 

"Polymeric sol 
gel" 

"P25 hydrothermal 
attachment" 

Limit kxlO"3 min."1 * 1.2 1.5 3.0 

Optimal TiO 2 loading 
wt% 4 - 5 < 1 3 -5 

Anatase phase 
composition Similar to each other higher 

Anatase transition 
temperatures (0C) -650 >750 -650 

Anatase TiO 2 particle 
sizes (nm)** 15 19 23 

* - 25 ppm AP in aqueous media; ** 450°C calcination 
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Chapter Six: Extensive Studies on Ti02(P25)/ZSM-5 Photocatalyst — AP 

Adsorption and Its Effects on Photoactivity 

6-1 A surface model of the photocatalyst with 7wt% TiO 2 loading for AP 

adsorption 

As mentioned in Chapter One, there are two channel systems of (5.1 ~ 5.4 Â) x 

(5.6 ~ 5.8 A) (linear channel) and (5.1 ~ 5.4 À) x (5.4 ~ 5.6 A) (zigzag channel) in ZSM-

5 structure. From Figure 1-8.1, we know that the static AP molecule size is 8.1Â x 5.1Â. 

So, AP molecules may be able to enter ZSM-5 channels and be adsorbed on ZSM-5 

zeolite internal surfaces, as long as AP molecules are specially oriented to ZSM-5 

channels. However, there are resistances limiting AP diffusion into ZSM-5 channels. The 

channel sizes in ZSM-5 are only slightly wider than AP molecule's width but narrower 

than its length, so the diffusion is restricted to a configurational diffusion with a small 

diffusivity, which increases rapidly with the increase in the pore diameter. The other 

resistance comes from the countertransport of the AP molecules leaving the zeolite pore 

structure, which can severely hinder the entry of the AP molecules replacing them. 

Generally speaking, the external surface of ZSM-5 zeolite should include its 

external frame surface, fracture channel intersection surface, and fracture channel 

surface; while its internal surface refers to the regions of the internal channel 

intersections and internal straight and zigzag channels. Actually, the internal and external 

surfaces of an adsorbent are only a relative concept related to the adsórbate molecular 
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size. For example, in the case of N 2 adsorption, there is no distinction between the 

internal and external surfaces of zeolites. The surface area tested by N 2 adsorption is 

usually referred as BET surface areas of these zeolites. Narkiewicz-Michalek et al.[U9] 

proposed a heterogeneous three-site lattice model for the adsorption of aromatics in 

silicalite zeolite, however, they did not give any information about the external surface of 

the zeolite, although they did confirm that p-xylene could be adsorbed on the internal 

surface of ZSM-5 zeolite. 

In order to set up a surface model of ZSM-5 for AP adsorption, we divide the 

ZSM-5 surface into four regions: 

(1) S T i02, the external surface covered by TiO 2 particles on ZSM-5 surface. Two methods 

can be used to calculate STÌO2- One is to use the TiO 2 unit crystal parameters to calculate 

the cross section area of a unit crystal assuming that monolayer loading of TiO 2 is 

occurring. Usually, it is difficult to assume monolayer loading because OfTiO 2 particles' 

aggregation. The other method is to estimate TiO 2 coverage on ZSM-5 support directly 

by using solid nuclear magnetic resonance (solid NMR) to study the Si-OH group change 

before and after TiO 2 is coated on ZSM-5 surface. The detailed NMR study will be 

discussed in Chapter Seven. NMR experimental results indicates that the maximal TiO 2 

coverage on ZSM-5 support is about 23% of ZSM-5 zeolite surface with a TiO 2 loading 

of 2.5 wt%; above that, TiO 2 particles aggregate to form TiO 2 islands rather than 

increasing surface coverage. Considering the specific surface area of ZSM-5 zeolite 
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support of S = 360 m Ig (BET N 2 adsorption), we can estimate Sno2, the surface area 

occupied by the 23% TiO 2 coverage: 

SexT.oi = 23%S = 23% x 360 m2/g = 83 m2/g 

(2) SexAP, the external surface adsorbed by AP molecules, which includes the external 

frame surface, external fracture intersection surface, and external fracture channel 

surface. 

(3) Sino, the internal surface occupied by adsorbed AP molecules, is located inside the 

internal channel intersections and/or the two channels. 

(4) Sinu, the internal surface free of AP molecules, is located deep inside the two channels 

and/or internal channel intersections. 

This model is described in Figure 6-1. 
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(2) SexAP, external surface 
free OfTiO2, including 
frame surface, fracture 
channel intersections and ' 
fracture channels 

(3) Sino, internal surface 
occupied by AP 
molecules, including 
the surfaces of channel 
intersections and 
channels 

(4) Sinu, internal surface 
free of AP molecules, 
includes the surfaces of 
channel intersections and 
channels 

ZSM-5 
frame 

TiO 2 particles 

(1) SexTi02, external 
surface covered by TiO 2, 
locates on the external 
surfaces of frame, 
fracture channel 
intersections, and 
fracture channels 

Internal or 
external channel 
intersections 

Figure 6- 1 ZSM-5 surface model for AP adsorption 

The next question to be addressed is how AP molecules are actually adsorbed on 

the internal and external surfaces. It is known that zeolite surface is relatively 

hydrophobic or non-polar, thus the AP molecule can be more favourably adsorbed in 

comparison with water. Some investigations of the adsorption of water on pentasil 

zeolites have shown that the extent of water uptake is directly attributable to the 

aluminum sites in the channels or external surface[163]. The slow water diffusion rate in 

pentasil zeolites has been suggested to result from a two-step mechanism of diffusion: (i) 

the fast uptake of water on the zeolite external surface by adsorption to surface hydroxyl 

and the concomitant formation of water clusters which are too large to pass through the 

pores and to enter the channels and (ii) the break-up of the water clusters by aluminum 
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sites at the pore mouths, thereby allowing individual water molecules to enter the 

internal framework. By this understanding, the uptake of water will decrease with an 

increase in the SiO 2 /Al 2 O 3 ratio in ZSM-5 zeolite, and the internal surface of the channels 

should be more hydrophobic and more favourable for AP adsorption. 

6-2 AP adsorption experiments and results 

6-2.1 AP adsorption kinetics on ZSM-5 zeolite 

AP adsorption kinetics is an important factor in the process of measuring the 

photoactivity. Owing to the heterogeneous adsorption sites on its supports, a 

photocatalyst may have different adsorption rates. In order to understand AP adsorption 

rate on this photocatalyst, a profde of AP concentration changes in aqueous phase with 

time was obtained by measuring AP concentrations in a series vials containing fixed 

amounts of ZSM-5 and AP solute in a volume of 50 ml aqueous solution. The slurry was 

stirred for periods from 20 minutes to 120 minutes at 22 ± 1°C. Figure 6-2.1 describes AP 

adsorption kinetics on ZSM-5 zeolite. It can be seen that AP was adsorbed quickly on 

ZSM-5 zeolite. Its adsorption appeared to reach equilibrium within 30 minutes, where the 

maximum AP adsorption was measured to be about 72 mg/g ZSM-5 zeolite. 
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Figure 6-2.1 AP adsorption kinetics on ZSM-5 zeolite (SiGVAl 2O 3 = 280) 

6-2.2 AP adsorption isotherm over 7 wt% TiO 2 loading Ti02(P25)/ZSM-5 photocatalyst 

As TiO 2 is coated on the external surface of ZSM-5, the properties of the hybrid 

photocatalyst should be different from that of ZSM-5. Figure 6-2.2.1 depicts AP 

adsorption isotherm on the photocatalyst at 22 ± I 0 C from 12-hour equilibration 

adsorption. In this figure, the horizontal axis is the AP equilibrium concentration (CApe 

ppm) in the aqueous phase, and vertical axis is AP adsorption (ns) expressed as mg/g 

photocatalyst. 
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Figure 6-2.2.1 AP adsorption isotherm over 7 wt% Ti02(P25)/ZSM-5 photocatalyst 

Figure 6-2.2.1 shows that the AP adsorption on the photocatalyst displays an 

isotherm with two regions. A turning point was located somewhere around AP 

equilibrium concentration (CApe) of 40 ppm. If CAp e was lower than this value, the 

isotherm seems to fit traditional Langmuir isotherm. As CAp e exceeds this concentration, 

evidence begins to emerge for a multi-layer adsorption, though the experimental errors 

were increased to ± 5 mg/g because of smaller amount of adsorbent (< 5 mg) and smaller 

AP concentration change. In the range of CAp e < 40 ppm, Langmuir isotherm can be used 

to treat the AP adsorption given by Equation 6-2.2.1: 

e = V / V m = KC A P e / ( l+KC A Pe) (6-2.2.1) 
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where, V is AP adsorption (mmol/g photocatalyst), V m is the monolayer AP 

adsorption (mmol/g photocatalyst), K is an equilibrium constant of AP adsorption-

desorption (L/mmol), and C A P c is AP equilibrium concentration in aqueous phase 

(mmol/L). Equation 6-2.2.1 can be rearranged into a linear form: 

1/V = 1/Vm + l / (KV m ) ( l /C A P e ) (6-2.2.2) 

From Equation 6-2.2.2, the plot of (1/V) versus (1/ CApe) should result in a 

straight line, which is illustrated in Figure 6-2.2.2, which indicates that the plot satisfies 

the Langmuir isotherm model. The slope and intercept were determined to be 0.006 g/L 

and 1.74 g/mmol respectively. Thus, V m and K were calculated as follows: 

IAr7

m = 1.74 g/mmol (6-2.2.3) 

Vm=l/1.74 = 0.575 (mmole/g), which corresponds to AP monolayer adsorption n s m a x = 

69.0 mg/g photocatalyst. Compared with pure ZSM-5 zeolite, AP maximal adsorption is 

decreased by 4% because of the 7 wt% TiO 2 loading because of TiO 2 coverage. Further, 

K can be obtained from the relationship: 

!/(KV m ) = 0.006 g/L, or K = 290 (L/mmol) (6-2.2.4) 
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Figure 6-2.2.2 1/V ~ 1/CAPC plot of A P adsorption over 7 wt% TiO 2 loading 
Ti0 2 (P25) /ZSM-5 photocatalyst in the range of C A P c < 40 ppm by Langmuir isotherm 

Compared with the adsorption of 4-chlorophenol (4-CP) of about 8 mg/g on 

Z S M - 5 zeolite^1561, A P monolayer adsorption of 69 mg/g on this zeolite is significantly 

increased. This abnormal increase in A P adsorption is difficult to explain by their similar 

molecular sizes ( A P 8.1 Â x 5.1 Â versus 4-CP 7.6 A x 5.1 A). The reason for the strong 

adsorption of A P molecules on the surface of Z S M - 5 zeolite can be explained by the 

different functional groups in both molecules. The carbonyl group in A P can be easily 

captured by the surface hydroxyl group in Reaction 6-2.2.5. This reaction hardly occurs 

for alcohol molecules. 
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6-2.3 Estimations of the surface area and locations for AP monolayer adsorption on the 

7 wt% Ti02(P25)/ZSM-5 photocatalyst surface 

The surface area for the monolayer AP adsorption is closely related with AP 

molecule adsorption configuration on the photocatalyst surface. There are several 

possible ways for AP to be adsorbed. Due to the hydrophobicity of the ZSM-5 surface, 

the non-polar groups such as aromatic ring and methyl group may be favorably adsorbed 

on its surface. This type adsorption belongs to physical adsorption, or van der Waals 

adsorption. There may be three ways for this type adsorption. Pattern (I): the aromatic 

ring is adsorbed flat. This pattern requires the carbonyl group also be adsorbed flat on its 

surface because the lowest energy state of AP molecule calculated by SPARTAN '02 

results in that C8 and Ol are in the same plane as the aromatic ring, and, H7 and HlO are 

symmetrical to the molecule plane with an internuclear distance of 1.80 A, as indicated in 

Figure 1-8.1. Pattern (II): AP molecule is vertically adsorbed on ZSM-5 surface, that is, 

H6, H5, H10, and H7 atoms touch ZSM-5 surface with H3, HI, 01, and H8 facing away, 

or upside down. Pattern (III): AP molecule is also vertically adsorbed through H4 or H8 

atom. 

In addition, AP molecule can also be chemically adsorbed on ZSM-5 surface in 

Pattern (IV) as indicated in Reaction 6-2.2.5, which indicates that AP molecule is 
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adsorbed chemically through a nucleophilic attack of the OH groups on ZSM-5 

surface to the carbonyl carbon in AP molecules, resulting in a change of sp2 orbital to 

sp3 orbital in the carbonyl carbon. Thus, the bond angles and bond length related with 

carbonyl carbon will be changed correspondingly. SPARTAN '02 gave the lowest energy 

configuration of the deformed final AP molecule adsorbed on ZSM-5 surface through 

Reaction 6-2.2.5, as indicated in Figure 6-2.3.1: 

\ I 
C3 C2 

CS C0 

Ih4 *°2 

4 

J ? 

çC * 

X » H 

Figure 6-2.3.1 A configuration of AP molecule's chemisorption on ZSM-5 surface 

According to the dimensions provided by SPARTAN '02 and considering 

hydrogen atom covalent radius of 0.37 A, the unit areas an occupied by AP molecules in 

the three patterns can be estimated: 

Pattern (I): a« = 8.1 x 5.1 = 41.31 (A2) « 4.1 x IO"19 (m2) (6-2.3.1) 

Pattern (II): ao = 8.1 x 2.54 = 20.57 (A2) » 2.1 x IO"19 (m2) (6-2.3.2) 

Pattern (III): ao = 5.1 x 2.54 = 12.95 (Â2) « 1.3 x IO"19 (m2) (6-2.3.3) 
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Pattern (IV): as AP molecular configuration is changed through this type adsorption, 

it is complicated to calculate the ao in this pattern. But ao should be within the range of ao 

in pattern (I) and the area occupied by the benzene ring's flat adsorption. A benzene ring 

occupies approximately 5.7 x 5.1 = 29.07 (À2) ~ 2.9 x IO"19 (m2). Thus, the unit area 

occupied by an AP molecule in Pattern (IV) is estimated between 2.9 and 4.1 x IO"19 

(m2). 

From above calculations, it appears that the minimum unit area (aomm) occupied 

by an AP molecule on ZSM-5 zeolite is about 1.3 x IO"19 (m2) in Pattern (III), and the 

largest aomax is about 4.1 x IO"19 (m2) in Pattern (I) in the case of monolayer adsorption. 

Using these data, we can estimate the minimum (SAPmin) and maximum (SAPmax) surface 

areas for monolayer AP adsorption from the above four patterns: 

SAPmm = V m x 6.02 x IO23 x S 0 m i n ~ 45 (m2/g) (6-2.3.4) 

S APmax = V m x 6.02 x IO23 x aomax ~ 140 (m2/g) (6-2.3.5) 

Accordingly, the surface area for AP monolayer chemisorption in Pattern (IV) can be 

calculated in between 100 and 140 m lg. These data suggest where AP molecules could 

be adsorbed in the catalyst. The specific surface area of the ZSM-5 zeolite in this thesis is 

S = 360 m2/g, on which TiO 2 particles take about 83 m2/g (Se xTio2)- Thus, if AP 

molecules are only adsorbed on the surface free of TiO 2 particles, then the empty surface 

area free of AP adsorption on the zeolite surface should be between S i n u

m i n = S- S e x T i 0 2 -

S A Pmax = 360 - 83 - 140 = 137 m2/g and S i n u

m a x = S- S e x T i 0 2 - S A p m i n = 360 - 83 - 45 = 

232 m2/g for the four patterns. This area should be located in the internal surface of ZSM-



122 
5 channels and/or intersections because of its inaccessibility to AP molecules and 

TiO 2 particles. 

Now, the question is, how many AP molecules are possibly adsorbed on the 

external surface and how many are on the internal surface of the supported catalyst? 

It is believed that S e XTi02 belongs to ZSM-5 zeolite external surface as studied by 

Starosud et o/. [ 1 6 4 ]. According to our suggested ZSM-5 surface model, there can be 

several regions for TiO 2 particles to reside on ZSM-5 surface: the external frame surface, 

the surfaces of external fracture channel intersections and the external fracture channels. 

These surface areas comprise the external surface of ZSM-5 zeolite. It is known that 

zeolite is a kind of porous material with a relatively larger internal than external surface 

area. However, in the case of AP adsorption, the percentage of ZSM-5 internal surface is 

unknown. If the internal surface area S m of ZSM-5 zeolite is 70% of its 360 m2/g surface 

area, then its external surface S e x should be: 

S e x = S x 30% = 360 x 0.3 = 108 m2/g (6-2.3.6) 

Thus, the external surface available for AP adsorption, SEXAP,, can be obtained: 

SexAp = S e x - S e x l l 0 2 = 108 - 83 = 25 m2/g (6-2.3.7) 

Then the minimum S i n o

m m and maximum S i n o

m a x internal surface areas adsorbed by AP 

molecules in the four patterns in the monolayer adsorption process can be obtained: 
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Sino™" = SAPmin - S e x AP = 45 - 25 = 20 lïïVg (6-2.3.8) 

S m o

m a x = SAPmax - S e x AP = 140 - 25 = 115 m2/g (6-2.3.9) 

For the chemisorption, the internal surface area adsorbed by AP molecules is 

estimated between 75 and 115 m2/g. 

The configuration of an organic molecule adsorbed in a microporous material will 

be mainly determined by both adsorption potential energy and space restriction. Thus, 

Pattern (IV) should be the most possible way for AP adsorption, not only because this 

pattern is energetically favourable, but other patterns have larger space restrictions in 

ZSM-5 channels or channel intersections. Pattern (III) has the least probability because of 

the space restriction. The above results indicate that, even in the case that ZSM-5 zeolite 

has an external surface of 30 % of its specific surface area and AP molecules are 

adsorbed by the least possible Pattern (III), there are still some AP molecules adsorbed on 

the internal surface of ZSM-5 zeolite. By Pattern (I) and Pattern (IV), most AP molecules 

are adsorbed on the internal surface of the zeolite. For example, in Pattern (IV), more 

than 75% AP molecules are adsorbed on the internal surface of ZSM-5 zeolite in the 

monolayer adsorption. 

According to the surface model of silicalite zeolite for p-xylene adsorption by 

Narkiewicz-Michalek et al}U9\ the regions of the internal surface for monolayer AP 

adsorption can be further investigated. Their model predicts that, for p-xylene adsorption, 

the adsórbate molecules mainly fill the channel intersections at lower coverage than 4 
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molecules/unit cell, higher than this value, a rapid fdling of zigzag channels starts. 

Using SPARTAN '02 software, there is no significant difference between the molecular 

sizes of AP and /^-xylene. Therefore, their diffusions into ZSM-5 or silicalite channels are 

not expected to be significantly different. Calculation from SPARTAN '02 software 

indicates that both of the widest parts in these two molecules are the aromatic rings with 

similar dimensions slightly smaller than the ZSM-5 pores, though the longest lengths of 

the two molecules are slightly different. In comparison, the number of AP molecules 

adsorbed per unit cell on the ZSM-5 of the photocatalyst in the case of monolayer 

adsorption can be estimated. 

From its frame density 1.785 g/cm3, the frame volume of 1.00g ZSM-5 zeolite 

V Z S M - 5 (cm3) can be calculated: 

From ZSM-5 unit cell parameters of a = 20.1, b = 19.9, and c = 13.4 Â [ 1 2 1 ] , a unit cell 

volume V Z S M - 5 can also be obtained: 

From Equations 6-2.3.10 and 6-2.3.11, the number of unit cells N u c in 1.00 g ZSM-5 

zeolite is given by: 

V Z S M - 5 = 1/1.785 = 0.560 (cm3) (6-2.3.10) 

V Z S M - 5 =abc = 20.1x 19.9 x 13.4 = 5360 (A3) = 5.36 x IO"21 (cm3) (6-2.3.11) 

N 1 
V Z S M - 5 / V Z S M - 5 = 0.560/(5.36X10-21) = 1.04 x l0 : ,20 (6-2.3.12) 
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On the other hand, the number of adsorbed AP molecules for its monolayer 

adsorption on 1.00 g 7 wt% Ti02(P25)/ZSM-5 photocatalyst, NAp, can be calculated from 

V m : 

N a p = V m x IO 3 x 6.02xl0 2 3= 0.575 xlO"3 x 6.02X10 2 3 = 3.46xl0 2 0 (6.2.3.13) 

From Equations 6-2.3.12 and 6-2.3.13, N A P u c , the number of AP molecules adsorbed per 

unit cell of ZSM-5 in the case of monolayer adsorption, is given by 

NAPUC = NA P/(N u cx0.93) « 4 (AP molecules/unit cell) (6-2.3.14) 

Equation 6-2.3.14 shows that there are about 4 AP molecules adsorbed per unit cell of 

ZSM-5 for its monolayer adsorption. If Narkiewicz-Michalek et al.'s heterogeneous 

three-site lattice model is valid for AP adsorption, these AP molecules should also mainly 

fill the channel intersections, which means the zigzag and the straight channels will be 

free of adsorbed AP molecules in the case of AP monolayer adsorption. 

6-3 Photoactivities in high (~800 ppm) AP concentration aqueous solutions 

The photoactivities of the 7 wt% Ti02(P25)/ZSM-5 photocatalyst have been 

tested for a lower AP concentration (-25 ppm) aqueous solution. Under that condition, 

almost no AP was left in the equilibrated aqueous phase before irradiation because of the 

photocatalyst's strong A P adsorption ability. In this section, these catalysts' activity 
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performances in a higher AP concentration solution are first investigated. Second, we 

will check if AP adsorption is influenced by UV illumination, in other words, if the AP 

adsorption-desorption equilibrium constant is a thermal reaction constant independent of 

UV irradiation on the photocatalyst. 

In order to study the photocatalyst's AP adsorption change through UV irradiation 

process on a higher AP coverage photocatalyst, two tests were carried out by the same 

procedures of equilibrating 1.00 g 7 wt% TiO 2 (P25)/ZSM-5 with 100 ml ~ 800 ppm AP 

aqueous solution at 22 ± 1°C and irradiating for different periods of time with the same 

UV irradiation of 6.6 x 1017 photons/second (X >320 nm). The detailed procedures are 

described as follows: 

Test 1: 2.18 hours irradiation test 

In this test, the photocatalyst was stirred with 797.0 ppm AP solution in dark for 

12 hours equilibrium adsorption with the reactor sealed. Before UV irradiation, a 2.0 ml 

aliquot was withdrawn by a 10.0 ml syringe from the equilibrated slurry and filtered with 

0.45 um Millipore membrane filter (sample loss was checked to be 5.0%), and analyzed 

by HPLC to be 47.0 ppm of AP concentration. So, AP on the solid photocatalyst was 

797.0-47.0 = 750.0 ppm, and the AP equilibrium adsorption n s ( J calculated as follows: 

ns0= 100.0 ml x (CApo - CAp) x 10"6/m x 1000 = 75.0 (mg/g) 
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where n s 0 is AP equilibrium adsorption expressed mg/g catalyst; CApo is AP initial 

concentration in stock solution (ppm); CAp is the initial AP equilibrium concentration in 

the aqueous phase (ppm); and m is the photocatalyst mass in grams. Apparently, the 

initial AP adsorption belongs to a multilayer pattern because n s 0 is higher than the 

monolayer AP adsorption of 69.0 mg/g photocatalyst. 

Then the 98.0 ml slurry solution was irradiated for 2 hours 11 minutes with the 

reactor sealed, followed by stirring for another 10 hours for equilibrium adsorption, and 

then another 2.0 ml sample aliquot was taken and analyzed by HPLC Both of the two 2.0 

ml aliquot samples were taken after the photocatalyst settled to prevent loss of solid 

photocatalyst in the reactor. The AP equilibrium concentration in the aqueous phase was 

found to decrease to CAp e = 38.0 ppm, by a concentration drop of 47.0-38.0 = 9.0 ppm. 

After the slurry was filtered and extracted, it was found that the AP concentrations were 

32.0 ppm and 743.0 ppm in the 96.0 ml aqueous phase and the 100.0 ml acetonitrile 

solvent respectively. Considering the filtration unit AP recovery efficiency 98.0%, we 

can quantify the total AP amount left over in the 96.0 ml slurry mieft: 

mieft = (V a q x C A P a q + V a c x C A P a c ) / f = 7.90 x IO"2 (g) 

where, V a q is the filtrate volume (96.0 ml); CAp a q is the AP concentration in the aqueous 

phase (32.0 ppm); V a c is the volume of acetonitrile extraction solvent (100.0 ml); C A P a c is 

AP concentration in acetonitrile phase (743.0 ppm); and f is the filtration unit AP 

recovery efficiency ( f = 0.98). Considering the AP contained in the two 2.0 ml aliquots 

withdrawn, we can calculate the photocatalytically degraded AP: 
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AAP = 7.97 x IO2-(mieft + 2.0 x 47 x IO"6 + 2.0 x 38 x IO"6) = 5.3 x IQ"4 (g) 

This result is equivalent to a 5.3 ppm AP concentration drop in 100 ml aqueous solution. 

Compared with the actual 9.0 ppm concentration drop in the aqueous phase before and 

after UV irradiation, it seems likely that about 4.7 ppm AP concentration drop in the 

aqueous phase is not derived from photocatalysis, although the error accumulation in the 

calculation renders this less than certain. 

From CApe, we can determine AP equilibrium adsorption on the solid in the 96 ml 

after irradiation: 

AP adsorbed on solid = Hii e f t - C A P e

 x V a q = 7.90xl0"2- 38.0x96.0xIO"6 = 7.54 x IO"2 (g) 

Correspondingly, as the weight of the photocatalyst left in the reactor was not changed, 

the AP equilibrium adsorption after the irradiation became ns: 

ns= 7.54 xlO"2 (g)/1.00 (g) = 75.4 mg/g 

Compared with its initial AP adsorption of 75.0 mg/g, the AP adsorption has been 

promoted. This is why AP equilibrium concentration drop in the aqueous phase is more 

than the AP degraded by photocatalysis. 

Test 2: 3.50 hours irradiation 
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In Test 2, the same experiment was repeated on the same catalyst, but the AP 

initial concentration was 807.0 ppm and the initial equilibrium adsorption time was one 

hour in the dark, followed by a total of 3.5 hours irradiation, which consisted of five 30-

minute irradiations and one 60-minute final irradiation. After each irradiation, the 

irradiated slurry was equilibrated in dark for 30-45 minutes under stirring. Then the 

stirring system stopped for a while to let the solid phase settle before a 2.0 ml clear 

aqueous aliquot was withdrawn from the reactor and analyzed by HPLC Before the 

fourth 30-minute irradiation, the slurry was stirred and equilibrated for 10 hours in the 

dark overnight and another 2.0 ml aliquot was analyzed to check AP adsorption change. 

The final slurry volume was 84.0 ml left, which was filtrated and extracted as above. 

Considering the filtration unit AP recovery efficiency of 0.98, we obtained the total AP 

left on the solid phase to be 7.81 x IO"2 g. Taking into account of the AP lost in the 8 x 

2.0 ml aliquots of 6.50 x IO"4 g, we can estimate the AP degraded by the photocatalyst to 

be 19.50 x IO"4 g over the 3.5 hours irradiation. As each 2.0 ml sample aliquot was 

withdrawn from a clear aqueous phase, the solid photocatalyst mass was assumed not to 

change in the 3.5-hour irradiation. Assuming an average photocatalytic degradation rate 

is 19.58 xl0"4g/3.5h = 5.57xl0"4 g/h, or 2.79 xl0"4g/30minutes, we can calculate the AP 

adsorption levels after one hour irradiation and two hours irradiation to be 76.0 mg/g and 

75.9 mg/g catalyst respectively. Obviously, the AP adsorption has been promoted by UV 

irradiation. The results of the two tests are summarized in Table 6-3.1. The photocatalysts 

AP adsorption isotherm change was graphed in Figure 6-3.1, where, CAPO is AP 

concentration in stock solution, CAP is the initial AP equilibrium concentration in bulk 



aqueous phase. C Ap a q and C Ap a c are AP concentrations in the fdtrate and acetonitrile 

solvent respectively after the membrane filtration and acetonitrile extraction. 
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Table 6-3.1 Irradiation effects on AP adsorption over 7 wt% TiO 2 loading Ti0 2/ZSM-5 
* Irrad. : Irradiation 

Test 

CApo 

ppm 

C A P 

ppm 

Initial AP 
adsorption 
(mg/g) 

Irrad.* time 
(hours) 

Final 
C A p a q 

(ppm) 

Final 
C A P A C (ppm 
in 100ml) 

Final AP 
adsorption 
(mg/g) 

1 797.0 47.0 75.0 2.18 38.0 754.0 75.4 

2 
807.0 52.0 75.5 

1.00 41.0 760.0 76.0 
807.0 52.0 75.5 2.00 37.0 759.0 75.9 
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Figure 6-3.1 Photo-promoted AP adsorption on TiO 2 (P25)/ZSM-5 photocatalyst 
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6-4 Photo-promoted AP adsorption and decreased photoactivity in high AP 

concentration 

In the two tests, the initial and final AP adsorption levels were all over the 

maximum mono-layer adsorption level of 69.0 mg/g, so the two photocatalyst surfaces 

were actually covered by multi-layer AP molecules before and after irradiation. From the 

AP adsorption isotherm, we have learnt that when AP concentration is lower than about 

40 ppm, AP adsorption follows Langmuir isotherm. However, from Table 6-3.1, we can 

see that the final AP adsorption in the two tests were both slightly higher than their 

respective initial levels before UV irradiations. Quantitatively, AP adsorption was 

increased from 75.0 mg/g (47 ppm AP aqueous equilibrium concentration) to 75.4 mg/g 

(38.0 ppm AP equilibrium aqueous concentration), and from 75.5 mg/g (52.0 ppm AP 

equilibrium aqueous concentration) to about 75.9 mg/g (37.0 ppm AP aqueous 

equilibrium concentration) in Test 1, and Test 2 respectively. Though the increases are 

not large in units of mg/g catalyst, they are large enough to contribute an additional 

decrease beyond the photocatalytic degradation in aqueous phase. In Test 1, for example, 

a 0.4 mg/g AP adsorption increase corresponds to an extra AP aqueous concentration 

drop of 4 ppm over that by photocatalysis. Considering the experimental errors of ± 0.7 

ppm in HPLC analysis of AP concentrations in aqueous and acetonitrile media, we 

suggest that AP equilibrium adsorption on the photocatalyst has been slightly promoted 

by UV irradiation. 
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Here, we define a term of "Photo-Promoted Adsorption (PPA)" to represent 

the phenomenon that an organic substrate adsorption is enhanced by light irradiation in 

comparison with dark adsorption. In the above two tests, the PPAs are about 0.4 mg/g ~ 

0.5 mg/g. PPA can be positive, zero, and negative, which means the substrate isotherm 

adsorption is increased, unchanged, and decreased respectively in comparison with the 

adsorption in the dark. 

Due to the PPA phenomenon, the photoactivity may be incorrectly evaluated by 

using aqueous-phase-concentration-monitoring method. For a positive PPA, the 

photoactivity will be overestimated; for a negative PPA, the photoactivity will be 

underestimated. This method can produce some misleading information about a 

photocatalyst's activity. It is effective only when PPA is zero. Though PPA is small in 

the unit of mg/g photocatalyst, it appears to be a real and the effect on estimated 

photoactivity is not negligible. The PPA phenomenon may apply to other systems. For 

example, the inconsistency of the photoactivity of Ti02/HZSM-5 photocatalyst reported 

by Durgakumari et a/. [ 1 1 4 ] may be explained by PPA of/?-chlorophenol. In their work, the 

photocatalyst's activity measured by />-chlorophenol concentration decrease in bulk 

aqueous phase was higher than that of P25 TiO 2, however, a contradictory result was 

obtained by monitoring [Cf] formation rate. 

In addition, the experimental results also indicate that the photoactivities of the 

photocatalysts in high AP concentration (-800 ppm) deteriorated seriously compared 

with their performance in a low (-25 ppm) concentration solution (k = 3 x 10"3 min."1). 
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Their pseudo-first rate constants fell in a range of IO"5 minute"1, about two orders less 

than that in low AP concentration. The experimental results of Test 1 are listed in the 

Table 6-4. 

Table 6-4 The photoactivity of 7 wt% TiO 2 loading Ti02(P25)/ZSM-5 photocatalyst in 
higher AP concentration in Test 1 

CAPOO Irradiation time AP amount degraded k 

ppm (hours) (ppm/100.0ml) (10"5/min.) 

797.0 2.18 5.0 5 

6-5 A possible origin of a photo-promoted adsorption (PPA) phenomenon 

PPA may be driven by excited AP molecules. The irradiation applied was filtered 

through a 320 nm interference glass cut-off filter, the transmittance spectrum of which is 

shown in Figure 2-4.1, which shows that the glass filter transmits a small portion of UV 

radiation with wavelength less than 320 nm. Figure 6-5.1 illustrates AP UV-Vis. 

absorbance spectra in different AP concentration solutions. A small amount of AP may 

be directly excited by the small portion of A, < 320 nm UV irradiation through the 

interference glass filter. Thus, we have to consider the direct effect of the small portion of 

UV irradiation on AP molecules during a long exposure time. 
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Figure 6-5.1 UV-Vis. absorbance spectra of 25-1000 ppm AP aqueous solutions 

It is known that absorbance by carbonyl chromophores in ketone molecules 

occurs in >280-300 nm' 1 6 5\ which corresponds to the excitation of a non-bonding (n) 

electron on oxygen into an antibonding n* orbital of the carbonyl group. In the 

conjugated phenones, the excited (n, 7t*) triplet and (TÍ, TÍ*) singlet states are lower in 

energy and hence the associated absorptions are at longer wavelengths compared to those 

isolated chromophores, with adsorption in the 320 nm and 280 nm regions. Such 

electronic excitation results in considerable change in the electron distribution around the 

carbonyl group. Now there is one unpaired electron in both a n* antibonding orbital and a 

p-type orbital on oxygen. The net result is that the oxygen, in its n orbital, is now 

electron-deficient while the carbon atom becomes somewhat electron-rich and hence can 

exhibit marked nucleophilic behaviour. As there are hydroxyl groups associated with 

surface Si in ZSM-5 zeolite and TiO 2 particle surface, there maybe the possibility for the 

excited AP molecules to attack these hydroxyl groups to enhance AP chemisorption as 
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indicated in Reaction 6-2.2.5, or initiate triplet AP chemisorption (may be reversible) 

on TiO 2 surface as shown in Figure 6-5.2. 

Therefore, the AP adsorption can be promoted by these chemisorptions caused by 

UV irradiation, resulting in an increase of the binding strength between AP molecules 

and the supported photocatalyst surface, a decrease of AP molecule mobility, and 

consequently, a worse photocatalytic activity of the supported photocatalysts. 

6-6 Conclusions 

In the comparison of the photoactivities of the Ti02(P25)/ZSM-5 photocatalyst 

and P25 TiO 2 photocatalyst, it appears that ZSM-5 zeolite maybe too strong an AP 

adsorbent for TiO 2 support. The strong interaction between AP molecules and ZSM-5 

surface may inhibit AP molecule migration to the active sites on TiO 2 particles. AP 

molecule migration may be the rate-determining step. If this is the case, the overall AP 

photocatalytic degradation rate will be determined by AP migration rate rather than the 

surface reaction rate. As AP aqueous concentration increases, AP adsorption crowds the 

catalyst surface. This makes the AP molecules and oxidation intermediates molecules 

Figure 6-5. 2 Triplet AP chemisorption on TiO 2 photocatalyst 
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migrate more slowly, especially at high AP concentrations. This may be the main 

reason for the reverse relationship between AP concentration and its degradation rate. 

Further research will be needed to understand the relationship between AP coverage on 

the photocatalyst and its photoactivity by changing AP concentration in the reactor. 

In summary, the following conclusions can be drawn from the above experiments: 

(1) As a support of TiO 2 photocatalyst, ZSM-5 zeolite surface properties and pore 

size should be adjusted to prevent AP adsorption onto ZSM-5 internal surfaces. 

To modify the adsorption property of its surface, we can reduce its ketone 

adsorption ability in order to increase the substrate mobility on its surface, and 

this may increase its photocatalytic activity. 

(2) High AP concentration in aqueous solution is seen as a negative factor for the 

degradation rate. Dilution of a concentrated contaminant solution is an option to 

make more efficient use of the photocatalyst. 

(3) In the photocatalysis research, the substrate concentration loss in the slurry may 

not represent the real photocatalyst activity. Instead, the process of solid-liquid 

separation and organic solvent extraction provides the most reliable experimental 

protocol. 
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Chapter Seven: Further Study on Ti02(P25)/ZSM-5 — 1H- 2 9Si Solid State 

CP-MAS NMR Study and an Estimation of TiO2 Coverage on 

ZSM-5 Zeolite 

7-1 Background 

NMR, nuclear magnetic resonance, was reported in 1946 by Purcell and his co

workers'- 1 6 6 ] at Harvard. At the same time, Bloch and his colleagues at Stanford found 

nuclear resonance in liquid water[167]. Both shared the 1952 Nobel Prize for their 

discovery. When we speak of nuclear magnetic resonance, we are really thinking of the 

kind of NMR discovered by Bloch and Purcell; that is, the nuclear magnetic resonance in 

bulk materials. NMR attracted little attention from chemists until the discovery in 1946 

and 1950 that the precise resonance frequency of a nucleus depends on the state of its 

chemical environment (chemical shift). After that, NMR technique has been widely and 

extensively studied. The commercial development of this technique from its discovery to 

its wide application turned out to be one of the fastest. Of all the spectroscopic methods 

used by chemists for structural elucidation, few have greater power than NMR, because 

2 3 

no other single technique can so readily distinguish sp, sp , sp hybridized carbon atoms 

and oxygen atoms in ethers and acids. Such discrimination works best when the species 

under investigation are in the fluid state, usually in solution. This is because the line-

broadening effects caused by the magnetic influences of neighbouring atoms are 

averaged out when the species undergo rapid and random thermal motion. If the species 

are "clamped" within solid, or anchored firmly to a surface, their NMR spectra are so 
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broadened that they are almost valueless as far as structural discrimination, based on 

chemical shifts, is concerned. However, various ways have been evolved to derive high-

resolution NMR spectra even from solids or adsorbed and reactant entities on surface or 

within solid bulk. The theoretical background of NMR can be found in related books'-168' 

169] 

As 2 9 S i NMR will be applied in this thesis to characterize the Ti0 2/ZSM-5 

photocatalysts, the theory regarding Si solid NMR will be discussed here. 

Generally speaking, the spectral lines in the solid NMR are very broad compared 

with those of liquid samples. For instance, 1 H NMR spectrum of water at room 

temperature is -0.1 Hz wide, whereas that of ice at low temperature is IO5 Hz wide. This 

enormous difference arises from the following static anisotropic interactions in solid 

samples: 

(1) The chemical shift anisotropy (CSA), which is due to the screening of the applied 

magnetic field at a given nuclear magnetic moment by the surrounding electrons. The 

electron distribution will not, in general, be spherical or cubic but will have a definite 

directional character. As a result, the chemical shift takes on directional properties as 

well. The nuclear Zeeman Hamiltonian (H z e eman) is used to account for this interaction. 

(2) The magnetic dipole-dipole interaction between nuclear magnetic moments, 

which is described by Hamiltonian H D ; 

(3) The indirect nuclear spin-spin or J coupling, which is mediated by the 

surrounding electronic clouds. The interaction Hamiltonian is usually written as H j ; 

(4) The nuclear electronic quadrupole interaction for nuclear magnetic moments with 

spin I > 1/2, which is due to the electrical interaction between the nuclear quadrupole 
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moment of a nucleus and the electric field gradient at the site of the nucleus. The 

Hamiltonian Hq is used to describe this interaction. 

The spin interactions can be described quantum mechanically in terms of the 

appropriate Hamiltonians. The total Hamiltonian H for calculating the NMR spectra of a 

diamagnetic non-conducting solid is given by Equation 7-1.1: 

H = H z e e m a n + Hd + Hj + H s e aIar + Hquadrupolar (7-1.1) 

In general, all of these interactions depend on the orientation of the local 

molecular (or crystal) environment relative to the direction of external magnetic field B 0 . 

The orientation dependence of J couplings is typically small. In the systems of interest, 

their magnitudes are likewise very small and can usually be neglected in comparison with 

the other interactions. Also, the influence of spin-rotation interactions, i.e., the couplings 

between the nuclear spin and the angular momentum due to rapid rotations (in 

molecules), is also negligible in solid specimens. Their relative importance depends on 

the nucleus being observed in the system under study. In a particular solid state system, 

one or two of the terms will usually dominate the Hamiltonian and hence, determine its 

NMR spectrum. Owing to these interactions, usually the solid NMR spectrum is very 

complex, and almost unusable if strong field and other techniques were not developed. 

7-1.1 Magic Angle Spinning 

The broadening of spectral lines in a solid NMR arising from the dipole-dipole 

interaction between the neighbouring nuclei can be attributed to the interactions between 

the neighbouring nucleus and the nucleus of interest, because the neighbouring nucleus 

can be regarded as a dipole and can generate a small, localized magnetic field. The 
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strength of the interaction varies with the position of the inter-nuclear axis with 

respect to the field as indicated by a coupling constant Jdip: 

fip = (h/47i2)Yiy2(l/2)(3cos2v|/-l)/r3 (7-1.2) 

where, y i and y 2 are the two neighbouring nucleus magnetogyric ratios; v|/ is the angle 

between the line joining the two nuclei and the direction of the applied field; and r is the 

distance between the two neighbouring nuclei. 

It can be shown that one of the major terms responsible for quadrupolar 

interaction also contains a factor (3cos2\)/-l), as in Equation 7-1.2. Moreover, the 

broadening influence of the chemical shift anisotropy, which takes into the consideration 

of the fact that shielding constants, depending on the orientation of the nuclear 

environment in the applied magnetic field, also contain the term (3cos2\|/-l). 

We are now in a position to understand how broadened NMR lines in solids can 

be sharpened. To achieve this, the sample is spun rapidly about an axis at an angle \|/m to 

the magnetic field such that the term (3cos2\|/m -1) = 0; \|/m - 54°54'. This angle is the so-

called 'magic angle'. Magic angle spinning NMR (MAS-NMR) is now a standard 

method for obtaining high-resolution spectra of solid NMR. 

MAS-NMR is often employed alongside two additional means of improving 

solid-state NMR spectral lines: decoupling and cross-polarization, though the latter 

technique improves intensity more than line width. The process of decoupling is carried 

out by a double-resonance technique, i.e. two radio-frequencies are needed. One is used 

to observe signals due to the nuclei under investigation; the other irradiation strongly 

saturates the resonance of the nucleus to be decoupled. Since much of the line broadening 

in solid NMR is due to dipolar coupling to protons, this technique is efficient, and widely 
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adopted in eliminating broadening influences arising from heterogeneous nuclear 

interactions (i.e., 1 3 C and 1 H in hydrocarbons, 2 9 S i and 1 H in silica gels, silicates, and 

silicon containing zeolites). Cross-polarization technique is mainly used to strengthen the 

NMR signals of low y nuclei by transferring the population characteristics of high- y 

nuclei to low- y nuclei. 

7-1.2 Cross Polarization 

It is known that all other NMR active nuclei are less sensitive than 1 H. Those less 

sensitive nuclei also have a lower natural abundance. For instance, the isotope 2 9 Si has a 

natural abundance of 4.67%, whereas 1 H is 99.98%, so 2 9Si's NMR sensitivity is about 

8% of that of 1 H. Another problem arises from the fact that the spin-lattice relaxation in 

solid NMR experiments can be too long to be useful. In order to enhance the intensity of 

the solid NMR signals of the low abundance, less sensitive nuclei, the following 

technique, together with the application of the Fourier transformation technique, has been 

developed. 

Let us consider the two nuclei, the sensitive 1 H nucleus and the insensitive 2 9 Si 

nucleus. A larger population difference in 1 H spinning nuclei will happen than that in 

2 9 Si , because the 1 H has a larger magnetogyric ratio than that of 2 9 Si . If we can enrich the 

2 9 Si spin population difference by the Boltzmann distribution of 1 H, then the 2 9 Si NMR 

sensitivity will be greatly increased. This process has already been applied through the 

interchange of 1 H and 2 9 S i spin populations, which is called polarization transfer, and the 

method is known as cross polarization (CP). The CP technique introduces a way of 
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enhancing the sensitivity by overcoming both "the low intensity" and "long time 

requirement" problems for dilute systems. 

The cross polarization sequence is: 

1 H (71/2)—(CP)y-CW 

2 9 Si (CP) — Acquire 

where (nil) means to apply a 90 degree pulse on 1 H to shift Bm 90 degree from X axis to 

Y axis on the X-Y plane and spin lock; (CP)y and (CP) represent the actual polarization 

takes place between proton and carbon during the contact time (in milliseconds); CW is 

the standard decoupling process by keeping 1 H transmitter on during the acquisition of 

2 9 Si signal. 

Thus, the above sequence consists of the following four steps: 

1. Apply a 90 degree pulse on 1 H. Then B 1 H shifts 90 degree on X-Y plane and spin 

lock. 

2. Apply spin lock on the same axis as proton spin lock axis for 2 9 Si . 

3. The actual polarization takes place between proton and carbon during the contact 

time (in milliseconds). Then turn off the spin lock field on the 2 9 Si . 

29 

4. Detect Si signal and remain spin lock field for proton. 

The sequence is more easily seen in Figure 7-1.2. 

29SÌ I C P I 

x y 

AQ J 

1 29 

Figure 7-1.2 Crosspolarizationpulsesequencein H- SisolidNMR 
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The pulse labelled CP (stands for contact pulse here) is different from other pulses in 

that it is much longer, being milliseconds in duration rather than microseconds. It also 

serves a different purpose and, as explained below, both 2 9 S i and 1 H B i amplitudes must 

satisfy a stringent condition. The proton transmitter remains on during the acquisition. 

First, let us consider the behaviour of the 1 H magnetization. The n/2 pulse along x 

will generate a magnetization vector along the y axis. The phase shift of the 1 H radio 

frequency field means that, in the rotating frame, the magnetization becomes spin-locked 

and precesses about the y axis at an angular frequency ((DI)H: 

( C O 1 ) h = ( T B 1 ) h (7-1.3) 

We can also apply a suitable radio frequency field to force the 2 9 Si magnetization to 

precess in its rotating frame. If we apply a pulse to the 2 9 Si , the rotating frame precession 

frequency ((B 1 )Si will be given by: 

( C O 1 ) S I = (YB 1) s i (7-1.4) 

Thus, there is, at the 2 9 Si nuclei, an oscillating component of the 1 H magnetization at a 

29 

frequency (CU 1 ) h and, at the protons, an oscillating component of the Si magnetization at 

a frequency of ( C O 1 ) S I . If the two frequencies are the same, then mutual spin-flips or 

mutual relaxation may occur. This matching of rotating precession frequencies is referred 

to as the Hartmann-Hahn condition: 

( Y B 1 ) S I = ( Y B 1 ) h (7-1.5) 

In their respective rotating frames, the protons and the 2 9 S i are in an effective field that 

produces the same precession frequency in the rotating frame. This effective field 

strength is lower than the applied field strength B 0- The 1 H magnetization is larger than 

the 2 9 Si magnetization, so cross relaxation from protons to 2 9 Si will cause the 2 9 Si 
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magnetization to increase. The experiment is, therefore, referred to as cross 

polarization (CP). The magnitude of the 2 9 S i signal is determined by the magnetogyric 

ratio of the 1 H rather than by that of the 2 9 Si , producing a gain in signal amplitude of (y)H 

I (Y)SÌ compared with a simple 7t/2—Acquire sequence. This factor of about four is not 

usually reached in practice but we do obtain useful increases in 2 9 S i sensitivity. 

In the cross polarization sequence, the 1 H transmitter is left on during acquisition 

to provide dipolar decoupling as described previously. We can, therefore, produce dipolar 

29 

decoupling Si spectra with a significant improvement. The combined cross 

polarization/dipolar decoupling sequence may be applied to a sample which is spinning at 

the magic angle, to give what is commonly called a CP-MAS experiment. 

In CP experiment, the problem of 2 9 S i long spin-lattice relaxation time is 

overcome. At the end of the acquisition of 2 9 Si system, the magnetization of Si spins is 

near zero as in the beginning of the experiment. Since the energy exchange occurs 

through flip-flop mechanism, Ti of 2 9 Si is determined by the protons rather than the 

silicon nuclei. As 1 H spins relax much faster than 2 9 S i spins, more acquisitions of 2 9 Si 

signal may be obtained in a given amount of time. Besides, as the enhanced 2 9 S i CP 

signal is very sensitive to the distance between the 1 H nucleus and 2 9 S i nucleus 

(approximately 1/r6), the CP method can also be used as a filter. For the silicalite zeolite 

NMR study, the cross polarization beyond three bonds is negligible. Thus, by using CP-
29 

MAS Si NMR, it is possible to study the Si-OH groups selectively on the surface of 

silicate zeolites for surface information. In this thesis, the CP-MAS 2 9 Si NMR has been 

applied to estimate the TiO 2 coverage on ZSM-5 surface. This method has been reported 

by Vaisman et al.im in 2000. 



145 
7-2 1H- 2 9Si solid state CP-MAS NMR experimental results and discussions 

The photocatalysts synthesized by "P25 hydrothermal attachment" were studied 

by solid 1 H- 2 9 Si CP-MAS FT-NMR spectra on a Bruker AMX-300 spectrometer at 59.63 

MHz under Magic Angle (MAS) conditions at ambient temperature. The Si signal was 

referred to sodium 2, 2-dimethyl-2-silapentane-sulfonate (DSS). 

Before the introduction of the experiment results, let us examine the structure of 

the ZSM-5 zeolite. In the hydrogen form ZSM-5 zeolite(the SiCVAl 2 O 3 mole ratio 280), 

most of the silicon nuclei in the S i O 4

4 tetrahedral groups, by sharing the oxygen bridge, 

are connected with each other, and only a few of these groups are connected with 

(AlO4)5" tetrahedral groups. To balance the (AlO4)5" charge, there are also a small number 

of H + ions located in the no-frame locations. On the other hand, the ZSM-5 surfaces are 

covered by hydroxyl - O H groups. Essentially, all H atoms available to produce a CP 

signal are surface -OH groups. This is shown by the great enhancement of the shoulder 

of the 2 9 Si signal attributed to surface Si compared to bulk Si in a CP spectrum. During 

the synthesis process of the photocatalysts, the ZSM-5 surface - O H groups undergo the 

following changes: 

O H H O O H 

O H T i O 2 O H O H O H O O 

Figure 7-2.1 The TiO 2 coating process onto ZSM-5 support 

From Figure 7-2.1, we can see that after TiO 2 is coated on the ZSM-5 surface, the 

surface Si-OH groups will be substituted by the groups of Si-O-Ti. Understanding this 
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process, we can manipulate the CP-MAS 1 H- 2 9 Si NMR to estimate how much of the 

surface has been covered by TiO 2, because the cross polarization of 1 H- 2 9 Si depends on 

inverse of the 1 H- 2 9 Si nuclear distance to the order of six (1/r6, r is the 1 H- 2 9 Si 

internuclear distance), which means, the TiO 2 loading will greatly decrease the CP-MAS 

2 9 Si NMR signals due to longer 1 H- 2 9 Si distance. 

During the 2 9 S i NMR experiment, about 0.28 g sample photocatalyst or ZSM-5 

zeolite was packed together with 16.8 mg internal standard (Kaolinite) in a zirconium 

rotor with 7 mm in diameter. The sample catalysts and ZSM-5 zeolite were treated under 

the same conditions, especially the calcination temperature and calcination time. Before 

the sample was packed into the zirconium rotor, it was dried at 120°C overnight to reduce 

the effects of adsorbed H 2O on the surface OH groups in the sample. The internal 

standard was packed in the middle of the rotor without mixing with the catalyst sample 

for easy sample packing. The packing time and the packing conditions were strictly 

controlled for a good comparison, because the samples were moisture sensitive and the 

sample's packing status was a factor influencing the NMR signal. Conventional Bloch 

decays (solid cycle) as well as cross polarization (CP-MAS) from 1 H were acquired for 

2 9 Si . Two experiments were run for each sample, one was the normal MAS-NMR, called 

solid cycle spectra, which were obtained at 5 kHz spinning rate using 90° fixed pulse with 

5 seconds delay time with a running time less than 10 minutes (scans 128), the other was 

the 1 H- 2 9 Si CP-MAS experiment, which was carried out with low square pulse proton 

decoupling at 2 kHz spinning rate; optimal contact time was 4 milliseconds; the 

transmitter power (TLO), which drives the 2 9 Si amplifier, was set to 0.9 db and the 

decoupler power (DL) was set to 10.8 db so as to have optimal Hartmann-Hahn match in 
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9 0 

Equation 7-1.5 with available Si power. The data acquisition time for cross 

polarization was 22 hour 49 minutes with 11100 scans. Figure7-2.2 is the simple 2 9 Si 

MAS-NMR spectrum of ZSM-5 obtained with 90° pulse sequence. 
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Figure 7-2.2 90° pulse sequence 2 9 Si MAS NMR spectrum of pure ZSM-5 zeolite 

There are four peaks in this spectrum. The two peaks near -92 ppm and -199 ppm 

were caused by the instrument. The huge peak near -115 ppm and the small shoulder 

peak near -110 ppm can be assigned to the bulk Si. The -104 peak is so weak that it does 

not show up in this spectrum. The 1 H- 2 9 Si cross polarization technique gives the CP-MAS 
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Si NMR spectrum in Figure 7-2.3, where the peak near -104 ppm has been greatly 

enhanced compared with -115 ppm peak, whereas the -115 ppm has been suppressed. 

~l w-—-l * 1 i 1 J « « 1 « « 1 » 1 i 1 • 1 1 r 
o -so -loo -/so 2 0 0 

Figure 7-2.3 Surface and bulk Si signals in 1 H- 2 9 Si CP-MAS NMR spectrum of ZSM-5 

The -115 ppm peak has been assigned to bulk Si nuclei with four Si neighbours 

and the small shoulder near -104 ppm to surface Si nuclei connected with - O H groups'170" 

1 7 2 ] . In the cross polarization experiment, it was found that the contact time influences the 

peaks of surface Si (near -104 ppm) and the bulk Si (near -115 ppm). The contact time 

has been optimized to secure the maximal and reproducible signal of surface Si (near -

104 ppm). 
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In order to estimate the surface coverage of TiO 2 on ZSM-5 surface, an 

internal standard, Kaolinite, has to be used. Kaolinite, AU(Si4Oio)(OH)8, is stable and 

sensitive in terms of chemical composition, especially the hydroxyl groups. In addition, 

its chemical shift near -92 ppm is close to but clear of that of the peaks of interest (-115 

and -104 ppm). Figure 7-2.4 is the CP-MAS 1 H- 2 9 Si NMR spectrum of ZSM-5 added 

5.6% Kaolinite. There are three peaks in this spectrum as indicated. 
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Figure 7-2.4 1 H- 2 9 Si CP-MAS NMR spectrum of ZSM-5 together with 5.6% Kaolinite 
internal reference 
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From the left to right, these peaks are assigned144] to the silicon nuclei of 

internal standard Kaolinite (~ -92 ppm), ZSM-5 surface Si (~ -104 ppm), and ZSM-5 

bulk Si (~ -115 ppm), respectively. Further, we can estimate the TiO 2 coverage using the 

change in the peak (~ -104 ppm) areas before and after pure ZSM-5 was coated with a 

certain amount of TiO 2 loading. 

In order to study TiO 2 loading effect on the ZSM-5 surface coverage, three 

samples, pure ZSM-5, 2.5 wt% Ti0 2/ZSM-5, and 5.0 wt% Ti0 2/ZSM-5, were 

investigated using CP-MAS 1 H- 2 9 Si cross polarization technique. The relative spectra are 

shown in Figure 7-2.5 to Figure 7-2.7. Table 7-2.1 gives the detailed information of the 

photocatalysts and the Kaolinite internal standard packed in the sample zirconium rotors. 

Table 7-2.1 Packing information of the sample rotors in 1 H- 2 9 Si CP-MAS NMR 
experiments 

Rotor No. 1 2 3 

Catalyst Sample Pure 
ZSM-5 

2.5 wt% 
Ti0 2/ZSM-5 

5.0 wt% 
Ti0 2/ZSM-5 

TiO 2 loading % 0.0 2.5 5.0 

Sample weight, mg 282.0 285.2 275.3 

Kaolinite weight, 
mg 16.8 16.8 16.8 

ZSM-5 content, mg 282.0 278.1 261.5 

Kaolinite wt% 5.6 5.7 6.0 



151 

He-ím 

6c-om A 

5i"HW6 A 

k+006 H 

h"ÍH)6 

Oe-OOO 

a ^ > a K 

—* ^ 

Figure 7-2.5 1 H- 2 9 Si CP-MAS NMR spectrum of pure ZSM-5 with 5.6 wt% internal 
standard (Kaolinite) 
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Figure 7-2.6 1 H- 2 9 Si CP-MAS NMR spectrum of 2.5 wt% Ti02(P25)/ZSM-5 with 5.7 
wt% internal standard (Kaolinite) 
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Figure 7-2.7 1 H- 2 9 Si CP-MAS NMR spectrum of 5.0 wt% Ti02(P25)/ZSM-5 with 6.0 
wt% internal standard (Kaolinite) 
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The data obtained from the solid 1 H- 2 9 Si CP-MAS NMR spectra were 

processed by the following procedures: 

1) The FID signal was transferred into NMR spectrum with LB = 10 Hz; 

2) Automatic phase correction and baseline correction; 

3) Integration after Gaussian deconvolution; 

4) -104 ppm peak areas have been normalized to: 

• the same amount of ZSM-5 

• the same area of the internal standard (Kaolinite) peak 

• a constant area ratio of -104 ppm peak to -92 ppm peak 

Compared with the pure ZSM-5, it is seen that the intensity and area of the ~ -

104 ppm peak in the 2.5 wt% TÌO2 loading sample spectrum are decreased, whereas the 

5.0 wt% loading of T1O2 does not bring a significant further decrease compared with 2.5 

wt% TÌO2 loading spectrum. Because the -104 ppm peak represents the surface Si-OH 

groups, according to Figure 7-2.4, the TÌO2 coverage on the surface can be approximated 

by the -104 ppm peak area change before and after TÌO2 loading. The AMX-300 NMR 

instrument was linked to the ID WIN-NMR data processor. The data obtained were 

processed by an interactive Gaussian deconvolution function after automatic phase and 

baseline correction. The integrated -104 peak areas and the calculated TÌO2 surface 

coverage are listed in Table 7-2.2. 
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Table 7-2.2 The Gaussian deconvoluted and normalized results of TÌO2 loading 
effect on 1 H- 2 9 Si CP-MAS NMR spectra and the TiO 2 coverage on ZSM-5 surface 

TiO 2 

loading wt% 
Kaolinite 
mg 

Sample 
g 

-92 ppm 
peak area 
(108)unit 

-104 ppm 
peak area 
(108)unit 

ZSM-5 surface 
coverage (%) 

0.0 16.8 0.282 2.00 1.32 0.0 

2.5 16.8 0.282 2.00 1.01 23.5 

5.0 16.8 0.282 2.00 1.02 22.7 

From Table 7-2.2, the ZSM-5 surface coverage is estimated to be 23.5% after 2.5 

wt% TiO 2 was coated on the ZSM-5 zeolite. Further increasing TiO 2 loading to 5.0 wt%, 

there is not significant change in TiO 2 coverage, which means that higher loading TiO 2 on 

ZSM-5 can not increase TiO 2 spreading over the ZSM-5 surface, instead, the TiO 2 tends 

to build up into bigger islands on the ZSM-5 surface. Vaisman et a/. [ 1 4 4 ] also concluded 

that around 2.5 wt% is a monolayer TiO 2 loading, with 5 wt% creates a second TiO 2 

layer, and the ZSM-5 surface coverage is less than 20 % for the photocatalyst synthesized 

by acid-catalyzed sol gel formation procedure. Compared with their photocatalysts made 

by sol gel method, our photocatalysts synthesized by "P25 hydrothermal attachment" 

method give a similar TiO 2 coverage. 

Theoretically, the TiO 2 crystal can penetrate into the ZSM-5 pores, as the biggest 

pore dimensions of ZSM-5 are 0.54x0.58 nm, and the TiO 2 crystal size [ 1 7 3 ] is 0.3776 x 

0.9468 nm, however, in most cases, the TiO 2 precursors existing in forms of hydrolysed 

polymers, clusters, or clumps, are usually larger than 10 nm [ 1 4 4 ], it is hard for these 

precursors to enter the internal channels of ZSM-5 structure before calcination. 
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Chapter Eight: Conclusions and Future Work 

In this thesis, three methods have been developed to immobilize TÌO2 on ZSM-5 

zeolite for the syntheses of Ti0 2/ZSM-5 photocatalysts. The main difference among the 

three methods is the origin of TiO 2 precursors. In the first method, as TiO 2 precursor, 

Degussa P25 TiO 2 was used to directly mix with ZSM-5 zeolite in hot water, followed by 

drying in a rotary vacuum evaporator and calcining in a muffle oven. In the second and 

the third methods, TiO 2 precursors came respectively from aqueous and alcohol TiO 2 sol 

gels prepared by HNO 3 aided hydrolysis of titanium tetra isopropoxide (TTIP). The same 

drying and calcination procedures as in the first method were adopted in the sol gel 

methods. These Ti0 2/ZSM-5 photocatalysts are named as Ti02(P25)/ZSM-5, 

Ti02(Prt)/ZSM-5, and Ti02(Ply)/ZSM-5 synthesized respectively by the first, the second, 

and the third methods. 

Using acetophenone (AP) as a model contaminant substrate, the photoactivities of 

these catalysts were studied in low (-25 ppm) and high (~800 ppm) AP aqueous solutions 

by UV irradiation with 320 nm cut-off filter. In order to measure the degraded AP 

accurately, a membrane filtration and acetonitrile extraction process was applied to more 

accurately determine the AP adsorbed on the solid catalyst. A high AP recovery 

efficiency was obtained in this process. AP concentrations in aqueous solution and 

acetonitrile solvent were analyzed by HPLC 

The primary experimental results from low AP concentration (-25 ppm) 

degradation showed that the supported photocatalysts prepared by the first method was 

superior to those from the sol gel methods by comparing the pseudo-first order rate 
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constants (k) of these catalysts. In addition, a minimal TiO 2 loading (optimal) for a 

limit k value was observed for all of these photocatalysts. Above that TiO 2 loading, there 

is little effect of TiO 2 loading on their photoactivities. At low TiO 2 loading, it seems that 

all of the pseudo-first order rate constants increase with TiO 2 loading until up to their 

respective optimal TiO 2 loadings. For Ti02(P25)/ZSM-5 and Ti02(Ply)/ZSM-5, the 

optimal TiO 2 loadings were less than -5.0 wt%; for Ti02(Prt)/ZSM-5, the loading seems 

to be lower than 1 wt%. Quantitatively, the k values of the pseudo-first order rate 

constants were measured to be 3 x IO"3 min. - 1, 1.5 X IO"3 min."1, and 1.2 x IO"3 min. 1 for 

the photocatalysts of Ti02(P25)/ZSM-5, Ti02(Ply)/ZSM-5, and Ti02(Prt)/ZSM-5 

respectively in the degradation of low concentration (-25 ppm) AP aqueous solution 

under UV irradiation in a light intensity of 6.6 x IO1 7 photons/second ( X > 320 nm). 

X-ray diffraction (XRD) technique was used to study the effects of TiO 2 phase 

composition and TiO 2 particle sizes on these photocatalysts. It was found that ZSM-5 

XRD patterns seriously interfere TiO 2 diffraction when TiO 2 loading is lower than about 

10 wt%. Thus, a higher TiO 2 loading is desired for XRD study, though a lower TiO 2 

loading photocatalysts is more important for our understanding. This XRD disadvantage 

prompts us to look in future for other characterization techniques, such as Raman spectra, 

to be applied for the low TiO 2 loading Ti0 2/ZSM-5 photocatalyst study. For the higher 

TiO 2 loading photocatalysts, XRD results permitted several useful conclusions. 

Anatase phase XRD patterns of the three types of photocatalysts correlated well 

with photoactivities. The superiority of Ti02(P25)/ZSM-5 photocatalyst may be related to 

its more anatase TiO 2 composition compared with Ti02(Ply)/ZSM-5 or Ti02(Prt)/ZSM-5 

catalysts. Similar photoactivities of the sol gel catalysts may also be interpreted by the 
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similar intensities of their anatase diffractions. In the second method, although the 

TiO 2 particle sizes in the three original sol gels OfHNO3ZTTIP mole ratios of 0.2, 0.4, and 

0.7 were different, there were no significant differences among the XRD patterns of 

catalysts synthesized by the three aqueous sol gels, in terms of TiO 2 anatase phase 

composition and the TiO 2 particle sizes. The TiO 2 particle sizes were in the same order of 

about 14 nm. There were also no detectable differences in the photoactivities among the 

three aqueous sol gel photocatalysts in the degradation of low concentration AP in 

aqueous solutions. 

Calcination temperature is an important factor affecting TiO 2 phase and TiO 2 

particle aggregation on these photocatalysts. The anatase-to-rutile phase transition 

temperatures for Ti02(Prt)/ZSM-5 and Ti02(P25)/ZSM-5 catalysts are found near 550°C. 

However, it seems that the calcination temperature has little effect on anatase phase for 

Ti02(Ply)/ZSM-5 photocatalyst below 750°C calcination. TiO 2 particle sizes indicate that 

high temperature calcination may cause TiO 2 particle to aggregate to form larger 

particles. When the calcination temperatures were between 450-550°C, TiO 2 particle 

sizes were 14 nm, 19 nm, and 23 nm for Ti02(Prt)/ZSM-5, Ti02(Ply)/ZSM-5, and 

Ti02(P25)/ZSM-5 photocatalysts respectively, however, if calcination temperature was 

elevated to 750°C, the corresponding TiO 2 particle sizes became 26 nm, 33 nm, and 35 

nm respectively. Obviously, the TiO 2 particles on Ti02(P25)/ZSM-5 catalysts are larger 

than those on the photocatalysts synthesized by sol gel methods. Not apparent 

correlations were observed between TiO 2 particle sizes and the photocatalyst's activities. 

Owing to their superiorities in photoactivity, Ti02(P25)/ZSM-5 photocatalysts 

were extensively studied. 
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1 H - S i solid CP-MAS NMR technique was applied to estimate TiO 2 coverage 

on the surface of ZSM-5 zeolite. NMR experimental results showed that P25 TiO 2 can be 

chemically bound onto ZSM-5 support. The estimated TiO 2 coverage on the surface of 

ZSM-5 zeolite is about 23% at 2.5 wt% TiO 2 loading. An additional increase in TiO 2 

loading brings little increase in TiO 2 coverage on ZSM-5 surface; rather, may cause TiO 2 

to build up on the pre-anchored TiO 2 islands. In other words, a higher loading TiO 2 on 

ZSM-5 can make the TiO 2 islands larger instead of spreading them over the ZSM-5 

surface. This result agrees well with literature values. 

The mechanism of AP adsorption on the surface of the photocatalyst is critical to 

our understanding of its photoactivity. AP adsorption isotherm was investigated at 22 ± 

I 0C on the 7.0 wt% Ti02(P25)/ZSM-5 photocatalyst. It was found that when AP 

equilibrium concentration in bulk solution is lower than ~ 40 ppm, the AP adsorption 

isotherm fits Langmuir equation. A monolayer AP adsorption and relative adsorption-

desorption equilibrium constant were calculated to be 69.0 mg/g and 2.9 x IO2 (L/mmol) 

respectively. Based on the monolayer AP adsorption and AP molecule sizes calculated by 

SPARTAN '02 software, a surface area for AP maximum monolayer adsorption was 

estimated to be between 45 and 140 m2/g for all of the possible AP adsorption patterns on 

ZSM-5 surface. 

The experimental results in high (-800 ppm) AP concentration aqueous solution 

demonstrated that the pseudo-first order rate constant k was decreased significantly in 

comparison with that in low AP concentration (-25 ppm) aqueous solution. It seems that 

AP molecules are too strongly adsorbed on the photocatalyst surface. This strong 

adsorption can make AP migration on the surface a rate-limiting step in the 
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photocatalytic degradation process. In the high concentration AP degradation 

experiments, it was discovered that there is a slight photo-promoted adsorption 

phenomenon on Ti02(P25)/ZSM-5 photocatalysts. This means that AP concentration 

drop in an aqueous phase during UV irradiation may not be completely attributable to the 

photocatalytic oxidation. 

Based on the parameters from AP monolayer adsorption from Langmuir isotherm, 

TÌO2 coverage on ZSM-5 surface from solid NMR, AP molecular dimensions from 

SPARTAN '02 programme, and the characteristics of ZSM-5 zeolite, a surface model of 

TÌO2/ZSM-5 photocatalyst was developed quantitatively. In this model, there are four 

regions on the surface of TÌO2/ZSM-5 photocatalyst in terms of internal (Sjn) and external 

(Sex) surface areas. Sjn is located internal ZSM-5 channels and channel intersections, and 

partially occupied by adsorbed AP molecules; while S e x includes external surfaces of 

crystal frame, fracture channel intersections, and fracture channels. TÌO2 particles are 

believed to be anchored only on the external surface S e x, where should also be the first 

choice for AP adsorption. The model indicates that AP molecules are adsorbed on the 

internal as well as external surfaces of ZSM-5 zeolite. Besides the strong binding 

between the adsorbed AP molecules and the surface of ZSM-5 zeolite, the separation of 

these internally adsorbed AP molecules from the externally coated TÌO2 active sites may 

be another cause for the lower activities of the ZSM-5 supported TÌO2 photocatalysts in 

comparison with mobile TÌO2 photocatalysts. 

More research will be needed on the photocatalysts. As the photoactivities of the 

photocatalysts were tested only in two AP concentrations in this thesis, we were unable to 

correlate the photoactivity with the AP coverage on the photocatalyst. In addition, as 
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mentioned above, ZSM-5 is perhaps too strong an adsorbent for the organic substrate, 

it is necessary to modify its surface properties to reduce organic substrate adsorption. The 

SÌO2/AI2O3 mole ratio is an important factor influencing ZSM-5 properties. The ratio 

positively impacts the hydrophobicity of ZSM-5 zeolite, therefore, the selection of a 

higher aluminium content ZSM-5 may be an alternative to decrease organic substrate 

adsorption. Besides, it is known that the ions in ZSM-5 structure can be exchanged. 

Through ion exchange processes, not only the surface properties, but also the pore sizes 

of ZSM-5 zeolite can be adjusted. To be an efficient candidate for TÌO2 support, the 

surface properties and the pore sizes of ZSM-5 should be adjusted to improve the 

photoactivity of the hybrid photocatalyst by increasing substrate mobility and preventing 

substrate molecules entering the internal channels of ZSM-5 zeolite. The pore sizes of 

ZSM-5 appear to be critical for organic substrate adsorption, and consequently influence 

the photoactivity. The pore size adjustment can be completed by several methods. 

Besides ion exchange method, zeolite pore size can also be changed through the 

introduction of different metal ions in zeolite frame in its synthesis process to form a 

hybrid M-ZSM-5 zeolite, where M can be Ti, V, Cr, Mn, Co, Ni, Ga, Zr, etc. [174] In 

addition, the pore size of ZSM-5 zeolite can also be modified by desilication the zeolite 

by thermal treatment. Mao et a/. [ 1 7 5 ] reported that micropores of 4.9 Â were formed 

during their desilication processes, though the following activation of the desilicated 

zeolite at temperature higher than 300°C resulted in a homogeneous pore system of 5.6 

À. 
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Appendix 1 

Chemicals Supplier Purity Impurities Application 
areas 

H 2O (DDW) ASR Lab 18mQ.cm HPLC and 
experiments 

Acetonitrile EM Science HPLC 
grade 
99.99% 

HPLC 

Acetonitrile EM Science GR 99.5% Mass balance 
extraction 

TTIP Aldrich 97% Sol gel 
preparation 

Acetophenone Aldrich 99% Photocatalysts 
evaluation 

Ethanol Aldrich absolute Sol gel 
preparation 

HNO 3 BDH 68-70% Cl: 0.5ppm 
S: Ippm 
As:0.01 ppm 
Fe: 0.2ppm 

Sol gel 
preparation 

H 2 SO 4 EM Science 95-98% Actinometry 
(NH4)2Fe(S04)2.6H20 Fisher 99.7% Actinometry 
NaACJH 2 O BDH 99.0-

100.5% 
Actinometry 

K3(Fe(C2O4)3). 3H 20 Synthesized 
in the Lab 

Actinometry 

1,10-phenanthroline Aldrich 99+% Actinometry 
FeCl 3 Aldrich 97% K3(Fe(C2O4)3). 

3H 20 
K 2 C 2 0 4 .H20 EM Science 98.5-

101.0% 
K3(Fe(C2O4)3). 
3H 20 

Degussa P25 TiO 2 Degussa 
Corporation 

99.5% Photocatalyst 

ZSM-5 
(Si0 2 /Al 2 0 3 = 280) 

Zeolyst 
International 

Support 

Kaolinite XRD group Solid NMR 2 9 Si 
internal 
standard 

Sodium salt of 2,2-
dimethyl-2-2 
silapentane-5-sulfonic 
acid(DSS) 

Aldrich Solid NMR 
reference 




