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ABSTRACT 

 
FLUORINATED AND FLUOROCARBON COATING OF TiO2 BY  

PULSED PLASMA PROCESSING: IMPROVED  

PHOTOCATALYTIC OF GASEOUS  

M-XYLENE AND MERCURY 

 

Sulak Sumitsawan, PhD. 

 

The University of Texas at Arlington, 2011 

 

Supervising Professors:  Richard Timmons and Melanie Sattler   

 Titanium dioxide (TiO2) is a preferred catalyst for photocatalytic oxidation of 

many air pollutants.  In an effort to enhance its photocatalytic activity, TiO2 was modified 

by pulsed plasma treatment. In this work, TiO2 nanoparticles, coated on a glass plate, 

were treated with a plasma discharge of hexafluoropropylene oxide (HFPO) gas. By 

appropriate adjustment of discharge conditions, it was discovered that the TiO2 particles 

can be either directly fluorinated (Ti-F) or coated with thin perfluorocarbon films (C-F).  
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Specifically, under relatively high power input, the plasma deposition process favored 

direct surface fluorination. The extent of Ti-F formation increased with increasing power 

input. In contrast, at lower average power inputs, perfluorocarbon films are deposited on 

the surface of the TiO2 particles.   

The plasma surface modified TiO2 nanoparticles were subsequently employed as 

catalysts in the photocatalytic oxidation of m-xylene, as carried out inside a closed loop 

batch reactor.  Both types of modified TiO2 were significantly more catalytically active 

than that of the unmodified particles.  For example, the rate constant of m-xylene 

degradation was increased from 0.012 min-1 with untreated TiO2 to 0.074 min-1 with 

fluorinated TiO2. The plasma treatment converts the TiO2 particles from hydrophilic to 

hydrophobic. The more hydrophobic TiO2 surfaces will more readily adsorb non-polar 

compounds, such as m-xylene, while simultaneously minimizing the competitive 

adsorption of water molecules. Additionally, it is believed that the presence of surface 

fluorine atoms can contribute to decreased electron-hole recombinations, thus further 

increasing TiO2 photocatalytic activity. Similarly, the promotional effect was also found 

in elemental mercury, another non-polar compound, where the removal rate of elemental 

mercury obtained from fluorinated TiO2 was 1.6 times greater than that of the untreated 

TiO2. In contrast, fluorinated TiO2 showed less reactivity than that of the untreated TiO2 

in degrading acetaldehyde, a polar compound.  

The study of the effect of relative humidity on m-xylene degradation revealed that 

the optimum relative humidity for m-xylene removal was 10% for the untreated TiO2. 

The removal efficiency was observed to decrease progressively as the relative humidity 
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was raised above the 10% level. When fluorinated TiO2 was used as the catalyst, the 

impact of relative humidity range from 0 to 40% was minimal. The inhibition effect of 

water vapor was not observed until the relative humidity was raised to 60% and 80%. 

The photocatalytic reactivity of catalyst used in successive runs was lower than 

that obtained with fresh TiO2. The catalytic deactivation observed apparently results from 

deposition of carbonaceous species deposited on the surface of the TiO2 particles after 

repeated use. However, it was discovered that subjection of the used catalysts to an 

oxygen plasma for 10 minutes was successful in regenerating catalyst activity to 96% of 

its original activity.  
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CHAPTER 1  

INTRODUCTION 

1.1 General 

Air is one of the most abundant natural resources on Earth and clean air is 

essential for human and all living creatures. However, air quality has become an 

environmental issue of serious concern; larger populations, increased transportation, 

expansion of industries and many other activities contribute increasing quantities of 

contaminants into the air. Unfortunately, human do not have the luxury to select only 

clean air to breathe. As a result, many researchers are trying to find solutions to control 

emissions and to improve air quality. 

Despite the fact that more environmentally friendly alternative energy sources, 

such as wind, solar, or nuclear are increasingly available, the fact remains that industry,, 

electric power plants, vehicles and households still rely on  fossil fuel as their primary 

energy source. Fossil fuel combustion emits gaseous pollutants, including carbon 

monoxide, carbon dioxide, nitrogen oxides and volatile organic compounds (VOCs) to 

the atmosphere. The burning of biofuel and biomass, the primary sources of energy in 

some countries, also add VOCs to the environment. These air pollutants cause many 

threats to human health, ecosystems and economic systems worldwide. VOCs released 

from anthropogenic sources are estimated as 186 Tg/yr. VOCs have been defined by US 

Environmental Protection Agency (EPA) as any carbon compounds that take part in 
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photochemical reactions in the atmosphere excluding carbon monoxide, carbon dioxide, 

carbonic acid, metallic carbides or carbonates, and ammonium carbonate (U.S. EPA, 

2009). 

VOCs are common pollutants in the atmosphere that are present in both indoor 

and outdoor air. They cause adverse effects on human health such as fatigue, sensory 

irritation, nervous system disorders, asthma and cancer (Zhou et al., 2011). Benzene and 

1,3-butadiene are identified by the EPA as known carcinogens (EPA, 2009).  Major 

sources of VOCs include activities and industries based on fossil fuel production and 

consumption, which includes power plants, petrochemical industries, motor vehicles, and 

sources that use biomass fuels (Koppman, 2007). VOCs are also released in significant 

quantities from indoor sources such as paint, cleaning products, building materials, and 

even cooking activities. 

A major concern with respect to atmospheric emissions of VOCs is that these 

compounds are intimately involved in secondary atmospheric reactions which, in many 

cases, lead to production of even more noxious compounds. In a complex series of 

reactions, which occur in the presence of sunlight, VOCs plus nitrogen oxides (NOx) lead 

to ground-level ozone formation. Exposure to tropospheric ozone can cause chest pain 

and respiratory disorders, as well as limit lung function; the effects can be more serious in 

elderly and children. Ground-level ozone can also damage vegetation and ecosystems. It 

has been estimated that each year in the United States ozone costs $500 million in lost 

crop production (U.S. EPA, 2011). For example, xylenes and trimethylbenzenes are 

highly reactive VOCs in forming ground-level ozone (Kwok et al., 1997). Additionally, 
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VOCs are also implicated in the atmospheric formation of highly oxidized and 

exceptionally hazardous compounds, such as peroxyacetyl nitrate (PAN).    

In recognition of the atmospheric problems created by VOCs, several control 

technologies have been employed in attempts to reduce emission of VOCs into the 

atmosphere. The technologies evaluated for this purpose include absorption, adsorption, 

incineration, condensation, biofiltration and photocatalytic oxidation (PCO) (A&WMA, 

2000). The ultimate goal is to minimize or lower VOCs emissions below threshold levels 

which are not harmful to human health and welfare. In general, the main mechanisms of 

these control strategies include separating pollutants from the gas stream, capturing 

pollutants, or converting them into other forms that are less or non-toxic.  

A promising air pollution control technology, which have been developed, is 

photocatalytic destruction and/or conversion of VOCs. Research in this field began with 

the discovery of ultraviolet light-induced water cleavage by Fujishima and Honda (1972), 

as achieved using semiconductor catalysts. Since then, many studies involving 

photocatalytic oxidation of environmental pollutants by semiconductors have been 

conducted. The most commonly used photocatalyst for this purpose is titanium dioxide 

(TiO2) due to its ready availability, stability, environmental acceptability, and efficiency 

(Kaneko and Okura, 2002). A photocatalyst, such as TiO2, can oxidize VOCs leading to 

ultimate formation of carbon dioxide and water, under extended reaction conditions. In 

addition to the VOCs, the photocatalytic semiconductors can convert elementary mercury 

into an oxidized form which is easily captured by wet scrubber/absorption systems (Li 
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and Wu, 2007), and they have also been shown to be able to reduce nitrogen oxides to 

molecular nitrogen (Maggos et al., 2007). 

 The present study centers on examination of the possibility of employing a 

plasma based surface modification technology to enhance the photocatalytic activity of 

TiO2 in helping to improve remediation of VOC and Hg emissions to the atmosphere.   

Meta-xylene has been selected as a model VOC compound for this purpose.  Xylene is a 

major VOC, typically found in industrial areas. Xylene is emitted mainly from coating 

facilities, gasoline, and combustion sources. In addition, xylene is not an easily 

degradable compound due to the stability of aromatic rings against oxidation and 

reduction processes. Thus, it is felt that this molecule represents a viable challenge in 

terms of improving the photocatalytic activity of the TiO2, and that success with this 

compound would likely translate to success with other important VOC compounds.  

Additionally, the present investigation also includes examination of the effectiveness of 

employing the surface modified TiO2 in achieving more efficient oxidation of elementary 

mercury emissions. 

        Plasma deposition is a distinctive and widely used technique to modify surface 

chemistry of a solid substrate (Timmons and Griggs, 2004).  In most cases, the plasma 

discharge has been employed to deposit thin polymeric films on targeted substrates. The 

properties of these plasma generated films depend on several operational parameters, for 

example, type of monomer, applied power monomer flow rate and working pressure. The 

surface properties can be controlled by suitable adjustment of these parameters in the 

deposition process. The controllability of surface chemistry is a key factor that makes 
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plasma deposition superior to other techniques. In particular, variable duty cycle pulsed 

plasmas have been shown to provide exceptionally high levels of film chemistry control 

and demonstrated in applications involving biomedical,  environmental, electrical 

devices, and material science (Cho et al., 2006, Timmons and Griggs, 2004).  In addition 

to polymer film depositions, plasma processing can also be effectively employed to 

achieve surface modifications which involve atomic doping of the substrates. Typically, 

such doping is carried out under high power input conditions in which partial substrate 

ablation is accompanied by atom surface depositions. For example, it has been shown 

that F-, C- and N- atom doping of TiO2 can be achieved via this route under appropriate 

plasma conditions (Cheng et al., 2007, Cho, 2005, Liu et al., 2006).  

1.2 Research Objectives 

The primary objective of this research is to investigate the photocatalytic activity 

of plasma surface modified TiO2 for use in oxidation of atmospheric pollutants. 

Specifically, the use of F-doped and perfluorocarbon coated TiO2 has been investigated 

for this purpose. The effectiveness of the surface-modified TiO2 is compared with 

standard untreated TiO2 (Degussa P-25) in terms of oxidizing gas-phase m-xylene, 

acetaldehyde and elemental mercury.    

A second objective is to investigate the impact of plasma treatment on TiO2 

photocatalytic activity under differing conditions of relative humidity.  In this study, the 

photocatalytic activity of directly fluorinated TiO2 will be measured as a function of 

relative humidity, and compared with that of untreated TiO2. 
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A third objective is to investigate the long term stability of the TiO2. As in all 

heterogeneous catalytic studies, one is faced with inevitable catalytic deactivation with 

time on stream. In particular, the potential of employing a relatively short oxygen plasma 

treatment to regenerate the deactivated photocatalyst has been examined.  
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CHAPTER 2  

THEORY AND LITERATURE 

2.1 Volatile Organic Compounds and Meta-Xylene  

2.1.1 Studies of Volatile Organic Compounds and Meta-Xylene 

Volatile organic compounds (VOCs) are major air pollutants generally present in 

urban and industrial regions. Anthropogenic VOC sources produce alkanes, alkenes and 

aromatic hydrocarbons, as well as a variety of halogenated and oxygenated compounds, 

(Koppman, 2007). VOCs are defined by United States Environmental Protection Agency 

(EPA) as any organic compound that participates in atmospheric photochemical reactions 

except those designated by EPA as having negligible photochemical reactivity. 

Photochemical oxidant species in the air affect human health, primarily in the respiratory 

system. The common pathway of getting these pollutants into human body is by 

inhalation. Methane is typically excluded from the category of VOCs because it is less 

reactive in forming ozone. In addition to forming photochemical oxidants, VOCs are 

believed to cause abnormal growth of embryos, including mutations (Alberici and 

Jardim, 1997), hematological problems, and cancers (Kampa and Castanas, 2008). Many 

VOCs are thus listed by the Clean Air Act as hazardous air pollutants. 

    Xylenes are aromatic hydrocarbons (C8H10) which exist in three isomeric forms, 

namely ortho-, meta-, and para-, as shown in Figure 2.1. Of these three isomers, m-xylene 

is clearly the predominant compound used commercially, accounting for 60-70% of total 
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a larger adsorption bed is needed which simultaneously increases the costs. Furthermore, 

the pollutant is not converted into a less toxic form; it is merely transferred from gas 

phase to solid phase, which then requires additional waste management or regeneration of 

the used adsorbent.    

A study of m-xylene removal using compost inoculated with culture extracted 

from a municipal sewage treatment plant as biofilter was conducted by Rene et al. (2010). 

Removal efficiency, when the initial m-xylene concentration was 0.38 g/m3 (81.4 ppm), 

was 80%. However, when the inlet concentration was increased to 1.3 g/m3 (279 ppm), 

the removal efficiency dropped to 72%. Moreover, the removal efficiency dropped 

further to slightly over 60% during the spike loading of 1.5 g/m3 (321 ppm). This 

indicates high sensitivity of biofiltration to inlet concentration fluctuation, due to the 

apparent adjustment period required by the microbes to respond to shock loading.    

Nickel-doped TiO2 was prepared by Tseng et al. (2009) via the polyol method, 

with samples maintained at temperatures between 90 - 135°C for 0 – 60 minutes and then 

calcined at 400°C in air for 4 hours. Photocatalytic activity tests were conducted at 

atmospheric pressure. An air stream, with initial m-xylene concentration of 70 ppm, 

flowed through the photooxidation reactor.  Either untreated TiO2 or Ni/TiO2 coated on 

granular silicate glass was used as a photocatalyst. Gas circulation was maintained until 

adsorption equilibrium was reached. The removal efficiencies were measured at 54 

seconds after the UV light was turned on. The results showed that Ni doped TiO2 could 

improve photocatalytic activity of standard P25 TiO2, with the m-xylene removal 

efficiency increased from 33% to 60%. However, it should be noted that TiO2 crystalline 
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size was decreased from 20.3 to 14.6 nm during the heat treatment. Therefore, the higher 

removal efficiency could be partly explained by particle size reduction.   

Boulamanti et al. (2008)  studied photocatalytic oxidation of VOCs, including m-

xylene, using P25 TiO2 powder coated on the inside of an annular reactor wall. The 

surface TiO2 concentration was 3.5 mg/cm2. The overall process employed was identified 

as a continuous stirring tank reactor with recycle ratio maintained at 6 over the entire 

tests. The effective reactor volume was 20 mL, with the UV lamp located just 8.25 mm 

away from the photocatalyst. This experiment was conducted using a relatively low m-

xylene concentration of 10.2 ppm. A maximum conversion of 92% was achieved after a 

60 seconds reaction time. Boulamanti reported that ethylbenzene was detected by a gas 

chromatography-mass spectroscopy technique as a by-product of xylene degradation.  

D’Hennezel and Ollis (1997) studied photocatalytic oxidation of m-xylene using 

P25 TiO2. Inlet m-xylene of 50 mg/m3 (12 ppm) was introduced at a flow rate of 0.83 

cm3/s, using a 12.6 cm3 continuous flow reactor. They reported a maximum conversion of 

72%, with no intermediate detected.  

2.1.2 Degradation Pathway of m-Xylene 

There are two degradation pathways of m-xylene when reacting with OH• , 

namely  H-atom abstraction and OH• addition, as shown in Figure 2.2 (Kwok et al., 1997, 

Zhao et al., 2005). Zhao et al. (2005) studied the oxidation mechanisms for OH• initiated 

m-xylene oxidation by using ion drift-chemical ionization mass spectrometry.  The 

temperature was controlled at 298 K under a 80% N2 and 20% O2 environment. The 

initial concentrations of OH• and m-xylene were 20 – 70 ppb and 0.3 – 1.5 ppm, 
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respectively. These workers report that the H-atom abstraction is a minor pathway which 

accounts for 10% of the overall reaction at ambient temperature and forms methylbenzyl 

radicals. The subsequent reactions of the methylbenzyl radicals in the presence of O2 lead 

to the formation of tolualdehydes, as illustrated in reaction pathway (a) shown below.  

 

 

Figure 2.2 Degradation pathway of m-xylene (a) H-atom abstraction (b) OH addition 
(Zhao et al., 2005) 

 

The major m-xylene degradation pathway was determined to be OH addition to 

the aromatic ring to form hydroxycyclohexadienyl radical, which subsequently reacts  

with O2  to  form  dimethylphenol, bicyclic radical and m-xylene-oxide/oxepin, as shown 

in pathway (b) in Figure 2.2.  The bicyclic route is the main ring opening product 

(a) 

(b) 
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pathway that ultimately leads to the formation of glyoxal or methylglyoxal as the final 

products of the oxidation, as shown in Figure 2.3.  

 

Figure 2.3 Mechanistic diagram of the bicyclic pathway from OH• initiated oxidation of 
m-xylene (Zhao et al., 2005) 

 

The subsequent reactions involved in the m-xylene-oxide/oxepin pathway are 

shown in Figure 2.4. The addition of OH• to m-xylene 1,2-oxide leads to ring cleavages 

which are  followed by H-abstraction by O2 to produce 2-methyl-6-oxo-2,4-heptadienal 

(M) or 4-methyl-6-oxo-2,4-hexadienal (N), are illustrated in Figure 2.4. 

 

methylglyoxal 

glyoxal 
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Figure 2.4 Mechanism pathways of m-xylene-oxide/oxepin from OH•  initiated m-xylene 
oxidation (Zhao et al., 2005) 

 

2.2 Photocatalytic Oxidation 

2.2.1 Background of Photocatalytic Oxidation  

Photocatalytic oxidation is gaining attention from researchers as a promising 

technique to degrade air pollutants, especially VOCs (Tomasic et al., 2008).   

Photocatalytic oxidation reactions can effectively degrade hydrocarbon gas pollutants, at 

atmospheric temperature, to carbon dioxide and water after sufficiently long reaction 

times. Furthermore, a common and effective photocatalyst is TiO2, which is a relatively 

safe material, as it is widely used as white pigment in paint or even as a component in 

toothpaste. The ultimate source of oxygen in this oxidation process is molecular oxygen, 

which is far less harmful than other strong oxidants, such as hydrogen peroxide or ozone 

(Mo et al., 2009). 
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 Photocatalytic systems have the potential to oxidize, as well as reduce, a variety 

of air pollutants, rendering them less toxic or non-toxic. Examples of  such reactions by 

photocatalysis include oxidation of volatile organic compounds (VOCs) (Geng and Chen, 

2011), malodorous compounds (Portela et al., 2010), and mercury (Li et al., 2011).  An 

important example of a potential beneficial reduction process is that involving  

conversion of carbon dioxide to useful hydrocarbon compounds (Abou Asi et al., 2011).  

Additionally, it might be noted that photocatalysts  have also shown promise for 

degrading various inorganic and metal ion wastes, and even biological pathogens such as 

bacteria and viruses (Cho et al., 2001, Zhang et al., 2001, Zhang et al., 2000). 

Photocatalytic systems, via absorption of ultraviolet light, provide mechanisms whereby 

pollutants can be reduced or oxidized by electrons and so-called positive holes, 

respectively, as generated by photon absorption by the catalysts. 

2.2.2 Mechanism of Photocatalytic Oxidation 

Photocatalysis, as the name implies, are materials which accelerate a reaction in 

the presence of a suitable photon source.  Semiconductors are typically employed as 

catalysts in photocatalytic reactions due to their ability to produce conduction band 

electrons (e-cb) and valence band holes (h+
vb) by absorption of light of appropriate 

wavelength.  When a semiconductor absorbs photons, an electron is excited from the 

highest occupied orbital to the lowest unoccupied orbital, leaving an electron vacancy in 

the valence band, called a hole with a positive charge. The excited electron in the 

conduction band and positive hole in the valence band are called an electron-hole pair.  

The photocatalysts must absorb photons having energy which is at least equal or greater 
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than the band gap energy between the conduction and valence band in order to produce e-

cb and h+vb.  In the case of the semiconductor TiO2, the generation of e-
cb  and h+vb can be 

represented simply  by the  following reaction: 

    TiO2 + hv → h+
vb + e-

cb    (2.1) 

The e-cb and h+vb, so produced,  can migrate to the surface of the TiO2 and induce 

reduction and oxidation reactions with electron acceptor or donor species, respectively,  

adsorbed on the surface of semiconductor. Figure 2.5 illustrates the overall dynamics 

involved in a typical semiconductor based photocatalytic reaction. 

 

 

Figure 2.5 Photophysical and photochemical reactions in  
a semiconductor (Oppenlander, 2003) 

 

In the presence of water, including either adsorbed water molecules or hydroxyl 
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ions on the surface of the photocatalyst, oxidation by h+
vb may occur as illustrated below, 

in Equation 2.2. The products of this reaction include hydroxyl radicals (OH·), a very 

potent oxidizer species.  Therefore, water vapor in the air stream can exert an important 

role in photocatalytic oxidation reactions because it can function as a source of hydroxyl 

radicals. 

                                                          H2O + h+
vb  →  OH• + H+         (2.2) 

      Since hydroxyl radicals are extremely reactive species, pollutants adsorbed on the 

surface of the semiconductor are readily oxidized. The redox potential of hydroxyl 

radicals of +1.98 V is relatively high (Koppenol and Liebman, 1984). It is just slightly 

smaller than the reduction potential of ozone, +2.07 V (Oppenlander, 2003), which is 

known as a strong oxidant. Thus, OH• provides an effective route in mineralization or 

degradation of organic compounds. There are several chemical pathways by which 

hydroxyl radicals can oxidize organic and inorganic substrates, such as electron transfer, 

hydrogen abstraction or electrophilic addition. These oxidation pathways are shown in 

Equations 2.3 to 2.5. 

OH•   +  Mn  → Mn+1  + (OH-)         electron transfer               (2.3) 

OH•  +  R-H  →  R· + H2O         hydrogen abstraction       (2.4) 

OH• + R2C=CR2 → ·CR2–C(OH)R2          electrophilic addition        (2.5) 

The complete photocatalytic oxidation of VOCs will result in formation of carbon 

dioxide (CO2) and water (H2O). The net degradation reaction of a VOC by hydroxyl 

radical can be expressed as Equation 2.6. 
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  OH•   + VOC + O2 → nCO2 + mH2O        (2.6) 

Photoexcited electrons, as well as e-
cb produced by photon absorption, can react 

with adsorbed oxygen (O2(ads)) to form superoxide radical anions (O2·
-), as exemplified in 

Equation 2.7. 

O2(ads) + e-
cb → O2·

-
 (ads)                   (2.7) 

Consequently, the superoxide radicals, which can function as strong reducing 

agents, also have the potential to react with various VOCs.  

The photoreduction can also occur via simple direct electron transfer from excited 

conduction band electrons to the adsorbed molecules. For example, metal ion, Mn+ can be 

reduced by e-cb to their elemental form, M0, as exemplified in Equation 2.8. 

   e-
cb  + Mn+ →  M0

        (2.8) 

 In the absence of any adsorbed species, the photo-promoted conduction band 

electron simply recombines with the valence band holes, as expressed in Equation 2.9.  

e-
cb + h+

vb → heat        (2.9)  

In fact, this recombination of e-
cb and h+vb can occur even in the presence of 

adsorbed molecules, and this represents an important limitation in terms of the overall 

catalytic efficiencies which can be achieved. Clearly, the efficiency of pollutant 

degradation is strongly dependent on the lifetime of e-
cb and h+vb. In the case of TiO2, the 

lifetime of electron/hole pairs is believed to be relatively short. For example, it has been 

reported that photogenerated electron / hole pairs in TiO2 particles recombine within 30 ± 

15 ns (Moser et al., 1987). Obviously, if the lifetime of e-
cb and h+vb pairs could be 

increased, higher rates of photocatalytic activity would be achieved. 
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In light of the above discussion, an outline of a typical semiconductor based 

photocatalytic reaction scheme is shown in Figure 2.6. 

 

Figure 2.6 Scheme of photocatalytic oxidation reactions; M and N represent substrate 
molecules with different reduction potentials (Oppenlander, 2003). 

 

2.2.3 Titanium Dioxide as a Photocatalyst 

A rather wide variety of semiconductors have been employed as photocatalysts. 

Typically, photocatalysts are metal oxides or sulfides: for example, CdS, ZnS, Fe2O3, 

ZnO, SnO2 and TiO2. However, the most widely used catalyst in photocatalytic oxidation 

is titanium dioxide (TiO2) due to its  strong oxidative ability, exceptional stability, wide 

availability and relative low cost (Kaneko and Okura, 2002, Ollis, 2000, Rajeshwar, 

1995). TiO2 exists in three different crystalline structures, namely: anatase, rutile and 

brookite. Among these structures, anatase and rutile have been employed in numerous 

photocatalysis studies. However, it is interesting to note that while there have been 
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relatively few reports involving brookite, this crystalline form appears to be gaining 

increased interest; it has been reported that brookite is more electrochemically active than 

anatase (Pan et al., 2009). Redox potentials of h+
vb and e-cb of TiO2, compared to standard 

hydrogen electrode (SHE) of 0.00V, are +2.53 eV and -0.52 eV, respectively. The band 

gap energies of anatase, rutile and brookite are reported to be 3.2 eV (Sun et al., 2010), 

3.0 eV (Sun et al., 2010) and 3.5 eV (Zallen and Moret, 2006), respectively. These 

energies correspond to photons having wavelengths shorter than 385 nm. Thus TiO2, 

unfortunately, can utilize only a relatively small fraction of the solar spectrum. Figure 2.7 

illustrates the energy band gap of TiO2 and various processes which are energetically 

possible on the surface of TiO2 following absorption of photons of appropriate 

wavelength. 

 

Figure 2.7 Energy band gap of TiO2 and redox potentials process 
 on the surface of TiO2 (Kaneko and Okura, 2002). 
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Thus, one of the main practical drawbacks of using TiO2 as a photocatalyst is its 

energy band-gap of 3.0 eV, or higher, which automatically eliminates the major portion 

of the sunlight photons present in the troposphere. In addition, there are two other 

important limitations which must be considered in terms of TiO2 photocatalytic activity. 

One of these is the inherent, aforementioned, extremely rapid recombination of electron-

hole pairs. The other concern is that of  catalyst deactivation over time on stream, which 

can result from the accumulation of adsorbed product intermediates, thus reducing 

catalyst activity  (Mo et al., 2009). 

2.2.4 Modification of TiO2 to Improve Photocatalytic Activity 

In light of the above considerations, several studies have been conducted to 

improve photocatalytic degradation of air pollutants over TiO2 catalyst. These prior 

investigations have included doping TiO2 with transition metals such as Ni (Tseng et al., 

2009), Fe (Liu and Chen, 2009), Cu (Xu et al., 2010) or Mn (Chen et al., 2010), in 

attempts to broaden light absorption into more of  the visible region. For example,  the 

study of Di Paola et al. (2001) revealed that impregnating TiO2 with Co, Cr, Cu, Fe, Mo, 

or V atoms shifted the bandgap to longer wavelength, thus extending  absorption 

somewhat further into  the visible region. However, unfortunately, these workers report 

that the photocatalytic activities of transition metals doped TiO2 particles were actually 

lower than the undoped control materials. The authors believe this decreased 

photocatalytic activity resulted from an increased recombination rate of electrons and 

holes, as promoted by the transition metal ions. 
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TiO2 has also been doped using a variety of other materials, including carbon 

(Cheng et al., 2007), nitrogen (Ananpattarachai et al., 2009), sulfur (Yu et al., 2005), 

fluorine (Chen et al., 2009, Ooka et al., 2004) and tetramethyltin (Cho et al., 2006). 

Doping of carbon on titania catalyst, achieved using a combustion method, was 

conducted by Cheng et al. (2007). C-doped titania showed high photocatalytic activity in 

degradation of 4-chlorophenol under visible light. Nitrogen doping decreased the 

bandgap of P-25 TiO2 from 3.20 eV to 2.85 eV and it was active under visible light as 

shown by the oxidation of 2-chlorophenol (Ananpattarachai et al., 2009). Sulfur-doped 

TiO2 was evaluated as a disinfectant and exhibited strong bactericidal activity under 

visible light irradiation against Micrococcus lylae (Yu et al., 2005). Surface fluorination 

of TiO2, prepared by a sol-gel method, was reported to enhance the photocatalytic 

degradatioin of Rhodamine B (Chen et al., 2009). Ooka et al.(2004) increased surface 

hydrophobicity of TiO2 by synthesizing TiO2-pillared clay and observed an improvement 

in the photocatalytic oxidation of toluene and trichloroethylene removal. Cho et 

al.(2006), employing a plasma polymerization technique, deposited a thin coating of 

tetramethyltin on the TiO2 and this film was subsequently oxidized to tin oxide by 

calcination.  Subsequently, these tin oxide coated TiO2 nanoparticles exhibited a 

significantly enhanced oxidation rate of acid orange as measured in aqueous solution.   

 There have been several attempts to improve TiO2 photocatalytic activity by 

using anions, such as PO4
3- and SO4

2-. For example, Yu et al.(2003) reported that 

phosphate/TiO2 had a higher activity than commercial P25 for photocatalytic degradation 

of n-pentane in air. They attribute this enhanced activity to decreased band energy, 
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accompanied by a higher surface area. Muggli and Ding (2001) examined  photocatalytic 

activity of SO4
2-/TiO2 for toluene oxidation.  They report that the unmodified TiO2  was 

more active than sulfated TiO2 at room temperature, while the SO4
2-/TiO2 had higher 

photocatalytic activity at the higher temperature of 373 K. Sulfation on TiO2 helped 

prevent the conversion of the anatase phase to rutile, which is known as the less active 

form due to its high recombination rate of e-
cb and h+vb and its low ability to photoadsorb 

oxygen  (Augugliaro et al., 2010). 

 Fluorination is another surface modification that has been employed on TiO2. It is 

believed that a surface Ti-F group can strongly bind free electrons, thus reducing the rate 

of recombination between h+
vb and e

-
cb (Park and Choi, 2004a).   A study of photocatalytic 

activity of fluorinated TiO2 was conducted by Park and Choi (2004b). Fluorinated TiO2 

film was placed next to a stearic acid coated glass, with a space of 30 µm between these 

two surfaces to avoid direct physical contact between photocatalyst and target pollutant. 

The result showed that stearic acid was degraded in the case of Ti-F, while no stearic acid 

degradation was observed in case of standard TiO2.  The authors concluded that 

fluorinated TiO2 more readily produced OH· free radicals that could mobilize and react 

with pollutant that was not adsorbed on the TiO2 surface. Thus, the photocatalytic 

oxidation reaction was not limited to the surface of the catalyst. Another fluorinated TiO2 

study, carried out by Yu et al.(2009), involved fluorinated TiO2 as prepared by 

hydrothermal treatment of precipitates of tetrabutyl orthotitanate in NH4HF2-

H2OC2H5OH mixed solution.  Photocatalytic activity of fluorinated and untreated TiO2 

were compared using acetone vapor oxidation. The catalyst was immobilized on glass 
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plates and loaded into a glass chamber where liquid acetone was injected into a chamber 

to test photocatalytic activity of the catalysts. The results showed that photocatalytic 

activity of fluorinated samples were clearly higher than that of untreated TiO2. These 

authors attributed the increased catalytic activity of the F-doped materials to their ability 

to more readily create OH radicals. The measurement of OH• was done by a 

photoluminescence (PL) technique using terephthalic acid as probe molecule. Hydroxyl 

radical readily reacts with terephthalic acid, producing a highly fluorescence product, 2-

hydroxyterephthalic. The intensity of the PL spectra is proportional to the amount of 

hydroxyl radical generated in water by the photocatalytic reactions. It was reported that 

fluorinated TiO2 generated significantly more hydroxyl radicals than untreated TiO2. 

They claimed that free hydroxyl radicals (OH•
free), created in case of fluorinated TiO2, 

had good mobility, as they are not tightly bound to the TiO2 surface. However, Yu et al. 

assumed that the hydroxyl radicals generated from Ti-F existed in the form of OH•free. 

There was no direct evidence which proved that the hydroxyl radicals created by Ti-F 

were OH•free, not surface adsorbed OH•. 

The distinction between reactions of OH•
free and surface hydroxyl radical are 

shown in equations 2.10 and 2.11, respectively (Chen et al., 2009, Park and Choi, 2004b, 

Park and Choi, 2005). 

Ti-F + H2O (or OH-) + h+
vb     →   Ti-F + OH·free + H+                (2.10) 

Ti-OH  +  h+
vb     →  Ti-OH·+               (2.11) 

 Several workers have investigated the band structure of fluorine doped TiO2 by 

UV-Visible diffuse spectra analysis. However, controversy remains concerning the effect, 
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if any, of the F doping on the optical properties of TiO2.  Some researchers reported that 

doping of fluorine does not change light absorption properties of TiO2 with respect to 

bandgap narrowing or creation of a new absorption band (Augugliaro et al., 2010, Chen 

et al., 2009, Yu et al., 2009). The apparent absence of any effect of  F-doping on the TiO2 

bandgap is in agreement with the theoretical work of Yamaki et al. (2003) whose 

calculations show that  F- localized energy levels are located below  the valence band of 

TiO2  and, as such, should not change the optical properties. On the other hand, Yu et al 

(2002) have reported that TiO2 powder, doped by fluorine via a hydrolysis process, 

exhibited stronger UV-Visible absorbance, which included a shift in the TiO2 bandgap to 

longer wavelengths (a so-called red shift).  

With respect to the photocatalytic activity of F-doped TiO2, several workers have 

reported increased activity with F-doping. For example, according to Li et al. (2005), 

fluorine doped TiO2 powder, prepared by a spray pyrolysis technique, exhibited high 

photocatalytic activity for decomposing acetaldehyde and trichloroethylene. This 

enhanced activity is attributable to oxygen vacancies (F and F+ centers), which provide 

two intermediate energy levels at 0.53 and 0.84 eV below the TiO2 conduction band, thus 

shortening the bandgap energy and extending the photoactivity further into the visible 

region of the spectrum. UV-Vis absorption which was observed in Li et al.’s work is 

shown in Figure 2.8. A slight red shift observed reflects the fact that T-900 sample  

contained rutile phase TiO2.  



 25

 

Figure 2.8 UV-Vis absorption spectra of F-doped TiO2 powder (Li et al., 2005). 

 

One recent study involving surface modification of TiO2, of particular relevance 

to the present work, involved co-doping of TiO2 with carbon and fluorine, as achieved by 

hydrolysis of TiF4 and α-D-glucose as a precursor to carbon doping. This co-doping 

increased photocatalytic activity of styrene destruction under visible light (Lim et al., 

2008).  The enhanced catalytic activity was attributed to the high electronegativity of 

fluorine in trapping electrons, thus reducing the electron-hole recombination rates. 

Additionally, the band gap energies of fluorinated and fluorine/carbon codoped TiO2 

were reduced by 7%. However, it is also important to note that, in contrast to the styrene 

study, fluorinated TiO2 has been reported to be non-effective in enhancing the 
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photocatalytic destruction of toluene and actually inhibited the photocatalytic oxidation 

of benzene (Lewandowski and Ollis, 2003a). 

In summation, although there are obviously conflicting reports on the effect of F-

doping of TiO2 on catalytic activity, the preponderance of studies do indicate that, in 

general, increased photocatalytic activity is observed. This enhanced activity has been 

attributed to more efficient creation of free OH• and to reductions in the rate of electron-

hole recombinations. With respect to F-doping changes in TiO2 band gap, the situation is 

less clear, although the preponderance of evidence would suggest that no measureable 

changes in band gap are observed.  

2.3 Photocatalytic Oxidation of Elemental Mercury 

 Atmospheric mercury can be present in elemental, oxidized, and particulate 

bound forms. Many studies have reported that between 97 and 99% of the mercury in air 

is in the form of elemental mercury (Hg0) (Granite et al., 2008). Elemental Hg and its 

compounds are toxic, especially to human neural systems.  Exposure to excessive levels 

of mercury can cause impaired motor and cognitive skills, as well as potential 

cardiovascular, immune, and reproductive system impacts (U.S. EPA, 1997). Mercury is 

anthropogenically released into the air when coal, oil, wood, or mercury containing 

wastes are burned. Airborne mercury can deposit on water bodies or soil via wet or dry 

deposition.  Gaseous mercury has a relatively long atmospheric life-time of 0.5-2 years 

(Lamborg et al., 2002), which allows this pollutant to travel long distances from its 

source of origin.  In water bodies, biological processes transform Hg0 to methylmercury 
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(CH3Hg+), an extremely toxic form of mercury which is unfortunately readily bio-

accumulated in fish.  

At the present time highly effective control strategies to decrease airborne Hg 

emissions are sorely lacking (Li et al., 2011). Traditional control technologies, such as 

adsorption by activated carbon, can reduce up to 90% of Hg emissions from bituminous 

coal, which are mostly present as oxidized mercury (Hg2+). Oxidized mercury is readily 

adsorbed on the adsorbent and consequently captured by particulate control devices.  

Hg2+ is water soluble and can be easily captured using scrubber technology as another 

method of removal (Li et al., 2011).  However, elemental mercury, the predominant 

species when sub-bituminous and lignite coal are burned, can only be 60-70% removed 

by activated carbon adsorption due to its high mass-transfer resistance which permits Hg0 

to slip through the adsorbent bed (McLarnon et al., 2005). As a result, control methods to 

oxidize Hg0 to Hg2+, or remove Hg0 with significantly higher efficiencies, are needed 

(Alptekin et al., 2003).  In order to oxidize Hg0, strong oxidants are required because Hg0 

is relatively inert material (Granite et al., 2008). Elemental mercury can be oxidized by 

photolysis of ozone (O3), which produces an oxygen atom free radical (O). For example, 

a study by McLarnon et al.(2005) stated that ozone exposure to UV light of wavelength 

254 nm oxidized Hg0 to Hg2+.  Li and Wu (2007) reported that SiO2-TiO2 had the 

potential to oxidize Hg0 from coal combustion flue gas due to the relatively high surface 

area and more open structure of SiO2-TiO2, which can accommodate more Hg0 molecules. 

The rate of photocatalytic Hg0 oxidation increased when the inlet concentration of Hg0 

increased when no water vapor was presented. In case of the absence of water, OH• could 
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be formed in another route by the reaction between the h+
vb and surface hydroxyl 

originated from silanol (Si-OH) groups. Silanols were produced in hydrolysis and 

alcoholysis during photocatalyst preparation process. This study also found that the 

removal of Hg0 was inhibited by the presence of water vapor, which is unfortunately 

abundantly present in flue gases, due to competitive adsorption of water on the TiO2 

surface. 

Elemental mercury in air can be photocatalytically oxidized into mercury oxide 

(HgO) by TiO2 at ambient temperature (Snider and Ariya, 2010). Under UV irradiation, 

OH• can be created from oxidization of adsorbed water molecules on the TiO2 and the 

OH•, in turn, oxidizes Hg0 into HgO. This oxidative process is expressed as follows (Li 

and Wu, 2007, Snider and Ariya, 2010): 

OH• + Hg0 → HgO (2.12) 

A recent study (Jeon et al., 2008) of photocatalytic oxidation for Hg0 using 

nanotitanosilicate fiber, which had a surface area of 45 m2/g, was conducted in a 

continuous flow reactor. The inlet Hg0 concentration was 400 µg/m3 and it was 

introduced at the flow rate of 50 cm3/min. A maximum removal efficiency of 78% of Hg0 

in air was observed under UV irradiation. Jeon et al. explained briefly that large moisture 

content in TiO2 amorphous attributed to the high Hg0 conversion. Li et al. (2011) used the 

high surface area photocatalyst SiO2-TiO2-V2O5 to photooxidize Hg0 from simulated flue 

gas. The surface area of SiO2-TiO2-V2O5 was 250 m2/g, compared to 50 m2/g for standard 

P25 TiO2. It was also reported that this catalyst combination removed 80% of the Hg0 at a 
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temperature of 135°C when the inlet Hg0 concentration was 70 µg/m3. However, the Hg0 

removal efficiency dropped from 80% to 44% when water vapor was increased from 0% 

to 8%, respectively. Thus, water vapor in the air stream had a strong inhibitory effect on 

Hg0 degradation, presumably due to the competitive adsorption on the active sites. 

2.4 Effects of Relative Humidity on Photocatalytic Activity 

 The influences of water vapor on the photocatalytic activity of TiO2 have been 

widely investigated because it impacts the oxidation rates of VOCs. However, as in much 

of the TiO2 literature, conflicting results have again been reported with respect to relative 

humidity effects on oxidation rates. In fact, inhibition, neutral (no effect) and activity 

promotion effects of humidity on photocatalytic activity of TiO2 have all been reported, 

depending on the particular pollutants examined (Raillard et al., 2005).  Overall, two 

potentially conflicting roles of water molecules have been suggested with respect to 

increasing or decreasing the efficacy of TiO2 photocatalytic oxidations. On one hand, 

water may serve as an important source of OH• radicals, generated as shown in Equation 

2.2, a species which can function as a strong oxidizing agent to remove pollutants. It has 

been reported that the amount of OH• produced is proportional to the adsorbed water 

molecules (Boonstra and Mutsaers, 1975, Lawless et al., 1991). Thus, based on this 

consideration, a higher amount of water would be predicted to promote increased 

photocatalytic reactions. However, there is a potential inhibitory role water vapor could 

play that would reduce the photocatalytic decomposition rate of pollutants. Specifically, 

when larger amounts of water vapor are present, competitive adsorption for TiO2 

catalytically active sites between water and pollutant molecules could take place. As a 
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result, decreasing photocatalytic oxidation rates could be observed. The formation of 

adsorbed water molecules on TiO2 was recognized by Gregg and Sing (1982), who 

proposed that water can be both chemisorbed and physisorbed on the surface of TiO2. 

Two types of chemisorbed water have been suggested, either as H2O ligands or as 

hydroxyl (OH) groups formed by the hydrolysis of H2O via interaction with the Ti+4 and 

O2- ions. Ligand adsorption is a rapid process. After the layer of chemisorbed water is 

formed, additional water can be physisorbed on the chemisorbed layer. This 

physisorption takes place by hydrogen bonds between ligand water molecules and the 

surface hydroxyl groups.  

 Pichat (2010) has suggested that oxygenated organic pollutants may form 

hydrogen bonds with water, thus disorganizing the water network that covers the TiO2  

surface and in this manner assisting access of the organic species to  the surface of TiO2. 

However, in the case of non-polar organic pollutants, which cannot form hydrogen bonds 

with water, the adsorbed water would presumably act as a barrier to prevent organic 

molecules from accessing the TiO2 surface. The results from several studies appear to 

support the suggestions of Pichat. Beneficial influences of humidity on the photocatalytic 

oxidation were observed with methyl ethyl ketone (MEK, butanone) (Raillard et al., 

2005), 2-propanol (Vildozo et al., 2010), and acetone (Coronado et al., 2003). These 

pollutants are oxygenated organic pollutants whose further oxidative decomposition rates 

were promoted by higher concentrations of water vapor. In contrast, the presence of 

relatively high concentration of water vapor appeared to function as an inhibitor in  the 

photooxidation of non-oxygenated organic compounds such as chlorobenzene (Zhang et 
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al., 2007), toluene (Quici et al., 2010), 1-3-butadiene (Obee and Brown, 1995) and 

cyclohexane (Einaga et al., 2002). Thus, the reports noted above can be considered to be 

in line with expectations predicted by Pichat. Unfortunately, there have been several 

studies in which the results did not agree with Pichat’s explanations. For example, an 

improved rate of photooxidation of toluene, benzene and cyclohexene with the increasing 

of humidity was reported (Einaga et al., 2002). These are three non-polar compounds in 

which the presence of additional water should have been inhibitory in nature according to 

Pichat. However, Einaga et al. (2002) suggest formation of additional hydroxyl radical 

under higher humidity as the reason for the observed acceleration in photooxidation rates. 

Also to be noted is the inhibitory effect of water on an oxygenated organic compound as 

reported by Peral and Ollis (1992), who tested photooxidation of acetone under UV light 

using P25 TiO2 in a plug-flow reactor. In fact, they reported that the rate of 

photooxidation of the acetone dropped dramatically by 75% when the relative humidity 

was increased from 250 to 9000 mg/m3. Peral and Ollis also investigated the effect of 

moisture on 1-butanol and m-xylene. They found that water had no influence on the 1-

butanol conversion in a range of water concentration of 250 – 4000 mg3/m3. The m-

xylene removal rate, tested at water concentrations of 0 – 5500 mg/m3, was promoted 

when the water concentration was below 1000 mg/m3 and inhibited above that value. 

The effect of moisture on the photocatalytic oxidation of MEK, a highly water 

soluble compound, was investigated by Railard et al. (2005). The relative humidity was 

varied between 0% and 30% in a batch reactor that used TiO2 P25 powder deposited on a 

glass plate. The rate of photocatalytic oxidation doubled when the relative humidity was 
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raised from 0% to 30%. However, it should be noted that the Langmuir-Hinshelwood 

adsorption constant decreased from 0.446 m3/g to 0.115 m3/g. These results indicated that 

more water molecules increased the formation of OH• and improved MEK removal rate, 

despite the fact the increasing relative humidity led to a sharp decrease in the MEK L-H 

adsorption constant.  

Photocatalytic oxidation of chlorobenzene (CB), a moderately soluble compound 

in water, was conducted by Zhang (2007) under relative humidity conditions ranging 

from 12 to 80%. Powdered P25 TiO2 was slurry coated on the inside wall of the batch 

reactor, where UV light was irradiated.  The initial CB concentration was 740 mg/m3. A 

severe inhibition effect of water vapor was observed on CB photo oxidation in that the 

percent conversion of CB decreased from 98% to less than 50% as the relative humidity 

varied from 12% to 80%.  

A study of the influence of relative humidity on trichloroethylene was conducted 

by Amama et al. (2004). Relative humidities of 25, 50, 75 and 100% were employed in a 

batch reactor, using UV light as the energy source. TiO2 powder was coated on a glass 

fiber cloth via a sol gel technique and the catalyst density per surface area was 4.8 g/cm3. 

The trichloroethylene removal rate increased from 52 to 71% when relative humidity 

increased from 0 to 25%. However, an inhibition effect of water vapor was observed at 

relative humidities above 25%.  

Geng et al. (2010) examined the effect of RH ranging from 5 to 40%. They found 

that relative humidity of 20% was the optimum for cyclohexane removal. Their 

experiment was conducted in a fluidized bed annular reactor, which was expected to 
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provide higher mass transfer and higher UV emission to the photocatalyst. An initial 

cyclohexane concentration of 7.5 mg/L was introduced into the reactor. At 5% relative 

humidity, a removal efficiency of 40% was observed. The peak removal of 52% was 

observed when the relative humidity was increased to 20%. At relative humidities above 

20%, the removal efficiency started to decrease; for example, a removal efficiency of 

39% was observed under 40% relative humidity.   

Sleiman et al. (2009) investigated toluene photocatalytic oxidation using 100% 

anatase powder coated on fibrous paper in a plug-flow reactor. The inlet concentration of 

toluene was 120 ppb at a flow rate of 350 cm3/min. Relative humidity ranged from 0 – 

70%. The optimum relative humidity was in the range 0-20%, where the removal 

efficiencies were 95%. The removal efficiency dropped gradually as the RH increased 

reaching a value of 85% when the RH was raised to 70%.   

Quici et al. (2010) also studied the effect of moisture, employing RH values of 0, 

10, 33 and 66%, in the air stream during photocatalytic oxidation of toluene. The UV 

light irradiated P25 TiO2 coated on ring-shaped media called Raschig Rings, having an 

internal diameter of 4 mm, external diameter of 6 mm and 20 mm length. Placing  several 

Raschig rings inside a tubular flow reactor could increase effective surface area of the 

catalyst. Quici et al. observed the toluene removal rate was highest at 10% relative 

humidity, followed by relative humidities of 0%, 33% and 66%, respectively. Quici et al. 

suggested that dissociated water molecules were the source of active species on the 

surface of TiO2.  At higher relative humidities, namely 33 and 66%, adsorbed water 



 34

molecules created many monolayers, which competed with toluene molecules to adsorb 

onto the active sites, thus leading to the lower reaction rate. 

Thus, taken in combination, these results from various laboratories make it 

difficult to generalize unequivocally on the effect of relative humidity on the TiO2 

photocatalytic activity. However, many studies have found that there is an optimum 

relative humidity for VOCs which would be consistent with occurrence of both inhibition 

and promotion effects of water vapor. Additionally, it appears that the effect of relative 

humidity on photocatalytic activity is also strongly dependent on the nature of the 

particular pollutant compounds employed in the various studies. Overall, it does appear 

that low humidity could be beneficial for photocatalytic oxidation of some VOCs, 

especially for moderately to low water soluble pollutants. However, excessive amounts of 

water vapor in the gas stream can apparently retard the pollutant removal by competitive 

adsorption processes.  

2.5 Deactivation and Regeneration of Photocatalysts 

    Deactivation of catalysts, including photocatalysts, is a significant problem in 

many catalyzed reactions. The most common reason for this deactivation is the 

accumulation of by-products on the surface of the catalyst. These by-products inhibit 

reactants, in the present case pollutants, from accessing the active sites. Tomasic et al. 

(2008) reported that benzaldehyde and benzoic acid, which are by-products from 

degradation of toluene, were found as the deposits on the active sites of TiO2 and they 

were responsible for catalyst deactivation. The color of the TiO2 changed from white to 

yellow during toluene photocatalytic oxidation. A similar observation has been reported 
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by other researchers (D'Hennezel et al., 1998, Xie et al., 2004, Zhong et al., 2007). 

Second, the Ti-OH surface hydroxyl group was consumed in the formation of OH• and 

thus becomes depleted (Zhong et al., 2007). An additional source of catalyst deactivation, 

suggested by Ollis (2000), is the possible occurrence of photo-polymerization of organic 

pollutants on the surface and thus blockage of active surface sites, as reported in the 

degradation of benzene. Finally, it is noted that carbon dioxide, the end product in some 

of these photooxidation processes, can be trapped on active sites in another form, i.e. as 

carbonate ions (Ollis, 2000). 

Regenerations of deactivated TiO2 catalysts has been examined in a number of 

laboratories. Techniques which have been employed include rinsing the deactivated 

catalyst with solvents, thermal regeneration (Kaewgun and Lee, 2010) ; (Cao et al., 

2000), or exposing deactivated catalyst to pure air or humid air under UV irradiation 

(Lewandowski and Ollis, 2003b).  

Kaewgun and Lee (2010) using brookite TiO2, prepared by a solgel method, also 

incorperated N-methylpyrrolidene (NMP) in an attempt to shift photon absorption to 

longer wavelengths. Their catalyst is identified as NMP-200. Oxidation rates of methyl 

orange in the liquid phase, under UV and visible light irradiation, were determined. After 

4 consecutive runs with the NMP-200 catalyst, deactivation was observed and believed to 

arise from deposition of decomposed methyl orange on active catalytic sites. The initial 

rate of methyl orange degradation had decreased by more than 47% after NMP-200 had 

been employed in the fourth run. Solvent washing and recalcination were tested as 

methods of catalyst regeneration.  Methanol, ethanol, isopropanol and acetone were used 
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in solvent washing; calcination involved heating of deactivated catalyst at 200 and 250°C 

in air for 4 hours. Washing deactivated NMP-200 by methanol resulted in 80% recovery 

of the fresh sample’s catalytic activity. The other solvents employed partially regenerated 

the NMP-200, but they were not as efficient as methanol. Recalcination at 200 and 250 

°C could not remove carbonaceous deposition from the NMP-200 surface. It was 

determined, by TGA analysis, that temperatures above 400 °C were required to remove 

the carbon deposits. However, applying such high temperature decreases surface area by 

agglomeration of particles. Additionally, the visible light active NMP-200 is destroyed at 

these high temperatures. Thus sintering of the NMP-200 severely limits regeneration of 

this photocatalyst.  

In the study by Cao et al. (2000), TiO2 powder, prepared by a solgel technique, 

was used to study toluene photocatalytic oxidation. Regeneration of deactivated TiO2 was 

examined by heating deactivated catalyst at 350 °C and 420 °C for 2 hours in air. 

Photoreactivity was recovered up to 80% and 100% for TiO2 subjected to thermal 

treatment at 350 °C and 420 °C, respectively.  However, heating deactivated TiO2 beyond 

420 °C results in phase transformation from anatase to rutile, this latter crystalline form 

being significantly less photoreactive. Also, as noted above, high temperature also creates 

undesirable sintering and thus decreases surface area of the catalyst.  

D’Hennizel et al. (1998) conducted an experiment on regeneration of P25 TiO2 

impregnated with water and hydrochloric acid after the catalyst had been used in 

photooxidation of 13 ppm toluene in a flow-through reactor. The regeneration process 

involved flowing pure air through the catalyst under UV light for 2 hours and 16 hours 
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after the catalysts had been employed for a single run. After 2 hours of pure air and UV 

exposure, only 25-30% catalytic activity, compared to the original TiO2, was observed. 

The TiO2 regained 70-75% of its original activity after 16 hours of pure air purging with 

UV irradiation.  

Lewandowski and Ollis (2003b) investigated the regeneration of P25 TiO2 

powder which was deposited on fritted glass in a flow through annular reactor. After 2 

hours of toluene photooxidation under UV light, the removal efficiency dropped from 

80% to 20%. The exhausted TiO2 samples were regenerated by passing 7% humidified 

scientific grade air under UV exposure for 2, 4 and 6 hours. They reported that the 

catalyst needed 6 hours of regeneration to recover 80% of the initial activity.  

Thus, as these various reports indicate, regeneration of used TiO2 photocatalysts 

is an important limitation in dealing with photo-oxidation of VOCs. Although a number 

of regeneration techniques have been employed, e.g. calcination, solvent washing and 

photooxidations with pure air, complete regeneration of catalytic activity was not 

achieved, even when extended treatment times were employed.  

2.6 Plasma Surface Modification 

2.6.1 Background of Plasma Surface Modification 

Plasma is a partially ionized gas which includes electrons, positively and 

negatively charged ions, radicals, neutral atoms and molecules. The applied electric field 

produces electrons by partial ionization of the gas; these electrons transfer energy to 

gaseous monomer molecule by elastic and inelastic collisions. Collisions between 
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electrons and gas molecules lead to dissociation and ionization of the molecules and thus 

formation of reactive species. 

The characteristics and properties of plasma generated coatings depend mainly on 

reactant monomers and plasma reaction variables employed during the deposition 

processes. In the present case, pulsed plasmas were employed in addition to the more 

common continuous wave (CW) operational mode.  The controllable plasma variables in 

this work include plasma duty cycle, power input, monomer flow rate and reaction 

pressure. A higher level of monomer dissociation is observed as the input power is 

increased. In general, the increased monomer dissociation results in formation of more 

highly cross-linked polymers. Variations of monomer flow rates or  pressures have much 

less effect on the polymer compositions formed than power input, with the actual film 

structures being dependent on the nature of the monomer employed.   

In the case of pulsed plasma, duty cycle is an important variable to control film 

chemistry during plasma polymerizations. This is not surprising, in that the average 

power input under pulsed conditions varies with changes in the plasma on:off duty cycles 

employed, as shown in Equation 2.13. 

 

Duty Cycle   =        (On Time)              (2.13) 
                                                                (On + Off Time)  
   

Plasma treatment is a relatively new technique in modifying catalysts, including a 

few studies involvng photocatalytic oxidation. Under plasma conditions, a thin film of 

monomer vapor can be deposited directly by polymerization onto a solid substrate; 
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alternatively, the substrate surface can be modified under high energy input conditions by 

reactive etching processes. Polymer films deposited by the plasma technique are very 

uniform in composition and are distributed evenly across the entire surface of the targeted 

substrate. The thickness of pulsed plasma deposited films can be controlled exactly in 

that deposition rates vary linearly with deposition times employed. In general, much 

better film thickness and film compositional control are obtained under pulsed conditions 

compared to CW operational mode.  

2.6.2 Plasma Surface Modification on TiO2  

 As reported by Cho (2005), fluoropropylene oxide (HFPO, C3F6O) and 

perfluorohexane (C6F14) can be employed as gaseous monomer to either directly 

fluorinate or to deposit a polymerized perfluorocarbon film on the surface of TiO2, 

dependent on the plasma conditions employed. At high average power inputs, 

fluorination of TiO2 was observed, while polymerization of perfluorocarbon was 

produced at low average power input. X-ray photoelectron photoscopy (XPS) spectra of 

fluorinated samples showed that increasing the treatment time increased the amount of 

fluorine atom on the surface. It was also demonstrated that the crystalline phases of TiO2 

were not changed by plasma treatment, as shown by X-ray diffraction (XRD) results.  

TiO2 particles, treated by HFPO plasma, were found to be significantly more 

hydrophobic than commercial TiO2. Photocatalytic activity of treated samples was 

evaluated by reduction of dichromate (Cr2O7
2-) in aqueous solutions. TiO2 nanoparticles 

were subjected to plasma fluorination for 15, 30, 60 and 120 minutes. The nanoparticles 

which were treated for 15, 30 and 60 minutes were significantly more reactive than 
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untreated TiO2. Photocatalytic activity of TiO2 plasma treated for 60 minutes performed 

better than that treated for only 30 and 15 minutes. However, TiO2 fluorinated for 120 

minutes was significantly less catalytically active than the untreated TiO2 due to the 

excessive thickness of the plasma film which essentially eliminated contact between 

Cr2O7
2- and the surface of the catalyst. 

The use of plasma processing to modify TiO2 catalytic activity has been reported 

in several other recent studies. These studies include use of a nitrogen discharge to 

produce N-doped TiO2 (Liu et al., 2006), acrylic acid to deposit an amorphous polymer 

coating on TiO2 (Wang and Zhang, 2006), and plasma deposition of a tin containing 

coating on TiO2 which was subsequently converted to tin oxide by calcinations (Cho et 

al., 2006). Liu et al. used N2 in the generation of N doped TiO2 by plasma deposition. 

TiO2 which had been plasma treated for 10 minutes exhibited visible light adsorption 

which was not observed in the untreated material. Photocatalytic reduction of Cr2O7
2- was 

conducted using this N doped catalyst and higher photoreactivity was observed than that 

of untreated TiO2. Cho et al. used tetramethyltin as the monomer in the deposition of a tin 

containing coating which was then converted into tin oxide coating by calcination. 

Photocatalytic oxidation of acid orange 7 was conducted in liquid phase to investigate the 

activity of tin oxide coated TiO2 under UV light. The tin oxide coated TiO2 removed the 

acid orange 7 much faster than the untreated material. It was speculated that the coupling 

effect between the titanium dioxide and the tin oxide coating lead to a decreased  rate of 

electron-hole recombination and thus higher overall catalytic activity. 
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CHAPTER 3  

EXPERIMENTAL METHODS 

3.1 Formation of TiO2 Coating 

Standard P25 TiO2, which has an anatase to rutile ratio of 80:20, was obtained 

from Aeroxide. The physical properties of TiO2 nanoparticles, obtained from the 

manufacturer, are as follows: average surface area of 50 ± 15 m2/g, primary particle size 

around 21 nm, and purity above 97% (Evonik Industries, 2011).  Adapting a procedure 

employed by McLintock and Ritchie (1965)  and Sattler and Liljestrand (2003) in 

previous work, P25 TiO2 was coated onto a 2.5 cm x 30 cm glass plate. In this process, 

2.0 grams of the nanoparticles were dispersed in 200 mL of deionized water, and the 

mixture was stirred using a magnetic stirrer for 30 minutes. After stirring was completed, 

the slurry was poured into a flat bed container. A glass plate was immersed in the TiO2 

slurry and the water allowed to evaporate to dryness.  The TiO2 coating thickness on each 

plate was approximately 8 microns, as determined by profilometry. The weight of TiO2 

on each plate was 0.16 grams, or 2.19 x 10-3 g/cm2.    

3.2 Plasma Deposition of Hexafluoropropylene Oxide 

3.2.1 Plasma Polymerization System  

 The plasma reactor chamber was a cylindrical reactor with 5 cm inner diameter 

and 46 cm length.  The reactor was made of borosilicate glass (Pyrex).  The inlet and 

outlet were connected to hollow shaft cartridge mount Ferrofluidic feedthroughs 
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(Ferrotec, Model-HS5 00SLXC), which enabled the plasma reactor to rotate freely and 

continuously under vacuum.  A live electrode was located outside and underneath along 

the length of the reactor, while the ground electrode was placed on top of the reactor.  

 The RF system consisted of a 300 W RF amplifier (ENI, Model-A300), a pulse 

generator (Tetronix, Model-2101), a function generator (Wavetek, Model-166), a 

frequency counter (Hewlett Packard, Model-5315A) and an in-house made 

capacitance/inductance matching network.  Plasma treatments were conducted at the RF 

frequency of 13.56 MHz. An exhaust valve controller (MKS, Model 252E-1-VPO) 

monitored the pressure inside the reactor and controlled a butterfly valve (MKS Model 

253B-1-40-1) positioned downstream, which was employed to adjust the pressure inside 

the reactor.  The system was evacuated by a mechanical rotary vacuum pump (Leybold, 

Model D16B).  Typically, background pressure was pumped down to 5 mTorr before the 

monomer was introduced into the plasma reactor to avoid contamination from other 

molecules.  A liquid nitrogen cold trap was placed after plasma reactor and before the 

vacuum pump to condense unreacted monomer and products that escaped from plasma 

reactor thus preventing these molecules from flowing into the vacuum pump. A 

schematic diagram of the plasma reactor is provided in Figure 3.1. 
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Figure 3.1 Schematic diagram of the plasma reactor system employed for the 
TiO2 surface modifcations (Cho, 2005) 

. 

3.2.2 Plasma Deposition of Hexafluoropropylene Oxide on TiO2  

 The plasma deposition technique was applied for either direct fluorination or 

coating of thin perfluorocarbons film on the TiO2 particles. The plasma reaction 

monomer employed in this study was hexafluoropropylene oxide (HFPO, C3F6O, 98%, 

Aldrich).   A glass plate, having a layer of TiO2 nanoparticles, was loaded into the plasma 

tubular reactor for each treatment process.  An oxygen plasma pre-treatment, conducted 

using a pulsed plasma discharge operated for 10 ms-on/10 ms-off at 150W peak power 

input, was performed to remove any adventitious carbonaceous material adsorbed on the 

TiO2 film. Following evacuation of the oxygen gas, the background pressure was re-

adjusted to 5 mTorr.  The HFPO was then introduced into the reactor; the HFPO flow 

rate into the reactor was 50 cm3/min (STP) and the pressure in the reactor was adjusted to 

160 mTorr via use of the butterfly control valve.   Based on prior experiments of plasma 
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treatment of TiO2 using HPFO monomer from our laboratory (Cho, 2005), direct 

fluorination of the TiO2  occurs with high power plasma discharges, whereas 

perfluorocarbon polymer films are deposited at lower average power inputs. In this 

research, continuous wave (CW) plasma provided the highest plasma power input 

employed, while pulsing plasma generated lower average power input.  After completion 

of the plasma deposition, the modified TiO2 surface was removed from the reactor and 

subjected to tests for gas-phase photocatalytic activity.  

The HFPO plasma deposition conditions employed in this study are summarized 

in Table 3.1. Prior to all HFPO plasma deposition, TiO2 samples were subjected to the 

brief O2 plasma discharge as noted above. 

 
Table 3.1 Summary of HFPO Plasma Treatment Conditions 

 
Peak Power 

(Watt) 
On-Time/Off-Time 

(ms/ms) 
Pressure (mTorr) 

Treatment Time 
(minutes) 

150 Continuous Wave 100 5 

150 10/100 160 5 

150 10/10 160 5 

150 10/10 160 20 

150 10/10 160 30 

150 10/10 160 60 
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3.3 Characterization of Plasma Deposited TiO2   

X-ray photoelectron spectroscopy (XPS) was employed to characterize the 

surface composition of TiO2 particles as a result of the plasma treatment. XPS spectra 

were obtained using a Perkin-Elmer PSI 5000 series spectrometer. High resolution 

spectra of TiO2 samples, subjected to both high and low power HPFO plasma discharges, 

were obtained. These included samples exposed to pulsed plasmas of 10/100 and 10/10 

ms on/off ratios, as well as continuous wave (CW) discharges, all carried out at peak 

power input of 150W. 

 Ultraviolet-visible diffuse reflectance spectra of untreated and modified catalysts 

were measured by UV-VIS spectrophotometer (Perkin-Elmer, model Lambda 35). Static 

water contact angles, which provide a good measure of the surface energy of the sample, 

were measured using a goniometer (Ramé-Hart, model 100-00-115). 

3.4 Evaluation of Photocatalytic Activity 

3.4.1 Photocatalytic Oxidation Reactor 

The photocatalytic activities of the untreated and modified TiO2 were tested under 

UV light irradiation at ambient temperature in a batch reactor with closed loop constant 

gas circulation. A cylindrical glass tube, 2.6 cm inner diameter and 30 cm length, placed 

horizontally, served as the photocatalytic oxidation reaction chamber. Two 366-nm UV 

lamps (Osram Black Light Blue, model F15T8BLB, 15 W), located 4.3 cm above the 

photocatalyst, were used as the UV light source in this study. The UV intensity was 3.72 

mW/cm2, as measured by UV radiometer (UVX Radiometer, model UVX-36) and was 

maintained constantly throughout the experiments. The intensity was verified before 
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starting each photocatalytic oxidation (PCO) reaction. A peristaltic pump (Masterflex, 

L/S Variable-Speed Console Drives with EW-77200-62 pump head) provided gas 

circulation inside the reactor through a 0.25 inch Viton tube. The air circulation in the 

reactor was maintained at a flow rate of 200 cm3/min. The global volume of the reactor 

was 275 cm3. The schematic diagram of photocatalytic oxidation reactor is shown in 

Figure 3.2. 
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Figure 3.2 Details of photocatalytic oxidation reactor (a) schematic diagram  
(b) cross-section of the reactor. 

 

3.4.2 Photocatalytic Oxidation of m-Xylene 

A mixture of the analyte (m-xylene) in air was cycled continuously over the 

catalyst and the xylene concentration monitored as a function of reaction time. The 

coated glass plates, having either untreated or surface modified TiO2, were placed inside 

the PCO chamber.  Liquid m-xylene (C8H10, 99+%, Acros Organics) was introduced into 

(a) 

(b) 
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the reactor through an injection port using a microsyringe. The m-xylene was allowed to 

vaporize and reach equilibrium in the reactor before UV light irradiation. Air was 

circulated in the loop to stabilize the m-xylene concentration in the dark for 60 minutes 

before the two UV lamps were turned on to initiate the PCO reaction. All experiments 

were conducted at ambient temperature of 74±1 °F.  It was observed that illumination of 

the TiO2 sample resulted in a slight gradual increase in temperature of the catalyst during 

the reaction which amounted to approximately 7 °C above room temperature. The slight 

temperature increase observed was the same for both treated and untreated TiO2. The 

relative humidity was maintained essentially constant throughout the course of the 

experiments, ranging from relative humidity values of 47 to 52%, as monitored with a 

humidity sensor (Testo Model 605-H2). 

The initial concentration of m-xylene employed in each catalytic run was 

approximately 1000 ppm before initiation of the PCO reaction.  Gas samples were 

periodically withdrawn from the reactor through the sampling port, using a gas-tight 

syringe, and directly injected into the gas chromatography. 

3.4.3 Measurement of m-Xylene Concentration 

The concentration of m-xylene in the gas stream was analyzed, as a function of 

reaction time, using a gas chromatograph (GC) with flame ionization detector (FID) (SRI 

Instruments, model-8610C), equipped with a capillary column (Restek, RTX-1, 30 m, 

0.53 mm i.d.). The GC was set to analyze m-xylene in terms of peak area by the iso-

temperature method in which the oven temperature was maintained constant at 70 °C. A 

calibration curve of FID response as a function of xylene concentration was obtained 
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using standard known amounts in m-xylene in air. Liquid m-xylene was injected into 

known volume Tedlar bags to produce different known m-xylene gaseous concentrations. 

After m-xylene was completely evaporated, the gas samples were injected to the GC to 

create the calibration curve, which is shown in Figure 3.3. The calibration curve was 

verified for its accuracy by injecting standard concentration m-xylene gas (200 ppm, 

Matheson Tri-Gas) into the GC and converting the measured peak area into 

corresponding concentration; the concentration from the calibration was 208 ppm 

compared to 200 ppm of standard concentration. This calibration curve was then 

employed to obtain the amount of m-xylene remaining unreacted as a function of reaction 

times during the photocatalytic runs.  

 

 

Figure 3.3  Calibration curve of m-xylene concentrations versus peak area 
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3.4.4 Adsorption of m-Xylene on Plasma Modified TiO2 Particles 

Experiments were carried out to quantify the effect of plasma surface 

modification on the direct adsorption of m-xylene compared to that on untreated TiO2. In 

these experiments, identical amounts of xylene, 1000 ppm, were injected into the 

catalytic reactor containing identical amounts of either treated or untreated TiO2. The 

air/xylene mixture was circulated continuously over the catalytic bed, without any light 

illumination, with aliquot samples withdrawn every 10 minutes for GC analysis. This 

process was continued until a steady state value was obtained for the xylene 

concentration. The time required to reach the steady was approximately 60 minutes. The 

relative humidity inside the photocatalytic reactor was set constantly at 0% in all runs. 

3.4.5 Photocatalytic Oxidation of Acetaldehyde 

 The evaluation of photocatalytic oxidation of acetaldehyde was conducted in the 

same procedure as employed in the m-xylene experiments. Liquid acetaldehyde (C2H4O, 

99.5%+ ACS Reagent, Sigma-Aldrich) was injected through the injection port. The initial 

concentration of acetaldehyde was 1000 ppm. The acetaldehyde was allowed to vaporize 

and reach equilibrium in the reactor before UV light was turned on to initiate the reaction. 

The unreacted acetaldehyde was measured by withdrawing air samples through sampling 

port using gas-tight syringe and injected to the GC. The concentration of acetaldehyde 

was monitored as a function of reaction time.   

3.4.6 Photocatalytic Oxidation of Elemental Mercury 

 Figure 3.4 is a schematic diagram of the system employed to study the 

photocatalytic oxidation of elemental mercury (Hg0). The cylinder of compressed air 
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(80% N2, 20% O2, Matheson Tri-gas) was divided into two separate lines, with the air 

flow rates controlled by mass flow controller (Omega Model FMA5518). The total flow 

rate was kept constant at 2 L/min. One air stream was passed over the surface of liquid 

elemental mercury (Hg0, ≥ 99.99% trace metal basis, Sigma-Aldrich) to produce Hg0 

saturated air. The vapor pressure of the Hg0 was maintained constant by placing the 

liquid Hg0 in an ice water bath. The second air stream was employed to dilute (adjust) 

Hg0 concentration to 500 µg/m3. The Hg0 concentration was measured using an Hg 

analyzer (Ohio Lumex, Model RA-915+) directly connected to a microprocessor for data 

logging. The relative humidity inside PCO reactor was kept constantly at 0%. The 

photocatalyst employed was either untreated or directly fluorinated TiO2 as prepared 

using a CW plasma discharge of the HFPO monomer. In each experiment, Hg0 laden air 

was circulated through PCO reactor in the dark for 60 minutes to equilibrate Hg0 

concentration. Subsequently, the UV lamps were turned on and Hg0 concentrations were 

recorded as a function of UV irradiation time.  
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Figure 3.4 Schematic diagram of photocatalytic oxidation of elemental mercury 

 
3.5 Effect of Relative Humidity on Photocatalytic Oxidation of m-Xylene 

 The investigation of the effects of water vapor on photocatalytic activity of m-

xylene was conducted under relative humidities ranging from 0 - 80%. The specific 

relative humidity values employed were 0, 10, 25, 40, 60 and 80%. The relative humidity 

experimental set-up is shown in Figure 3.5. One stream of compressed air gas (80% N2, 

20% O2, Matheson Tri-gas) was passed through a humidifier to produce water saturated 

air. A second dry air stream served as the balancing air to adjust relative humidity to a 

desired value.  Dry air and humidified air flow rates were controlled by mass flow 

controllers (Omega Model FMA5518). The relative humidity was monitored using a 

relative humidity meter (Testo Model 605-H2) inserted into a Viton tube. The adjusted 

humidity air was purged throughout the system for 60 minutes to ensure that the relative 

humidity in the system was at the required level. Subsequently, the continuous gas supply 

was terminated and the PCO reactor was operated in a closed-loop mode. Liquid m-

xylene was injected to PCO reactor and circulated in the dark for 60 minutes. Initial m-



 53

xylene concentrations for all experiments were approximately 1000 ppm. Fluorinated 

TiO2, treated by CW plasma for 5 minutes, and untreated TiO2 were used in this study. 

 

 

Figure 3.5 Schematic diagram of photocatalytic oxidation reactor to investigate the 
effects of relative humidity 

 
3.6 Deactivation and Regeneration of HFPO Plasma Treated TiO2   

 The deactivation of the photocatalyst was tested on fluorinated TiO2 which had 

been treated by HFPO CW plasma for 5 minutes. The sample had been used in 

photocatalytic oxidation of m-xylene for 4 consecutive runs without any treatment 

between runs. In each run, the conditions of experiments were identical, and the initial 

concentration of m-xylene was 1000 ppm. The remaining m-xylene was monitored with 

reaction time by GC. After the end of the fourth run, the catalyst was treated by oxygen 

plasma as the regeneration method to recover the photocatalytic reactivity. The oxygen 

plasma treatment was conducted as 10 ms_on/10 ms_off pulsing at peak power of 150 W 

and pressure of 160 mTorr. The first oxygen treatment was applied for 3 minutes. After 
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oxygen treatment, the photocatalyst was employed in photocatalytic oxidation of m-

xylene again to examine its reactivity after 3 minutes regeneration. Another regeneration 

process was done by the same plasma treatment settings but with a longer treatment time 

of 10 minutes. The regenerated photocatalysts were then tested in m-xylene degradation 

to determine the recovery of its photoreactivity. 
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CHAPTER 4  

RESULTS AND DISCUSSION  

4.1 Characterization of Hexafluoropropylene Oxide Plasma Treated TiO2 

 The hexafluoropropylene oxide (HFPO) plasma treated TiO2 were characterized 

using profilometry, XPS analysis, UV-Vis absorption and water contact angle 

measurements. 

4.1.1 HFPO Plasma Film Deposition Rate  

 The deposition rates of the film produced under plasma on/off time (in ms) of 

10/10 and 10/100 were determined by the ratio of film thickness to plasma deposition 

time. The ratios are expressed in Table 4.1. 

Table 4.1 HFPO Plasma Film Thicknesses and Deposition Rates 

Plasma on/off 
time, ms 

Deposition 
Time (min) 

Film Thickness 
(Å) 

Deposition 
Rate (Å/min) 

10/10 20 40 2 

10/100 20 140 70 

 

 The plasma deposition by CW mode did not form thin polymer film on the 

substrate but instead created chemical bonds between F and Ti. As a result, the film 

thickness and deposition rate are not relevant for those runs. 
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4.1.2 XPS Characterization of Plasma Treated TiO2  

4.1.2.1 XPS Analysis of Oxygen Plasma Treated TiO2 

Preliminary treatment of the TiO2 catalyst involved exposure to an oxygen plasma 

in an attempt to reduce the carbonaceous surface content of the raw material. Results 

from other laboratories had reported C atom content of 16.7 atom% (Yamashita et al., 

2004) and 30.7 atom% (Lenk et al., 1994).  The carbon surface contamination is believed 

to arise from the manufacturing processes and, additionally, by simple adsorption of 

hydrocarbons from the atmosphere. The oxygen plasma was operated under pulsed 

conditions of 10 ms on/10 ms off for a period of 10 minutes at a peak power input of 

150W. Subsequently, XPS analyses were carried out on both the treated and untreated 

particles.  

XPS survey spectra of untreated and O2 plasma treated samples are shown in 

Figure 4.1. In both cases, the survey spectra reveal the presence of titanium, oxygen and 

carbon atoms. However, a comparison of the untreated and plasma treated TiO2 reveals a 

sharp reduction in the C atom surface content from 23.5% to 10.6%  The high resolution 

C(1s) XPS spectrum  of the oxygen treated samples reveals the presence of a major 

component at 284.6 eV and two smaller subpeaks at 286 and 288.1 eV. The assignment 

of these  peaks are graphitic (C-C) or hydrocarbons (C-H) at 284.6 eV, C-O at 286.0 eV 

and  O-C=O at 288.1 eV (Cho, 2005, Yupeng and Chunxu, 2011). The presence of C-O 

and O-C=O is presumably caused by oxidation of graphitic carbon by oxygen plasma. 

 

 



 

Figure 4.1 XPS spectra of oxygen plasma treated TiO
survey scan: O2 treated TiO

resolution: O2

10 m
 

4.1.2.2  XPS Analysis of HFPO Plasma Treated TiO

TiO2 samples, initially treated with oxygen plasma, were subsequently exposed to 

HFPO plasma discharges. The initial HFPO treatments were conducted using a 10 ms

10 ms-off duty cycle at a peak power of 150W. To investigate the effect of plasma 

deposition time, the TiO2 nanoparticles were treated for periods of 5, 20, 30 and 60 
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(d) 



 58

minutes. XPS spectra, shown in Figure 4.2 and Figure 4.3, reveal the dramatic change in 

TiO2 surface chemistry following the HFPO plasma exposures. As shown in Figure 4.2, 

the intensity of the F(1s) and C(1s) peaks, relative to those of O(1s) and Ti(2p) peaks, 

increase progressively with treatment time. In fact, it is important to note, no 

photoelectrons are observed from the O and Ti atoms for the sample which was treated 

for 60 minutes, as shown in Figure 4.2(d). This result clearly indicates that the thickness 

of the plasma deposited film from this long duration run is sufficiently thick to prevent 

either the penetration of the X-Rays to the actual TiO2 surface and/or the subsequent 

photoelectrons emitted cannot escape from the polymer film. 

High resolution C(1s) and F(1s) XPS spectra of TiO2, as modified with plasma 

pulsing of 10 ms_on/10 ms_off, after treatment times of 5, 20, 30, and 60 minutes, are 

arranged from top to bottom in Figure 4.3. The C(1s) spectra reveals fluorocarbon peaks, 

including CF3- (294 eV), CF2- (292 eV), C-F (289 eV) and C-CFx (287 eV) functional 

groups (Beamson and Briggs, 1992). In addition, the small peak at 285 eV represents 

carbons that are not closely bound to fluorine. The relative increase in intensity of CF2 

peaks at 292 eV in Figure 4.3(c) and Figure 4.3(d) with the longer treatment times is an 

indication of the presence of higher amounts of perfluorocarbon polymer plasma 

deposited on the TiO2 particles. 
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Figure 4.2  XPS survey scan of HFPO plasma coated TiO2 nanoparticles as a function of 
deposition times. Plasma deposition was conducted with 10 ms-on/ 10 ms-off duty cycle 
at 150W peak power (a): 5 minutes, (b): 20 minutes, (c): 30 minutes and (d): 60 minutes 
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Figure 4.3 High resolution XPS spectra of C(1s): (a) – (d): and F(1s): (e) – (h): of plasma 
treated TiO2 at duty cycle of 10 ms_on/10 ms_offfor 5, 20, 30 and 60 minutes, 

respectively. 
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The F(1s) XPS spectra, on the right panel of Figure 4.3 (e, f, g and h), clearly 

indicate a progressive change in the nature of the surface fluorine on the TiO2 particles 

with increasing plasma treatment times. Specifically, Ti-F (684.5 eV) was the major 

fluorine species in the samples treated for 5 and 20 minutes, Figure 4.3(e) and (f). 

Integration of the two peaks in these figures reveal that the fluorine atom content was 

present as Ti-F at 70.1 and 66.4% for the samples treated for 5 and 20 minutes, 

respectively, with the remaining fluorine being present as C-F bonds (binding energy 

688.2 eV). However, the fluorine atom XPS spectra are very different for the samples 

treated for longer times. As shown in Figure 4.3(g) and (h), the catalyst exposed to the 

plasma for 30 minutes was dominated by fluorine bonds present as perfluorocarbon 

(67.5%), while the sample treated for 60 minutes reveals only the presence of C-F bonds, 

as a single F(1s) peak, at 688.2 eV. As indicated by these data, it appears that during the 

initial plasma treatment period, Ti-F formation dominates, but at the same time some 

perfluorocarbon is being deposited. As the treatment time increases, the particles are 

increasingly covered with the perfluorocarbon film, thus obscuring the initially formed 

Ti-F bonds. Also, one notes that the change of surface chemistry is dependent on plasma 

treatment times in that only a smaller change in the C(1s) spectrum is observed between 

Figure 4.3(b) and (c), which corresponds to the shortest plasma treatment time difference 

among the four samples. However, even during this relatively short time difference, it is 

noted that the C(1s) changes observed reveal an increase in total CFx surface 

functionalities, which is in accord with the overall trend in surface chemistry change from 

direct TiO2 fluorination to fluorocarbon coating.   
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 A significantly more dramatic change was observed in contrasting the relative 

areas of F(1s) photoelectrons between the 20 minutes and 30 minutes runs, as shown in 

Figure 4.3(f) and (g). This large difference can be attributed to the fact that the increasing 

fluorocarbon film thickness results in a rapid decrease in the ability to generate 

photoelectrons from fluorine atoms from the underlying Ti-F functionalities. In 

connection with this observation, we note that based on film deposition rates during runs 

carried out under 10/10 ms on/off times, the film thicknesses are 4 and 6 nm for 

deposition times of 20 and 30 minutes, respectively. The film thickness varies linearly 

with deposition time under pulsed plasma conditions. Under the XPS conditions 

employed, using a 75 degree take-off angle, we have previously observed that the X-Ray 

penetration depth is approximately 5.5 to 6.0 nm. Thus, a particularly sharp decrease in 

photoelectron emission from Ti-F functionalities would be expected in comparing the 

relative F atom peak areas, as observed in this study [Figure 4.3(f) and (g)]. Also, the 

complete disappearance of photoelectrons from the Ti-F functionality is in accord with 

expectations in that the film thickness after 60 minute deposition time is 12 nm. 

The XPS analysis indicates that surface percent of fluorine species increases with 

increasing treatment time. For example, with a plasma duty cycle of 10 ms_on/10 ms_off, 

the atom percent of fluorine increased gradually from 10.3% to 25.3% and 43.0% as the 

plasma treatment times were increased from 5 to 20 and 30 minutes, respectively. The 

maximum fluorine of 76.7 atom % was observed in the sample treated under the plasma 

duty cycle of 10 ms_on/10 ms_off for one hour. Also, the percent carbon atoms show a 

steady increase with increasing deposition times under the duty cycle of 10 ms_on/10 
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ms_off. In contrast, both the titanium and oxygen atom percents decrease with plasma 

treatment time, becoming undetectable and 0.7 atom %, respectively, after the 60 minute 

treatment time. Overall, these data are consistent with a progressively thicker 

perfluorocarbon film being deposited on the particles, with the film thickness ultimately 

exceeding the depth of penetration of the X-ray photons from the XPS source. TiO2 

samples which were treated by duty cycle of 10 ms_on/100 ms_off and CW for only 5 

minutes had fluorine content of 54.2% and 44.9%, respectively. 

The nature of the surface modifications of TiO2 produced using pulsed 10 

ms_on/100 ms_off discharges, as well as CW operational mode, were also investigated. 

Dramatic differences in surface chemistry were observed in contrasting the XPS spectra 

obtained for these two different treatments, as shown in Figure 4.4. These differences are 

noted both for the C(1s) and F(1s) photoelectron spectra. As shown in Figure 4.4(a), the 

10/100 sample reveals the over whelming presence of C-F bonds, whereas the CW 

sample reveals the dominant presence of C atoms not directly bonded to fluorine (Figure 

4.4(b)). In accord with the C(1s) spectra, the F(1s) XPS spectrum of the 10/100 sample, 

Figure 4.4(c), reveals only a single peak of C-F bonds at 688.2 eV, and no presence of Ti-

F. In sharp contrast at the highest plasma power input, namely under CW conditions, the 

contributions of C-F groups is minimal and the only significant fluorine present is in the 

form of Ti-F, as shown in Figure 4.4(d). Thus, in accord with prior work on HFPO 

plasma polymerization (Savage et al., 1991), no polymer films are deposited under high 

power input conditions. Also noted is the fact that the perfluorocarbon films obtained in 

the presence study, particularly the CF2 functionality, differ slightly from those 
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previously published. This difference reflects the fact that the peak power input in the 

present study of 150 W is significantly lower than the value of 250 W employed in the 

prior work (Savage et al., 1991).  

 
Figure 4.4  High resolution XPS spectra of C(1s): (a) and (b): and F(1s): (c) and (d): of 
plasma treated TiO2 for 5 minutes in different duty cycles:10 ms_on/100 ms_off and 

CW, respectively. 

 
The detailed information on the surface composition of the HFPO plasma treated 

particles obtained from the XPS studies is provided in Table 4.2. 
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Table 4.2  Chemical Composition of HFPO Plasma Treated TiO2. The deposition was 
carried out with 10 ms_on/10 ms_off for 5, 20, 30 and 60 minutes,  

10 ms_on/100 ms_off for 5 minutes and CW for 5 minutes 

Plasma 
on/off, ms 

Treatment Time, 
min 

Composition 

C, % F, % O, % Ti, % 

10/10 5 10.6 10.3 45.4 33.7 

10/10 20 12.1 25.3 39.1 23.5 

10/10 30 13.6 43.0 35.3 8.1 

10/10 60 22.6 76.7 0.7 ND* 

10/100 5 20.1 54.2 9.2 16.5 

CW 5 14.5 44.9 22.3 18.3 

*ND = Non-detectable 

The relative content of C-F and Ti-F fluorine produced under the various plasma 

conditions employed is summarized in Table 4.3. Under 10 ms_on/10 ms_off condition, 

the ratio of C-F to Ti-F functionalities varies strongly with the deposition time employed, 

as shown in this table with the percent C-F groups ranging from ~30% to 100% as the 

deposition time is increased from 5 to 60 minutes. No time dependence studies were 

carried out at the other two plasma conditions employed since only one type of F atom 

containing functionality was observed, namely only C-F at 10/100 ms on/off and only Ti-

F under CW conditions. 

In summation, these XPS data document the deposition of two distinctly different 

types of fluorine surface atoms, dependent on the plasma duty cycles employed. 
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Specifically, higher power depositions result in F atoms covalently bonded to Ti atoms, 

denoted here as Ti-F. In contrast,  lower energy conditions favor deposition of polymeric 

perfluorocarbon films in which the F atoms are covalently bonded to carbon atoms, 

denoted as C-F.. Under intermediate power input (10/10 ms) both types of F atom 

depositions occur, however the Ti-F bonds initially formed are ultimately covered by the 

perfluorocarbon film.  

Table 4.3  Percent of Perfluorocarbon (C-F) and Fluorination (Ti-F) on the TiO2                 
Treated with Plasma 10 ms_on/10 ms_off (5, 10, 20, and 60 minutes),                                                                          

10 ms_on/100 ms_off (5 minutes) and CW (5 minutes)  

On time/Off 
time, ms 

Treatment 
Time, min 

Fluorine as 

Fluorination (Ti-F), % Perfluorocarbon (C-F), % 

10/10 5 70.1 29.9 

10/10 10 66.4 33.6 

10/10 30 32.5 67.5 

10/10 60 0 100 

10/100 5 0 100 

CW 5 100 0 

 

 

 



 67

4.1.3 UV-Vis Spectroscopy of HFPO Plasma Treated TiO2  

The effect of the plasma treatments on the UV-visible absorption spectrum of 

TiO2 was investigated using surface reflectance spectroscopy.  Figure 4.5 shows the 

absorbance spectra at wavelength of 250 – 800 nm of untreated and plasma modified 

catalysts.  The absorption of 10 ms_on/100 ms_off (fluorocarbon coating) and CW 

(fluorinated) samples do not show shifting of the fundamental absorption edge of TiO2. 

This result is consistent with several other studies, employing various doping techniques, 

which report that F-doping did not change the optical absorption properties, particularly 

not narrowing the band gap of TiO2 (Czoska et al., 2008, Li et al., 2005, Yu et al., 2009). 

For example,  Czoska et al.(2008) used a sol-gel process as the doping method for TiO2 

powder and observed no shifting in the absorption edge or response to visible of the F-

TiO2 compared with untreated TiO2. The hydrothermal technique was employed to 

fluorinate TiO2 at 150°C by Ye et.al. (2009), the UV-Vis absorption edge of the catalyst 

was not shifted. Li et al. (2005), employing a spray pyrolysis technique to fluorine dope 

TiO2, reported that the optical property of doped material was also unchanged. However, 

in contrast with the results of this study and those of other research cited above,  it should 

be mentioned that some studies have reported  a red shift is observed upon F doping of 

TiO2 (Lim et al., 2008, Yu et al., 2002). Lim et al.(2008) reported that co-doping of 

fluorine and carbon/fluorine shifted the absorption edge and decreased band gap energy 

to 3.05 and 3.07 eV, respectively. Increased light absorption at wavelength shorter than 

400 nm was significant in fluorine doped TiO2 (Yu et al., 2002).  Finally, it is noted that 

Yamaki et al. (2003), in a computational study, investigated the electronic structure of F-



 68

doped TiO2 and concluded that localized, high density levels appeared below the valence 

band. He attributed these levels to F(2p) orbitals without any mixing with the valence or 

conduction band. As a result, these authors conclude that F doping does not contribute to 

the changes in the optical absorption spectra of TiO2. Thus, as detailed above, conflicting 

results remain concerning the effect of F-doping on the absorption spectra of TiO2.  

However, as clearly shown in Figure 4.5, the results of the present study do not reveal 

any significant change in TiO2 absorption with particles that XPS data (Figure 4.4) 

clearly document are fluorine doped. 

 

Figure 4.5 UV-Vis absorbance spectra of catalysts. HFPO plasma depositions had been 
conducted for 5 minutes on CW and 10 ms_on/100 ms_off conditions. 
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4.1.4 Static Water Contact Angle 

Static water contact angles were measured for a number of plasma treated and 

unmodified TiO2 samples. The contrast of water contact angle between untreated and 

plasma modified TiO2 is illustrated in Figure 4.6 and Table 4.4. 

 

Figure 4.6 Static water contact angle on the TiO2 coated on glass plate: (A) untreated 
TiO2 (B) fluorinated TiO2 treated by CW plasma at peak power of 150 W for 5 minutes 

 

Table 4.4 Water Contact Angle on TiO2 Treated with Different Conditions. Plasma 
depositions were carried out at peak power of 150 W for 5 minutes 

Sample Water Contact Angle, degree 

Untreated TiO2 0 (non measurable) 

10 ms_on/100 ms_off  125 

10 ms_on/10 ms_off  90 

CW 80 

 

(A) (B)
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As documented by these measurements, the plasma treatments had a profound 

effect of the wettability of the TiO2 surfaces in that the TiO2 particles are converted from 

hydrophilic to hydrophobic. The untreated TiO2, containing a high density of surface –

OH groups bound to Ti atoms, was completely wettable in that the contact angle of the 

water droplet was non-measureable. In contrast, the plasma treated samples exhibited 

very large contact angles and are thus categorized as being hydrophobic. The 

hydrophobicity is in accord with expectations based on the fluorine content of the treated 

samples. The higher contact angle, 125°, for the sample treated at the plasma duty cycle 

of 10 ms_on/100 ms_off is reasonable given the fact that this sample is actually coated 

with a perfluorocarbon thin film.  These results are in accord with those reported by Lim 

et al. (2008) that TiO2 co-doped by carbon/fluorine had greater water contact angle than 

fluorine doped TiO2. These plasma induced surface energy changes are significant in that 

the more hydrophobic TiO2 surfaces will more readily adsorb non-polar compounds, such 

as m-xylene, while simultaneously minimizing the competitive adsorption of water 

molecules. This expectation was in fact observed experimentally as described next in this 

document. 

4.2 Adsorption of m-Xylene on Plasma Modified TiO2 Particles 

Experiments were carried out to quantify the effect of plasma surface 

modification on the direct adsorption of m-xylene compared to that on untreated TiO2.  

Figure 4.7 shows the amount of m-xylene adsorbed on the catalysts in 0% of relative 

humidity environment. The untreated TiO2 has lower adsorption ability than HFPO 

plasma treated TiO2. The adsorption amount of m-xylene on standard TiO2 is 0.453 mg/g 
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of catalyst. Larger amounts of xylene, namely 0.529 and 0.552 g/mg, were adsorbed onto 

perfluorocarbon coated and directly fluorinated TiO2, respectively. Overall, it was 

observed that an average of 12+2% increased adsorption of the m-xylene was observed 

on the plasma treated TiO2 compared to the untreated materials. 
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Figure 4.7 Adsorption of m-xylene on (A) untreated TiO2 (B) 10 ms_on/100 ms_off 

treated (C) CW plasma treated 
 

4.3 Evaluation of the Photocatalytic Activities of HFPO Plasma Treated  
and Standard TiO2 

 

4.3.1 Photodegradation of m-Xylene and its Photocatalytic Oxidation by Standard TiO2  

Initial control experiments were conducted to examine how m-xylene responds to 

exposure to UV light, with and without TiO2 present in the reactor.  For this purpose, the 
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concentration of m-xylene was monitored as a function of the irradiation time, all other 

variables held constant.  The ratio of the concentration of xylene remaining to that 

present before UV light initiation (C/C0) versus irradiation time is plotted in Figure 4.8. 

The initial concentration of xylene was 1000 ppm in air, which represents its value after 

stabilization in the dark for 60 minutes. In the absence of TiO2, the plot of C/C0  remains 

essentially constant, even  after 120 minutes of  continuous UV radiation, as shown by 

the top curve in Figure 4.8. This result reveals that no decomposition of the xylene occurs 

by direct photolysis of the xylene or by any surface promoted route.  

However, as shown by the lower curve, the photocatalytic oxidation of m-xylene 

was observed when TiO2 was inserted to the reactor. In fact, only 32% of the original 

xylene remained after 140 minutes of irradiation. The TiO2 employed in this run was 

subjected to 10 minutes of O2 plasma discharge to remove any adventitious carbon 

adsorbed on the surface. 
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Figure 4.8 The effect of UV irradiation on the concentration of m-xylene and the 
degradation of m-xylene using TiO2 that was pre-treated by oxygen plasma as 

photocatalyst 

 
4.3.2 Photocatalytic Oxidation of m-Xylene by HFPO Treated TiO2 

The photocatalytic oxidation rates of gaseous m-xylene were experimentally 

determined using both the directly fluorinated and fluorocarbon coated TiO2 

nanoparticles. Non-plasma treated TiO2 samples, of identical amount as that used for the 

plasma treated samples, were employed as controls to assess the efficacy of the plasma 

surface modifications. The measurements were made by monitoring the concentrations of 

unreacted m-xylene as a function of reaction times.Figure 4.9, the photocatalysed 

degradation data of m-xylene are presented as a function of the plasma treatment times, 

under pulsed 10 ms_on/10 ms_off conditions, employed to modify the TiO2. The curves 
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shown here represent the remaining m-xylene obtained by joining the successive data 

points. 

Figure 4.9 Effect of 10 ms_on/10 ms_off pulsed plasma treatment times on photocatalytic 
oxidation of m-xylene as compared to untreated TiO2. 

 
As shown in Figure 4.9, the overall catalytic activity of the plasma fluorinated 

TiO2 can be much higher than that of the untreated TiO2.  A steady increase in activity of 

the TiO2 was observed as the plasma treatment times were progressively increased from 

5, to 20, to 30 minutes. However, a much longer plasma treatment time of 60 minutes 

resulted in a sharp decrease in the TiO2 oxidation of the xylene. In fact, the oxidation rate 

observed for the 60 minute sample is extremely low, as shown, being significantly less 

than that observed for the untreated sample.  
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Figure 4.10 shows a comparison of the catalytic oxidation rates of m-xylene by 

the catalysts as a function of the three different plasma treatment processes (10 ms_on/10 

ms_off, 10 ms_on/100 ms_off, and CW) employed in modifying the TiO2. As noted 

above, the CW plasma results in direct fluorination of TiO2, whereas use of the relatively 

low duty cycle pulsed plasma of 10 ms_on/100 ms_off results only in deposition of a 

perfluorocarbon film on the particles. In contrast, the 10/10 ms on/off runs involve 

simultaneous direct fluorination and perfluorocarbon film deposition processes. Plasma 

treatment times for three samples were 5 minutes since it was observed that the optimum 

PCO activity observed for the CW and 10/100 ms on/off runs occurs after only 5 minutes 

of plasma treatment. The result of 10 ms_on/100 ms_off treated for 30 minutes is also 

shown in this figure to compare the best m-xylene oxidations obtained from all three 

plasma conditions. 
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Figure 4.10 Comparison of the photocatalytic oxidation of m-xylene by untreated TiO2, 
plasma treated at on/off time of 10/10, 10 /100, and CW for 5 minutes  

and 10/10 for 30 minutes. 
 

The above result reflects the fact that under CW conditions only the direct 

fluorination occurs and this apparently occurs to completion in a relatively short time. 

The time dependence difference between the 10/10 and 10/100 ms on:off treatments is a 

reflection of the difference in film deposition rates, which was 0.2 nm/min for the 10/10 

and 0.7 nm/min for the 10/100 treated samples, respectively. Thus, the perfluorocarbon 

film thickness reaches its optimum value much faster under the 10/100 condition. In 

general, both the directly fluorinated and the fluorocarbon coated samples produced 

dramatically increased photocatalytic oxidation of the m-xylene relative to that observed 

with untreated TiO2 over this short time period. However, the 10 ms_on/10 ms_off 

treated sample, treated for this short 5 minute period, exhibited only a relatively small 
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improvement of photocatalytic oxidation over that of untreated TiO2. This latter result 

suggests that under the 10/10 condition incomplete fluorination and incomplete 

perfluorocarbon film formation occurs during the short 5 minute deposition time. 

However, much longer treatment time, 30 minutes, for 10 ms_on/10 ms_off condition is 

needed to produce comparable m-xylene oxidation to the other two conditions employed 

for only 5 minutes. 

The optimum treatment time of CW condition was observed at 5 minutes. The 

shorter treatment time of 3 minutes produced less active photocatalyst than that of 5 

minutes as shown in Figure 4.11. After plasma treatment times of 10 minutes, the 

catalytic activity for the CW sample begins to decrease reflecting possible damage to the 

TiO2 particles at this high power input condition. 
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Figure 4.11 Comparison of the photocatalytic oxidation of m-xylene by CW plasma 
treated TiO2 for 3, 5 and 10 minutes. 
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The photocatalytic oxidation rates of the m-xylene were analyzed in terms of 

reaction order. The best fit of the conversion rates was determined to be first-order in m-

xylene for all the samples of TiO2 employed. The first order decay plots, which reveal R2 

correlation factors ranging from 0.999 to 0.948, are shown in the Figure 4.12 and Table 

4.5. The rate constants increase markedly with increasing plasma treatment periods of 5, 

20 and 30 minutes for samples subjected to the identical duty cycle of 10 ms_on/10 

ms_off. The highest rate constant among samples treated under the pulse plasma 10/10 on 

to off ratio was 0.0566 min-1, which is a factor of 4.7 times larger than that observed for 

the untreated TiO2. However, as shown in Figure 4.12(a), it is also interesting to note that 

the rate constant of the sample treated for 60 minutes is significantly lower than that of 

untreated TiO2.  

In terms of rate constant as a function of plasma duty cycle using the same 

treatment duration in Figure 4.12(b), the highest rate constant, 0.0736 min-1, was obtained 

for the fluorinated sample treated for 5 minutes under CW conditions. This value is 

slightly higher than that of the 10/100 (5 minutes treated) and 10/10 (30 minutes treated) 

samples, 0.0609 and 0.599 min-1, respectively. These values are much larger than that 

obtained for the untreated TiO2, which was 0.012 min-1. The rate constant observed for 

the sample treated for 5 minutes using duty cycle of 10 ms_on/10 ms_off is 0.020 min-1, 

which is only slightly higher than that for the untreated sample. 
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Figure 4.12 First-order plots of initial m-xylene degradation. (a) duty cycle of 10/10 
treated for various durations (b) duty cycle of 10/10, 10/100, CW treated 

 for 5 minutes and 10/10 treated for 30 minutes. 
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Table 4.5 First-Order Rate Constant of m-Xylene Degradation. 
 

Plasma on/off Time, 
ms/ms 

Treatment Time, 
min 

Rate Constant, 
min-1 

R2 

Untreated 0 0.0120 0.984 

10/10 5 0.0202 0.995 

10/10 20 0.0314 0.948 

10/10 30 0.0566 0.999 

10/10 60 0.0044 0.997 

10/100 5 0.0609 0.988 

CW 5 0.0736 0.984 

 

4.3.3 Reproducibility of Photocatalytic Oxidation of m-Xylene by Fluorinated TiO2   

 In order to verify that the obtained data from the experiments are reproducible, the 

repeat tests were conducted to see the variation of the results between runs. The results of 

photocatalytic oxidation of m-xylene by fluorinated TiO2 were shown in Figure 4.13. 

Fluorinated TiO2 samples were prepared under CW plasma for the duration of 5 minutes. 

The plots show that two separate experiments gave the same results with marginal 

variation which is the evidence that the results of these photocatalytic oxidation of m-

xylene by TiO2 are reproducible. 
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Figure 4.13 Reproducibility of m-xylene photodegradation by fluorinated TiO2 
 

4.3.4 Photocatalytic Oxidation of Acetaldehyde by HFPO Treated TiO2  

 As noted earlier, HFPO plasma treatment transforms TiO2 surfaces from 

hydrophilic to hydrophobic, and this transformation was effective in accelerating the 

photocatalytic oxidation of non-polar m-xylene molecules. Thus, it was felt to be of 

interest to investigate how effective HFPO plasma modified TiO2 particles would be in 

providing photocatalytic oxidation of a non-polar compound. Acetaldehyde (CH3CHO), a 

known component in air pollution with respect to contributing to smog formation, was 

chosen for this purpose.  Since acetaldehyde is significantly more easily oxidized than 

xylene, the emphasis in this study focused on a comparison of oxidation rate of CH3CHO 

by treated and untreated TiO2 particles. For this purpose, the fluorine modified TiO2 
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employed was produced using the CW plasma treatment for 5 minutes which produces 

direct fluorination.  

 The photo-oxidation results obtained with untreated and fluorinated TiO2, using 

the analogous approach as that employed with xylene, are shown in Figure 4.14. 

 

Figure 4.14 Photocatalytic activity of untreated and fluorinated TiO2 

to oxidize acetaldehyde 
  

Interestingly, as shown in this figure, and in sharp contrast with the xylene results, 

the untreated TiO2 catalyst exhibited better photocatalytic oxidation activity than the 

fluorinated samples. For example, 97% of the initial CH3CHO was consumed within 20 

minutes, compared with 85% consumption for the plasma modified catalyst. 
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Figure 4.15 Linear fits for acetaldehyde degradation by untreated and fluorinated TiO2. 
CW plasma was employed for 5 minutes.  

 

Kinetic treatment of the rate data is shown in Figure 4.15 in terms of first order 

decay plots. From the slopes of these first order plots, rate constants of 0.180 min-1, for 

the untreated TiO2, and 0.101 min-1, for the plasma treated sample, are obtained.  This 

result is what would be anticipated, given that acetaldehyde is a polar compound, and the 

fact that a hydrophobic surface would be expected to decrease adsorption of polar 

compounds. These results are similar to those of a study by Ooka et al (2004) who 

reported that the photooxidation rate of ethanol, a polar compound, over standard P-25 

TiO2 was double the rate of that obtained over hydrophobic pillared clay TiO2. It was 

explained that higher hydrophobicity on pillared clay decreased ethanol adsorption and 

reduced its photocatalytic degradation. It is also of interest to compare the relative 
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catalytic activities of xylene and acetaldehyde observed in this study. For example, with 

respect to untreated TiO2, the oxidation of acetaldehyde is significantly faster, 0.180 min-

1, than the value of 0.012 min-1 observed for xylene. The higher reactivity of the 

acetaldehyde is in accord with expectations based on its greater reactivity, as introduced 

by the relatively labile C-H bond of the CHO group.  

4.3.5 Photocatalytic Oxidation of Elemental Mercury by HFPO Treated TiO2 

 It is well established that elementary mercury (Hg0) is an atmospheric pollutant, 

whose main source is from coal powered power plants. For that reason, studies of the 

potential use of HFPO treated TiO2 to provide PCO of Hg0 were conducted. Directly 

fluorinated TiO2, prepared by CW plasma for 5 minutes, was employed as the 

photocatalyst to remove Hg0 in the air stream in which initial concentration was 500 

µg/m3. The plots of photocatalytic oxidation of Hg0 by fluorinated TiO2 and untreated 

TiO2 are shown in Figure 4.16. 
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Figure 4.16 Photocatalytic activity of untreated and fluorinated TiO2 to 
 remove elemental mercury 

 

 As shown in Figure 4.16, the fluorinated TiO2 showed higher photocatalytic 

activity than untreated TiO2 to degrade Hg0.  The untreated catalyst exhibited steady rate 

of removal throughout the experiment whereas higher removal rate were observed at the 

initial state and slightly declined after 35 minutes in fluorinated sample. The kinetic plots 

of Hg0 oxidation are expressed in Figure 4.17. 
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Figure 4.17 Linear fits for elemental mercury degradation by untreated and 
fluorinated TiO2   

 

 First order reactions of Hg0 photooxidation are observed in Figure 4.17.  The 

plasma fluorinated TiO2 exhibited slightly higher photoreactivity in terms of the initial 

oxidation rate, and percent Hg0 removal, than the untreated sample. The removal 

efficiency higher than 80% was achieved from both samples at 50 minutes of the 

reactions. The removal rate of Hg0 obtained from plasma treated TiO2 was 1.6 times 

greater than that of the non-treated TiO2. 
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modification technology in terms of improving the TiO2 catalyst efficacy over a broad 

range of humidity. Herein, we report on the effect of water vapor on the photooxidation 

of m-xylene using plasma modified and untreated TiO2 catalysts.  

Figure 4.18 demonstrates the effect of relative humidity in the air stream on the 

degradation rate of m-xylene by standard TiO2. A small difference in m-xylene 

destruction rates are observed in the lower levels of relative humidities ranging from 0 to 

40%. A slight optimum pollutant removal rate was observed at a RH of 10%; however, 

the overall effect of RH changes from 0 to 40% was rather minor in scope. In contrast, 

higher RH values of 60% and 80% had a strong inhibition effect on the rate of m-xylene 

removal, with the rate decrease being more pronounced for the 80% value.   These results 

are similar to Kim and Lee’s study, which found that varying RH from 0-50% did not 

impact trichloroethylene (TCE) destruction; however, humidities exceeding 50% 

inhibited TCE removal (Kim and Lee, 2001). 
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Figure 4.18 Photocatalytic activities of untreated TiO2 to remove m-xylene at different 
relative humidity values 

 

The pattern of the effect of RH when fluorinated TiO2, produced by CW plasma, 
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lower activity. However, the degradations of m-xylene by fluorinated TiO2 are 

significantly higher than that of untreated TiO2. Overall, the kinetic data obtained reveal 

that the modified catalyst is less sensitive to relative humidity levels in the air stream than 

the untreated TiO2 at high level of RH in the gas stream. 

 

Figure 4.19 Photocatalytic activities of plasma fluorinated TiO2 to remove m-xylene at 
different relative humidity levels. TiO2 was treated by CW plasma for 5 minutes. 
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determining the rate constant since they fitted well with first order reaction kinetics. The 

plots of ln(C/C0) versus irradiation time of untreated and plasma fluorinated TiO2 are 

shown in Figure 4.20 and Figure 4.21, respectively. The initial removal rate constants of 

m-xylene were determined by the slopes of the best fit lines. Initial rate of oxidations and 

their R2 value are presented in Table 4.6.  The optimum removal rate by untreated TiO2, 

observed under 10% RH is 0.1675 min-1, followed by RH values of 25, 0, 40, 60 and 

80%, respectively.  A value of 0.0281 min-1 was observed under 80% RH. 

 A greater photocatalytic activity was obtained from the fluorinated TiO2, with the 

initial rates of degradation being higher than that of untreated TiO2 under all RH 

conditions employed. When the RH levels in the system were in the range of 0 – 40%, 

the rates of reaction were relatively high and the differences were marginal as the trend 

lines are overlapping. The reaction rate was approximately 0.23 min-1
 over this 0 to 40% 

RH range when the fluorinated TiO2 was used. However, the m-xylene removal rates 

dropped after higher amounts of water vapor were introduced to the PCO reactor. The 

initial oxidation rates decreased to 0.1147 min-1 and 0.0694 min-1 when the RH reached 

60 and 80%, respectively. 
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Figure 4.20 Initial oxidation rate of m-xylene by untreated TiO2 
at different relative humidity values 

 

 
Figure 4.21 Initial oxidation rate of m-xylene by fluorinated TiO2 at  

different relative humidity values. 
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Table 4.6  Initial Rate of Oxidation by Untreated and Fluorinated TiO2. 
 

RH, % 
Untreated TiO2 Fluorinated TiO2 Difference of 

k-value, % k, min-1 R2 N k,min-1 R2 N 

0 0.1283 0.9985 3 0.2459 0.9963 3 47.82 

10 0.1675 0.9944 4 0.2090 0.9975 3 19.86 

25 0.1396 0.9793 4 0.2107 0.9939 3 33.74 

40 0.1112 0.9951 4 0.2058 0.9347 3 45.97 

60 0.0495 0.9852 4 0.1147 0.9188 4 56.84 

80 0.0281 0.9528 5 0.0694 0.9881 5 59.51 

 

The plots of k-values of untreated and fluorinated TiO2 are shown in Figure 4.22. 

It is clearly seen that fluorinated TiO2 had higher k values than the untreated TiO2 for all 

RH levels. However, they expressed similar trends which k values decreased at higher 

RH. The lowest values for the rate constant of both catalysts are observed at a RH of 

80%. 
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Figure 4.22 Relationship between k-values and relative humidity obtained from untreated 
and fluorinated TiO2 
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Figure 4.23 Deactivation of fluorinated TiO2 during m-xylene degradation. 
  

Table 4.7 Conversion of m-Xylene at 20 minutes and Maximum Conversions. 
 

Run Number % Conversion after 20 min. Maximum % Conversion 
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In the first run, fluorinated TiO2 efficiently decomposed m-xylene, more than 

60% of the pollutant was photooxidized within 20 minutes. The total percent conversion 

was 90% after 65 minutes of UV irradiation. An apparent slight catalyst deactivation was 

observed in the second run in that the 60% m-xylene removal was observed only after 25 

minutes of irradiation, with a slightly higher amount of xylene remaining at long reaction 

times compared to the initial run.  As shown in Figure 4.23, the rate of catalyst 

deactivation became significantly more apparent in the subsequent two runs. For 

example, only 15% of the xylene was consumed over the 20 minute reaction time in run 3 

and this had further decreased to only 10% in the first 20 minutes in the 4th run.  

Obviously, the performance of the modified TiO2 deteriorated rapidly with the increasing 

photooxidation time.  

 It should be noted that the color of the fresh TiO2 has a white-grey color which is 

the typical color of titanium dioxide. The color of TiO2 was changed from white into 

yellow after it had been employed to decompose m-xylene.  The changing of TiO2 color 

indicates accumulation of intermediates or partially oxidized species adsorbed on the 

active sites of TiO2.   

In order to investigate the nature of the catalyst deactivation observed, XPS 

spectra were carried out for the unreacted and the reacted catalyst, after run number 2. 

The XPS survey spectra of fresh fluorinated TiO2 and after the two photocatalytic 

oxidation runs are shown in Figure 4.24. The major differences in these two spectra are 

the sharp decrease in the intensity of the F atom peak, accompanied by an increase in 

surface C atom content, in contrasting new and used catalyst. The composition of carbon 
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species is higher after photooxidation of m-xylene. Carbon compounds increase from 

14.5% to 22.81% which is evidence that there are carbonaceous molecules produced and 

deposited on the surface during the m-xylene photooxidation.  

 
Figure 4.24 Survey XPS spectra of fluorinated TiO2 (a) before reaction (b) fluorinated 

TiO2 after reaction with m-xylene. 
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4.5.2 Catalyst Reactivation 

Oxygen plasma treatment is a convenient single step that could remove 

carbonaceous molecules from the substrate. Moreover, the processing time of oxygen 

treatment is relatively short compare to other techniques. In this study, regeneration of 

used catalyst by oxygen plasma was conducted on fluorinated TiO2. Two oxygen 

treatment durations were employed, namely 3 minutes and 10 minutes. During the 

regeneration process, the plasma conditions employed were 10 ms_on/10 ms_off, peak 

input power of 150 W and pressure of 160 mTorr.  The recoveries of photoactivity are 

shown in Figure 4.25, along with the activities of the used catalysts in the successive four 

runs before regeneration.  

 

Figure 4.25 Photocatalytic activity of regenerated TiO2 using O2 plasma for: 
 (A) 3 minutes and (B) 10 minutes 
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After being regenerated by O2 plasma for 3 minutes, the color of TiO2 sample 

was changed from brown to brighter yellow. A partial improvement of photodegradation 

of m-xylene was noticed when TiO2 was exposed to O2 plasma for a short period of 3 

minutes. The m-xylene conversion was improved by approximately 11% over the used 

catalyst from run 4.  In contrast, the activity of TiO2 was nearly 100% recovered after 

being regenerated for 10 minutes. The photoreactivity was just slightly lower than that of 

the fresh photocatalyst. By using 10 minutes oxygen regeneration, m-xylene conversion 

was as high as 85.7% compared to 90% and 88% which were observed from the fresh 

catalyst and after run 1 sample, respectively.   

 A longer time, namely 15 minutes, of O2 plasma regeneration was applied to the 

catalyst in order to achieve higher percent recovery. However, the TiO2 nanoparticles 

which were coated on the glass plate were almost completely removed from the glass 

surface by the etching of O2 plasma. Therefore, 15 minutes duration of O2 cleaning is 

excessive to regenerate TiO2 coated on glass plate. 

4.6 Discussion on HFPO Plasma Treated TiO2 

The basic objective of the present study was to examine the feasibility of 

employing a plasma treatment process to improve the photocatalytic activity of TiO2 for 

destruction of atmospheric VOCs. As documented in the results, both the direct plasma 

fluorination of TiO2, as well as deposition of thin perfluorocarbon coatings on the TiO2, 

were remarkably effective in enhancing the photocatalytic oxidation of m-xylene. The 

activity with respect to xylene is significant in that this particular pollutant is certainly not 

one of the more easily oxidized VOC pollutants. Thus it would appear to be reasonable to 
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assume that the enhanced activity of the plasma treated TiO2 observed in this study should 

be applicable to a broader range of atmospheric VOCs. 

It is interesting to note that the effectiveness of the plasma surface modification 

process is strongly dependent on the duty cycle and time of the plasma discharge 

employed. Under the same treatment period of 5 minutes, duty cycle of 10 ms_on/10 

ms_off formed less fluorine species on the surface than the 10 ms_on/100 ms_off and 

CW. As a result, the photocatalytic activities of TiO2 treated by duty cycle of 10 

ms_on/10 ms_off were highly dependent on plasma treatment times. In general, the 

degradation rate of the m-xylene increased with increasing plasma treatment times, or in 

other words, with the amount of fluorine on the surface. The photocatalytic activities, 

which were observed in CW and 10 ms_on/100 ms_off treated for 5 minutes and 10 

ms_on/10 ms_off treated for 30 minutes, are comparable. Interestingly, as shown by the 

XPS data, the surface fluorine atom percent is relatively similar for all three samples, 

varying from 45 to 55 atom % F. This result is in agreement with the study of Park and 

Choi (2005), who report more rapid photocatalytic degradation of stearic acid with TiO2 

particles having higher surface fluoride concentration. However, there is clearly an 

optimum plasma treatment time in maximizing the photocatalytic oxidation rates 

achievable, as shown by the data presented in Figure 4.9 for samples prepared at 10/10 

over a wide range of plasma treatment times.  As these data reveal, increasing the 

treatment time from 30 to 60 minutes resulted in a sharp decrease in photocatalytic 

activity of the TiO2. This decrease is attributed to the deposition of an excessively thick 

perfluorocarbon film on the particles during the 60 minute deposition. The XPS data 
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confirm this fact in that no photoelectrons are detected from Ti atoms (and virtually no 

photoelectrons from O atoms) after the 60 minute process. It is reasonable to assume that 

the thicker perfluorocarbon films both minimize the penetration of the 366 nm UV 

incident photons to the TiO2 surfaces, as well as increase the surface electron-hole 

recombination rates relative to the access of these species by the adsorbed xylene 

molecules. 

It is interesting to note that both the direct surface fluorination and deposition of 

thin perfluorocarbon film are highly effective in promoting increased TiO2 photocatalytic 

activity.  It appears reasonable to infer that the enhanced activity observed in the present 

study involves a combination of the presence of fluorine atoms, which reduce 

recombination rates of electrons and holes, coupled with the conversion of the TiO2 

surface from hydrophilic to hydrophobic character.  Photo-generated electrons are 

strongly attracted to fluorine since it is the most electronegative element (Yu et al., 2009). 

Consequently, the life time of electrons and holes would be lengthened since electron 

capture by the F atoms localizes conduction band electrons, thus delaying electron-hole 

recombination rates.  The increased hydrophobicity after plasma treatments should play 

an important role in helping to promote more facile adsorption of the non-polar m-xylene 

molecules onto the catalyst surfaces, thus increasing the potential rate of their 

photooxidation. In fact, as shown in Figure 4.7, an enhanced direct adsorption of xylene 

on the fluorinated TiO2 was observed. The increased hydrophobicity is quite dramatic, as 

shown by the water contact angle measurements. Finally, we note that there is no 

evidence that the plasma treatment process has altered the absorption band width of the 
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TiO2: the reflectance absorption spectra of the treated and untreated TiO2 are essentially 

identical, as shown in Figure 4.5. In this context, it is interesting to note that the recent 

report by Liu et al (2006) of treatment of TiO2 with N2 plasma to produce N-doped TiO2 

also resulted in increased photocatalytic activity of the TiO2, as shown in the reduction of 

Cr(VI) in solution studies. In this work, the increased catalytic activity is attributed to a 

shift in TiO2 adsorption to longer wavelength with N atom doping. As in the present 

work, evidence was also presented for an optimum plasma treatment time with respect to 

maximizing the photocatalytic activity.  

Based on the rate constants observed, it is clear that the plasma treatment of TiO2 

can provide significantly enhanced photocatalytic oxidation rates for these materials. The 

rate constant for the 5 minute CW and 10/100 treated sample, namely 0.0736 min-1 and 

0.0609 min-1, are factors of 6.1 and 5.1 times larger, respectively, than that observed for 

the untreated TiO2 material. These enhanced activity factors are higher than the results 

observed in other works where the factors were ranging from 1.21 to 3 times of the 

untreated materials (Lv et al., 2010, Vijayabalan et al., 2009, Yang et al., 2007, Yu et al., 

2009). 

In contrast, the photocatalytic oxidation of acetaldehyde by fluorinated TiO2 is 

slower than that of standard TiO2. A good measure of the difference in polarity between 

acetaldehyde and xylene is the octanol/water partition coefficient (log Pow) which is used 

to define the relative water solubility of a compound. The value of log Pow of 

acetaldehyde is 0.63 (Acros Organics, 2009) which is much less than that of m-xylene, 

3.20 (International Labour Organization., 2008). This means that acetaldehyde has much 



 102

higher affinity for water vs. octanol, compared to m-xylene.  As a result, it is presumably 

easier for acetaldehyde to access the active sites of standard TiO2 than that of the 

hydrophobic fluorinated TiO2. As a result, a higher photooxidation rate of acetaldehyde is 

observed on the untreatedTiO2.  The higher degradation rate of a polar substance, such as 

acetaldehyde on the untreated TiO2 catalyst, agrees with a study of Ooka et al (2004) that 

the photooxidation rate of ethanol over standard P-25 TiO2 was 2 times higher than that 

of hydrophobic pillared clay TiO2. The hydrophobicity of pillared clay inhibited ethanol, 

which is a polar compound, from being adsorbed on the catalyst.  However, the 

decreasing of electrons-holes recombination in plasma modified TiO2 would compensate 

the loss of efficiency from hydrophobic surface that preventing accessing of 

acetaldehyde. Further investigations of catalytic photodegradation of other compounds by 

modified TiO2 would be useful in helping to assess the overall effect of the 

hydrophobicity created by the HFPO plasma treatment on the degradation activity 

The promotional effect of direct fluorination of TiO2 on Hg0 removal is similar to 

the effect that was observed with m-xylene. Fluorine on the TiO2 surface effectively 

improves photooxidation of Hg0. As noted earlier, this result can be rationalized in terms 

of fluorine decreasing electron-hole recombination rates and/or creation of a hydrophobic 

catalytic surface favoring adsorption of the mercury.  Li and Wu (2006) reported that 

increasing  relative humidity in the air stream suppressed Hg0 photooxidation because of 

competitive adsorption of water and Hg0. Thus, hydrophobicity of fluorinated TiO2 

would be beneficial to adsorption and photocatalytic oxidation of Hg0. 
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The effects of water vapor on photocatalytic oxidation of m-xylene are relatively 

similar for both untreated and plasma fluorinated TiO2. The rates of m-xylene 

degradation are marginally changed over RH variations from 0 to 40%.  An inhibition 

effect of water vapor of photodegradation rates becomes noticeable when the RH is 

raised to 60% and 80% for both treated and untreated catalysts. It is also apparent that the 

fluorinated TiO2 exhibits higher rate of m-xylene degradation than the untreated TiO2 at 

all RH levels employed. In general, a low RH level would be expected to be beneficial 

for m-xylene removal because water molecules are a source of OH• which could 

effectively oxidize m-xylene. However, at higher RH values of 60% and 80%, 

competitive adsorption between water molecules and m-xylene for adsorption on 

catalytic sites occur. It is presumed that more than one monolayer of water molecule are 

formed and, as such, limits m-xylene access to the surface of TiO2. Interestingly, in case 

of the fluorinated TiO2, the maximum m-xylene degradation rate is actually observed 

when the RH is 0%.  This result indicates that under this condition which favors xylene 

adsorption, sufficient OH• may be effectively produced from surface hydroxyl groups, 

perhaps formed by the hydrolysis of water during the slurry coating of TiO2 on the glass 

plate. This possibility, coupled with the expected F-induced decrease in electron-hole 

recombination rates, would account the increased photooxidation rates observed with the 

F-doped TiO2 catalysts.  

Finally, we note that, with respect to catalyst stability, it was observed that the 

PCO activity decreased slowly when the same catalyst was employed in a sequence of 

successive runs. As shown in Figure 4.23 after 4 consecutive runs, the photocatalytic 
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activity of the catalyst has significantly diminished   XPS analysis of the used catalyst 

revealed an increase in the C(1s) photo electron peaks between 285eV and 288eV, which 

corresponds to the presence of non-fluorinated carbon atoms. The experimental results 

revealed that oxygen plasma cleaning of 3 minutes was not long enough to regenerate the 

exhausted TiO2 since the photoreactivity was still substantially lower than that of the 

newly treated TiO2. However, it was also observed that subjection of the used catalysts to 

a 10 minute pure oxygen plasma restored its PCO activity to close to its original value.   

Thus it is possible to essentially remove the carbonaceous material formed during the 

PCO runs, without significantly disturbing the fluorine functionalities.  

In conclusion, the use of a relatively simple plasma treatment process has been 

shown to accelerate significantly the photocatalytic oxidation rate of TiO2. It will be of 

interest, in future studies, to determine if other plasma surface treatment processes might 

duplicate, or even exceed, the acceleration rates obtained in the present study. In addition, 

the results obtained in this study suggest that it would be interest to also examine the 

generality of this process in improving the photocatalytic activity of other photooxidative 

catalytic materials. 
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CHAPTER 5   

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 It has been demonstrated that plasma processing provides a viable route to 

enhancing the photocatalytic activity of TiO2 particles. Using a perfluorocarbon 

monomer, it was shown that under highly energetic continuous wave (CW) plasma 

conditions, direct fluorination of the TiO2 was obtained. In contrast, under less energetic 

conditions such as low duty cycle pulsed plasmas, thin layers of perfluorocarbon 

polymeric films were deposited on the TiO2. Both direct fluorination and 

perfluorocarbon film deposition are observed on the TiO2 surface when intermediate 

power input was employed. In all cases, the deposition of fluorine species dramatically 

changed surface character of TiO2 from hydrophilic to highly hydrophobic. However, 

the UV-visible absoption spectrum of TiO2 was unaffected by plasma depositions. 

Modified TiO2 exhibited significantly higher photocatalytic activity in degrading 

m-xylene. It was discovered that relatively short plasma treatment times are required to 

achieve enhanced catalytic activity of the TiO2. Plasma treatment, either direct 

fluorination or coating of perfluorocarbon film, for only 5 minutes dramatically 

enhanced photocatalytic oxidation rates for these materials. However, excessive coating 

of perfluorocarbon film, which limits contact between the xylene and the TiO2, resulted 

in severely retarded photocatalyst activity. Initial degradation rates of m-xylene, treated 



106 
 

as first order processes, provided rate constants obtained for fluorinated and 

perfluorocarbon coated TiO2 which were 6.1 and 5.1 times larger, respectively, than that 

of the untreated TiO2.  

In contrast, fluorinated TiO2 exhibited less reactivity in photocatalytic oxidation 

of acetaldehyde than the untreated catalyst.  This result suggests that the hydrophobicity 

of the fluorinated materials reduce the adsorption of a polar molecule such as 

acetaldehyde relative to its adsorption on the untreated hydrophilic TiO2 particles. Thus, 

the experimentally observed improvement of initial rate constants observed in fluorine 

plasma treated TiO2 with xylene might be applicable to other non-polar substances 

which are similar to m-xylene but may not applicable to polar compounds such as 

acetaldehyde. In accord with this concept, it is noted that the photocatalytic oxidation of 

elemental mercury was promoted on fluorinated TiO2, which would be accord with the 

non-polar character of elemental mercury. 

The effect of relative humidity (RH) on the rate of photooxidation of m-xylene 

was examined using both untreated and fluorinated TiO2 as catalysts. Overall, the 

untreated TiO2 appeared to exhibit more sensitivity to RH valued than the fluorinated 

material.  In the case of the untreated TiO2, a RH of 10% was observed to provide 

optimum catalytic activity for m-xylene removal. At RH values higher than 10%, 

degradation rates were inversely proportional to the RH. The photocatalytic activity of 

the fluorinated material was less affected by RH, as essentially the same photooxidation 

rates were obtained for RH values ranging of 0 – 40%.  However, photooxidation of m-

xylene was inhibited under higher RH of 60% and 80% for the F-doped material. 
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Finally, deactivation of fluorinated TiO2 was found when it was employed in a 

succession of runs. However, it was shown that use of an oxygen plasma treatment 

provides effective regeneration of the catalyst. The effectiveness of the oxygen plasma 

treatment is ascribed to its efficient removal of carbonaceous deposits from the surface 

of catalyst. Oxygen plasma treatment of only 10 minutes was shown to essentially 

restore catalytic activity of the TiO2 to its original value.  

5.2 Recommendations 

 Based on the encouraging results obtained, further studies could include 

exploring the utility of employing F-doped TiO2 for oxidation of other gaseous pollutant 

substances. In particular, it would be of value to investigate further the effect of the 

molecular structure of the pollutant, in terms of its polar or non-polar character, with 

respect to their photodegradation as functions of relative humidities. The present work 

can also serve as a spring board to examine the efficacy of using plasma processing to 

investigate the preparation of controlled catalyst doping by atoms other than fluorine, 

for example nitrogen and carbon, with  TiO2 as well as other catalytic materials.  Since 

VOCs cover a broad spectrum of functional groups and molecular structures, it is 

reasonable to assume that different plasma treatments may provide surfaces that are 

particularly effective in achieving photocatalytic destruction of specified VOCs. Thus it 

would be of significant interest to examine the efficacy of employing various plasma 

doped TiO2 particles. Conceivably, this could lead to use of a catalytic bed containing a 

mixture of TiO2 doped particles which could provide simultaneous effective 

degradation of a wide range of VOC molecules.      
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Many additional concerns must be considered and addressed prior to 

experimental application of the TiO2 doped treatment process. For example, pilot scale 

testing of plasma treated TiO2 under field conditions should be employed to help 

elucidate the effects of  other key variables such as gas flow rate, gas temperature, size 

of the PCO reactor, and the interaction of other substances in the gas stream ,in 

particular particulates, on the  efficiency of the PCO process to remove VOCs. The pilot 

scale studies should include integration of the plasma treatment and PCO reactor as this 

would reduce construction costs, space requirement and PCO reactor down time during 

the regeneration of deactivated TiO2. Finally, capital and operating costs for field-scale 

systems would need to be estimated. 
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