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SUMMARY

TiO; is a potential photocatalyst in wastewater treatment. In order to extend its
application in green buildings, the combination of TiO, nanoparticles (P25) and PVA
(poly-vinyl alcohol) was studied as hybrid films of high photocatalytic efficiency and
good transparency property. It was hypothesized that organic materials and bacterial
in wastewater could be removed to some extent by running the wastewater through

these films.

In order to obtain better performance of these hybrid films, optimization was
made from four aspects, including (i) curing temperature, (ii) film thickness (obtained
through a certain amount of dropcast volume), (iii) the feed ratio of P25/PVA and (iv)
the solution volume used in the synthesis process. Results indicated that the optimum
film performance was obtained with 150°C, 0.25 mL drop volume, 1:1 P25/PVA and
30 mL solution volume. Under these specific conditions, 10 mg/L methylene blue
(MB, 30 mL) could be decomposed to less than 15% within 120 min. Other
preparation conditions yielded hybrid films that had poor stability or transparency and
low photocatalytic efficiency. At higher temperature treatment, the films turned to
yellow or even brown color and showed nearly no photocatalysis ability, which may

suggest that the active sites of the photocatalysts have been destroyed.

In addition to MB degradation, mechanical, microbial and degradation of other

typical organic dyes were also conducted to better understand the performance of



these films. Films with proper treatment showed good stability even under continually
stirring environment at 300 rpm for 1 day. However, the stirring rate should not
exceed 400 rpm or otherwise the films would be destroyed gradually. Microbial E.coli
was found to be killed within 45 min under sunlight irradiation in the presence of the
cast hybrid films. Another organic dye molecule, Rhodamine B (RhB) solution, could
also be degraded at high efficiency. Hence, we believe that with more improvement
and optimization, P25/PVA hybrid films can be made into promising materials in

green buildings.
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Chapter 1 INTRODUCTION
1.1 Wastewater pollution

With rapid urbanization and industrialization, human are facing big challenges
from environmental pollution and resource shortage. As shown in the United Nations
world water development report, about 200,000 tons of waste were disposed in waters
every day, much more than any time in the history of civilization™. In China for
example, according to public statistics, over 100 cities are now lacking of clean water
and seriously affected by wastewater containing high levels of pollutants. From a
global point of view, over one out of six people has no access to clean drinking water
even at this modern age!. It has been highly imperative to treat wastewater pollutions

effectively and economically.

1.2 Wastewater treatment

Various useful methods have been adopted in wastewater treatment, ranging from
chemical processes, physical processes to biological processes, such as filtrationt),
reverse osmosist, adsorption®®, active sludge treatment™, membranel”, aeration!®,
anaerobic digestion, biological recovery™and so on. However, most of the
traditional methods suffer from some drawbacks such as high capital, high operational
cost and the possibility of second pollution especially at low concentration (0-100

mg/L).



1.3 Photocatalyst reaction - TiO;

TiO; is a common catalyst in photoreactions with advantages of nontoxicity, low
cost and high efficiency™!. Lan Ma-Hock et al. studied the bioavailability of TiO; in
wistar rats and detected no obvious organ toxicity with the concentration of 5 mg/kg

TiO,1*?. That finding suggested the safe application of TiO; in low doses.

As a promising photocatalyst, TiO, has been broadly used in many areas and
fields to remove various pollutants in water and air media™™®. Mechanisms of TiO,

photocatalytic reaction are shown as the followings:

TiO, + hv - TiO,(e~ + h™) (1)
h* + OH™ - OH - (2)
e + 02 = 02_ (3)

Under the irradiation of UV light, electrons () and holes (h*) could be
photoinduced and separated in TiO,. This further generates free radicals that
participate in reactions. The oxidative TiO, photocatalytic reaction was mainly
attributed to the highly oxidizing positive holes, especially on the surface of the
photocatalyst. It was widely believed that pollutants were mainly adsorbed and
degraded on the surface of TiO,*®*®!. Therefore, more surface area is preferred in real

applications.

However, due to TiO,’s wide band gap (3.2 eV) and the recombination of

electrons and holes, only UV light can be absorbed and low quantum yield is



observed. In order to increase the removal and recovery efficiency of TiO, under solar
light or visible light, much research has been conducted and enormous improvements
have been made from catalyst fixation and modification. For example, by adding
hydrogen peroxide or ozone, the removal rate could be enhanced a lot due to the
existence of electron acceptor!®). More details of such literature work will be given in

Chapter 2.

In 1995, Negishi et al. applied TiO in green buildings by coating TiO; films on
window glasses and achieve air purification®. Ahmad et al., on the other hand,
synthesized PVA/TIO, membranes with good optical property and photocatalytic
activity, which brought about a promising future for the application of TiO, in green
buildings®?!). Nevertheless, until now certain parameters have not been studied yet,

such as curing temperature, film thickness and other critical parameters.

1.4 Objectives of project

The main purpose of this study is to optimize P25/PVA hybrid films’ performance
on pollutants removal. Detailed flow chart of the project is shown in Figure 1. Results
obtained from this study could provide valuable information for the application of

TiO, nanoparticles on wastewater treatment.

Parameters examined in this study include the followings: the film curing

temperature, the thickness of the resultant hybrid films, the feed ratio of P25/PVA and



the solution volume used in the synthesis process by sequence. According to the order,
the optimal values obtained in the former parameters were used in the experiment of
latter parameters. On the basis of the final optimum conditions, hybrid films were
then evaluated in terms of its photocatalytic performance on some organic dyes,

mechanical property and microbial removal.

| Ressarcniow |

A 4

Try-out [ Try-out of PVA/P25 hybrid films ]

— e ———— —— — — — — | — — — —

Optimizatl The feed ratio of Solution Curing Film
ptimization P25/PVA volume temperature thickness
£EZ v
Test [ Mechanical, microbial and other organic dyes test ]

Figure 1. Flow chart of this study.



Chapter 2 LITERATURE REVIEW
2.1 Effects on TiO, performance

The performance of TiO; as photocatalyst is closely related to its crystal phase,
particle size, pore structure, and other morphological properties??. Generally, TiO,
prepared by various methods would contain different nanocystalline TiO, and they
perform differently®?. Brookite, anatase and rutile are three common phases of TiO,,
which exhibit considerably different properties in photocatalysis®®®. It was reported
that TiO, films with mixed phases performed better than pure phase TiO, due to

synergetic effect’®*],

Besides, Anpo et al. reported that with the decrease size from 50 nm to 4 nm,
higher photoactivity was observed for anatase TiO, nanoparticles®. J. F. Porter et al.
investigated the effects of calcination temperature on microstructure and photoactivity
of P25 (the most common type of commercially available TiO,)®. Results showed
that P25 treated at 923 K for 3 h had the best performance due to an increase of rutile
phase and proper surface area; over thermal treatment would do detrimental harm to
the photocatalytic reaction. In terms of these findings, suitable parameters for TiO,

synthesis should be optimized.

2.2 Applications of TiO, in wastewater treatment

(1) TiO; for organic removal



Recently, the application of TiO, on the removal of organic, inorganic and other
pollutants has attracted much research effort, as listed in Table 1. Previous research
has reported that chlorinated pesticides could be degraded and mineralized through
the photocatalytic reaction of TiO, under UV light?” %81, In the presence of TiO, at
300 nm irradiation, photocatalytic degradation of dicamba herbicide could be
increased by 3 times compared with those without TiO, addition. The reaction rate
was also somewhat related to pH change; neutral medium was more suitable than
acidic or alkaline environment as the increase of hydroxide ions and charges

repulsiont®.

Table 1. The application of TiO, on wastewater pollutants.

Radiation Catalyst Pollutant Ref.
Visible light Sandwich-structured E.coli K12; Acid orange 7 dye; [30]
AgCI@Ag@TIO, 2,4-dichlorophenol

UV-solar TiO, EDDS, Copper [31]
uv TiO, 0zonation Benzenesulfonate [32]

uv Zr-N-codoped TiO, Phenol [33]

uv TiO,/diatomite Naproxen, Diclofenac [34]
Solar light TiO,/LECA Ammonia [35]
uv TiO, Phosphates [36]

UV Ag-N-TiO, Methanol orange [37]




Matsushita et al. reported the successful removal of amino acid - alanine by TiO;
addition through NMR spectroscopy®®®!. Klauson et al. used TiO, to decompose humic
acids and produced hydrogen or oxygen as a alternative energy during photocatalytic
reaction process®. Also, TiO, could be applied to degrade pharmaceuticals. In Sun et
al.’s experiment, naproxen and diclofenac were significantly removed in a aerated

TiO,/diatomite suspension system!“%.

In spite of these applications, combining photocatalysis with other treatment
methods might result in better performance due to the synergic effect. For example,
Zsil& et al. removed benzenesulfonate completely by TiO,/ozonation addition in

slightly acidic environment2.

(2) TiO, for inorganic removal

TiO, nanoparticles could be used to adsorb phosphates under UV irradiation, as
supported in Xie et al.’s study®®®!. 95% of total phosphates was removed from surface
water within 10 min. Similarly, Shavisi et al. removed ammonia by a floating TiO,
system (immobilizing TiO, nanoparticles with expanded clay aggregate granules)
under solar light™. Differences were noted on the fact that the effects of pH varied in
ammonia and phosphorous removal. Also, N,N’-ethylenediamine-disuccinic acid and

copper ions could be oxidized 100% in TiO, photocatalytic reactiont®*.



(3) TiO, for microbial removal

It is well recognized that TiO; is capable of disinfection through photocatalytic
reaction, which is ascribed to two major oxidants (OH radical and ROS). Cho et al.
investigated the mechanism of biocidal action of TiO, and found that the inactivation
rate of E.coli was linearly correlated to the concentration of OH radicals*". Besides, a
wealth of research has been carried out to better understand the disinfection process.
Mutsunaga et al. firstly used Pt/TiO to kill E.coli and obtained good photochemical
sterilization results*?. Maness et al. detected 77-93% losses of the cell respiratory
activity in the presence of TiO, under near-UV light and concluded that the strong
bactericidal activity was due to the promotion of peroxidation of the polyunsaturated

phospholipid component in the membrane by TiO,!*].

Furthermore, in the presence of ferrous ions at low concentration, the inactivation
activity of TiO, could be enhanced by 200%, as reported by Sjogren and Sierkal**.
This was attributed to the increase of OH radical due to Fenton reaction. Benabbou et
al. also investigated the effect of TiO, concentration and intensity of UV irradiation
on the photocatalytic inactivation of E.coli™®!. Results showed that the disinfection
was enhanced with increasing light intensity from UVA to UVC, and the optimum
TiO, concentration was 0.25 g/L. However, in Min et al. and Pulgarin et al.’s studies,
higher efficiency was detected in higher TiO, concentration, contrary to Benabbou et
al.’s findings!*® *"). That may be attributed to the different E.coli concentrations and

lights used in their specific experiments.



2.3 TiO, modification

There are many approaches for TiO,’s modification, including coating organic
dyes, doping with metal ions, heavy metal precipitation, size modification, system
modification and so on. Figure 2 illustrated three main methods in details. Organic

dyes and heavy metal could help electrons transfer, and metal ions narrowed the band

gap.
) ©
Dye?"'"h ‘* ST
Dye--‘-- Y cB .» CcB ‘» CB @  conduction band conduction band
a Band gap
narrowing
SN T
/ valence band valence band
* 0o TiO: Metal ion -doped TiO:

C b

Figure 2. Approaches for TiO, modifications: (a) coating organic dyes, (b) doping
with metal ions and (c) heavy metal precipitation.

Many researchers have focused their attention on the modification of TiO,. Song
et al. prepared PVA/TIO, composite films by thermal treatment and extended its
available absorption wavelength from UV to visible regionl*®). Unsaturated polymer
acted as organic dyes and transferred photoinduced electrons to TiO,. Films with 180 C
treatment degraded RhB solution to 11% in 6 h and showed relatively better

performance.



Badawy et al. fabricated Ag/TiO, nanoparticles at room temperature and received
good removal efficiency for pharmaceutical pollutants®. Li et al. synthesized
N-F-codoped TiO, nanoparticles by spray pyrolysis and claimed that this kind of
photocatalyst could have extended absorption wavelength from UV to visible range
(<550 nm)™?. Here, F element could introduce new active sites, while N element
played a role in visible absorption. Wang et al. chose sulfate to modify TiO, and
observed more strong Lewis and Bronsted acidic sites on the surface of particles that

led to higher photocatalytic performance™.

TiO; could also be modified by combining the advantages of metal and inorganic
elements. Du and Yu synthesized Zr-N-TiO, nanoparticles by sol-gel method. This
kind of photocatalyst had a narrower band gap and its absorption range red-shifted to

visible region through replacing Ti with Zr and O with N, respectively™?.

2.4 System modification

In traditional wastewater treatment, TiO, nanoparticles were generally used in
slurry systems for sake of large surface area. However, the recycling of TiO, has been
a tricky problem for its application. Improper recycling process would led to mass
loss, or even secondary pollution as a consequence. Therefore, in order to solve this
problem, many researchers have devoted their efforts to the immobilization of TiO,

by various methods.

10



TiO; nanoparticles could be fixed on different substrates, such as glass slides,
steel plate, polymer and so on. In Gelover et al.’s study, TiO, and glass pieces were
connected together to avoid post-separation process®*. Kieda and Tokuhisa uniformly

deposited TiO, nanoparticles on metal substrates electrolytically!®*

. Zeng et al
prepared a kind of portable composite films by fixing TiO, onto cellulose via sol-gel
method and these films could remove phenol at a high ratel®. Lei et al. immobilized
TiO, in PVA matrix by forming Ti-O-C chemical bond through solution-casting and

heat-treatment method™®. They have found that, even after 25 cycles, these films

could still remain stable with only slight mass loss.

Besides these, changing the shape of TiO, was also another interesting approach.
Ng et al. synthesized a nanofungus-like TiO, film, which in result brought benefit to
post-separation®®. Pang et al. mentioned TiO,-based nanotubes and summarized the
progress of one-dimensional TiO, nanotubes in detail®®. Because of the extended
length, TiO, nanotubes could be excluded outside of the biopolymers and be recycled
easily. For instance, in Zhang et al.’s study, 10 nm TiO, nanowire was combined with
microfiltration and showed complete reclamation and better photocatalytic activity
than P25. Even larger size of 20 nm TiO, nanowires still had the same photocatalytic
efficiency as P257). Sun et al., on the other hand, tried to fabricate porous TiO,
microsphere and applied it in membrane reactor™. In this designed system, 70% of

phenol could be removed within 60 min under UV light irradiation.

11



2.5 Transparency property

Even though the performance of TiO, has been greatly improved, the opaque
colored and powdery properties still inhibited its application in buildings and other
relevant fields. For the modification of TiO;’s transparency property, various methods

has been used.

According to previous research, the optical property of TiO, could be improved
by silica coating with higher UV adsorption®®. Besides, C-N-F-codoped TiO, films
were also observed to be transparent and visible light driven for self-cleaning

applications®.

On the other hand, transparent polymer has been a hot topic for the modification
of TiOy’s optical property. Subianto et al. evenly distributed TiO, on plastic fibers
using wet polyurethane as a linking material®". Liu et al. connected transparent PVA
with TiO, and obtained hybrid films with enhanced photocatalytic activity and good

stability®?

. Antonello et al. synthesized transparent TiO, films by electrical
deposition®®. Ahmadpoor et al. prepared transparent PVA/TiO, fibers by

electrospinning technique!®.

12



Chapter 3 MATERIALS AND METHODS

3.1 Chemicals and materials

P25 (aeroxide TiO,, hydrophilic) and PVA (average molecular weight 10,000,
cold water soluble) were purchased from Sigma-Aldrich (St. Louis, MO). P25 is a
fluffy white powder with average primary particle size of 21 nm. Its specific surface
area was 50415 m?/g. The pH value of its aqueous solution ranged between 3.5 and

4.5.

Sodium chloride (NaCl, >99.5%), ethanol (96% volume ratio) were ordered from
VWR (Singapore). MB and RhB was purchased from Sigma-Aldrich (St. Louis, MO)
and used as the model pollutant during photocatalytic reaction. All chemicals were
used without any further purification and DI water from an ELGA PURELAB Option

System with a resistivity of =18.2 MQ cm * was used to prepare aqueous solutions.

3.2 Preparation of the P25/PVA hybrid films

Films were prepared according to the flow chart depicted in Figure 3 and details
are described in the followings. After weighing certain amount of PVA and P25, the
two powders were dissolved into 15 mL DI water and marked as solution A and B,
respectively. For sake of good dissolution and dispersion result, solution A need to be
stirred at 350 rpm and 90 °C for 1 h, while solution B stirred at room temperature for

30 min after 30 min of sonication pretreatment. Subsequently, these above two

13



solutions were mixed together (thus giving total solution volume of 30 mL) and
transferred into a 40 mL Teflon-lined autoclave. The mixture in autoclave was then
treated at 150 ‘C in an oven for 3 h. After cooling down to room temperature, the
final solution could be used to prepare hybrid films by drop casting certain amounts of
solution (this is denoted as the dropcast volume in later discussion) onto clean and
blank glass slides. Finally, thermal treatment of these hybrid films were performed at

different temperatures for comparison.

3.3 Methodology

(1) Chemical test

MB was used as a typical organic pollutant to evaluate the photocatalytic activity
of P25/PVA hybrid films. In each set of experiment, one piece of hybrid film (2x2 cm)
was put in 30 mL MB solution at the concentration of 10 mg/L and stirred in the dark
for 1 h before taking the first absorption measurement (Co). The solution with catalyst
was then irradiated under simulated solar light (Solar simulator, sun 2000, AVET
technologies) inside a water-cooled beaker. Samples were taken from the reactors

every 20 min for the duration of 2 h for analysis.

Prior to chemical quantification, the collected liquid samples were centrifuged at
12,000 rpm for 2 min to remove the dislodged TiO, particles from the film.

Absorption spectrum was then scanned from 300 nm to 800 nm. The maximum

14



absorption wavelength for MB observed at 662 nm was monitored. Other typical

pollutant, RhB, was also studied with similar procedures.

[Weighing PVA and P25]

v
Dissolve PVA in Dissolve P25 in
15 mL DI water 15 mL DI water
v
Sonicate the mixed

solution at room
temperature for 30 min

Stir solution B at
350 rpm and room
temperature for 1 h

Stir solution A at 350
rpm and 90 'C for1h

v
Mix solution A and B and stir it at 350
rpm and room temperature for 3 h

A 4

Autoclave treatment: 150 C for 3 h

A 4

Cool down to room temperature

A 4

Drop cast on blank glass slides

A 4

Thermal treatment at tube furnace

Figure 3. Flow chart for the synthesis procedures of TiO,/PVA films.

(2) Microbial test

E.coli K12 (gram-negative) was used as a representative to evaluate the
anti-bacterial activities of the synthesized films. Steps were referred to Tian et al.’s
experiment®”. First of all, E.coli K12 was incubated in LB nutrient solution at 37 °C
for 24 h with continuous shaking. Subsequently, the solution was washed and diluted

15



in gradient with 0.9% saline. Then, 0.3 mL of the diluted solution and 30 mg hybrid
films were used for photocatalytic reaction in 30 mL saline. Finally, samples were
collected every 15 minutes and the remaining number of E.coli K12 was measured by
by LB agar plates incubation. At the same time, similar setup without the hybrid film

was also conducted as a control.

(3) Mechanical test

Mechanical test was conducted by stirring process with varying stirring rate and
time length. Mass changes were recorded before and after the stirring process. The

difference in mass indicated the stability of the hybrid films.

16



3.4 Instrumentation

All of the instruments used in this experiment were shown in Table 2, as

followed.
Table 2. A list of instruments used in this experiment.
Index Instrument
UV-VIS UV-3600, SHIMADZU, UV-VIS-NIR spectrophotometer
Light Solar simulator, sun 2000, AVET technologies
Centrifugation Profuge 14k
Microscope figures SOP for Nikon Eclipse LV100D, microscope
Stirrer Fisher scientific
Weight GR-200
Sonication elma, E30H, Elmasonic, 220-240 V/AC, 50/60 HZ, 240 w
Oven MEMMERT, P.O.Box 1720
FT-IR Varian 3100 Excalibur Series, 4000 to 400, scanning range 16,
Resolution 4 cm-1, KBr was used for sample preparation
Tube furnace Carbolite, TZF 12/38/400, 220-240 V, 1280 W, AMPS MAX: 5.4

SEM JEOL JSM-6700F Field Emission Scanning Electron Microscope

17



Chapter 4 OPTIMIZATION OF P25/PVA HYBRID
FILMS

4.1 Optimization of the curing temperature

According to previous research, thermal treatment could be used to achieve film
stabilization!*®!. However, insufficient or too high temperature might affect or even do
harm to the final films. Therefore, proper control of the curing temperature would be a
critical parameter for the final performance of the hybrid films. As shown in Table 3,
four sets of experiments were carried out in this project with varying temperature

treatment.

Table 3. Preparation parameters of hybrid films treated at different temperatures.

Solution Film Curing

Sample  PVA P25 Ratio volume thickness*  temperature

1-1 0.125g 0.125¢g 11 30 mL 0.25 mL 120°C
1-2 0.125g 0.125¢g 11 30 mL 0.25 mL 150°C
1-3 0.125g 0.125¢g 11 30 mL 0.25 mL 180°C
1-4 0.125g 0.125¢g 11 30 mL 0.25 mL 210°C

*: Film thickness was controlled by the dropcast volume of cast solution.

(1) Color of the resultant films

During this experiment, the change of films’ color was visually inspected.
18



Results showed that with the increase of curing temperature, hybrid films gradually

changed their color from white to yellow and brown, similar to Song’s observation!*®].

For films treated at 120 ‘Cand 150 C, the color of final films appeared nearly
the same, i.e. they remained white during the whole process. But when the film was
heated to 180 °C, some parts of the film began to change their color to yellow and
even darker color. At even higher temperature of 210 °C, remarkable changes could
be detected and the hybrid films became brown and not-transparent. This observation
indicated that the basic compositions of P25/PVA films had been transformed into

other components at this high temperature.

(2) Transparency property of the resultant films

Corresponding to color change, the transparency property of the hybrid films was
also affected by the various temperature treatment (Figure 4). Films treated at 120 C
had the highest transmittance in the whole wavelength range, while higher
temperature contributed to worsen transparency property. All hybrid films showed
lower transmittance when the wavelength was below 350 nm, similar to previous

research®l,

The differences of light transmittance for films treated at 150 ‘C and 180 C
mainly occurred in the range of 350-550 nm. Only small decrease could be observed
in longer wavelengths. But for films treated at 210 “C, the decrease was very obvious

in all wavelengths ranging from short to long wavelengths.
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Figure 4. The transparency property of hybrid films treated at different temperatures
measured as its transmission over the range of 300-800 nm.

(3) Photocatalytic efficiency

The decay of MB via solar irradiation catalyzed by films with different
temperature treatment was investigated. All of the decays were found to follow
pseudo-first order kinetics. As shown in Figure 5, films treated at 150 C has the
highest photocatalytic efficiency. Within 120 min, 10 mg/L MB had been degraded
down to about 20% and the film showed good stability during the whole reaction. The
worst photocatalytic effect was detected for films treated at 210 °C; only 30% of MB
could be degraded under the same irradiation conditions. For the other two samples,
the film treated at 120 ‘C benefited more when compared with that at 180 C. It

might be due to the worse transparency property and change of materials under excess
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high temperature. Wang et al. explained that overly high temperature would transform
PVA to layers of carbon that cover the surface of the photocatalyst. P25, on the other
hand, could become larger in size during heat treatment, which in result reduced its
surface area and the opportunity to contact with pollutants®®. Therefore, conclusions

could be made that 150 °C should be a better curing temperature for the hybrid films.
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Figure 5. The photocatalytic efficiency of hybrid films treated at different
temperatures.

(4) IR and morphological changes of the hybrid films treated at different temperatures

For better understanding of the effects of curing temperature, FT-IR spectroscopy
and optical microscopy were used to measure the changes of functional groups and
microstructure of the final films. As could be seen in Figure 6, large differences

mainly occurred in wavenumber around 500 cm™ (Ti-O vibration, enhanced by PVA
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addition, which indicates the interaction between P25 and PVAPY), 1144 cm? (C-C
stretching, the crystallization-sensitive bond®®), 1250 cm™ (C-H wagging™®), 1668
cm™ (dehydration of PVA and formation of C=C double bonds®®™), 1720 cm® (C=0
stretching, indicating the oxidation of PVA molecules®™) and 2820 cm™ (C-H
vibration®®). This indicated that as temperature increased from 120 °C to 210 °C,
C-OH could be gradually oxidized into C=0 and the linkage of PVA and P25 became
much stronger. The formation of C=0 group and layers of carbon mentioned above,
acting as chromophore, absorbed light in visible and near IR region!®®. Consequently,
dark color appeared in the surface of hybrid films with high thermal treatment. As
reported by Ahmad et al., C= O and C=C were observed around 208 nm in UV-vis

absorption spectrumf?!).

y T y T y T y T y T y T y T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 6. FT-IR spectra of hybrid films treated at different temperatures.
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Microscopic images also showed some differences among the various samples
(Figure 7). Films treated at higher temperatures had relatively coarse surface and
apparent cracks. According to Song et al.’s experiment, thermal treatment would not
affect the distribution of P25, but brought about some microcracks on the surface of
the films. Proper heat treatment would increase the specific area of the photocatalyst
and promote the photocatalytic activity!*®l. Therefore, this observation was mainly

attributed to the degradation of PVA under high thermal treatment.

(a) 120 degree (b) 150 degree
(c) 180 degree (d) 210 degree

Figure 7. Microscopic images of hybrid films treated at different temperatures: (a)
120 C, (b) 150 C, (c) 180 ‘C and (d) 210 °C. (Magnification was the same as that
shown in other microscopic images of the following text)

(5) Control experiment using pure PVA cast films

According to the above findings, the effect of curing temperature on
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photocatalytic efficiency is significant. In this section, we investigated pure PVA cast
films subjected to the same temperature treatment in order to figure out if PVA is the

dominant component that affect the hybrid films.

Results from transparency test (Figure 8) and FT-IR spectra (Figure 9) of pure
PVA films showed similar trends as the hybrid films, with the exception of the
absorption peak at 840 cm? (the vibration of C=C in R-CH=CH,*Y). Thus,
temperature treatment darkened its color, decreased its transparency property and
enhanced the formation of C=0. The effect is especially significant for films treated at
210 °C. Hence, it seems that changes of the hybrid films are mainly due to changes in

the PVA component of the films.
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Figure 8. The transparency property of pure PVA films treated at different
temperatures measured as transmission over the range of 300-800 nm.
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Figure 9. FT-IR spectra of pure PVA films treated at different temperatures.

However, slight differences in transparency property are still observed
comparing with the hybrid films. Pure PVA films treated with 150 ‘C and 180 C
showed comparatively less attenuation in transparency than the corresponding hybrid
films. We believe this can be explained by the existence of P25 particles in the hybrid
films. P25 nanoparticles was much easier to coagulate into bigger sizes under high
thermal environment, which would thus scatter more light from the surface. Thus, the
combined effect of larger sizes and less active sites of the catalyst would have caused

the differences in photocatalytic efficiency of these films.
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4.2 Optimization of film thickness

Besides curing temperature, film thickness was also another important parameter
to consider. Tada and Tanaka studied the effects of film thickness on photocatalytic
activity and found that appropriate film thickness could well balance transparency

property and photocatalytic activity ©°.

In this project, the thickness of the hybrid films was controlled by the dropcast
volume of the cast solution, which was varied from 0.125 mL to 0.75 mL. Detailed

parameters were listed in Table 4.

Table 4. Preparation parameters of hybrid films with different film thickness.

Solution Film Curing

Sample  PVA P25 Ratio volume  thickness*  temperature

2-1 0.125g 0.125g 11 30 mL 0.125 mL 150°C
2-2 0.125g 0.125g 11 30 mL 0.25 mL 150°C
2-3 0.125g 0.125g 11 30 mL 0.50 mL 150°C
2-4 0.125g 0.125g 11 30 mL 0.75 mL 150°C

*: Film thickness was controlled by the dropcast volume of cast solution.

(1) Transparency property of the resultant films

According expected, with the increase of drop amounts, the transparency

property of the hybrid films decreased gradually. As shown in Figure 10, the film with
26



0.125 mL drop volume could transmit more than 30% light than that with 0.75 mL. Yu
et al. believed that this decrease was attributed to the increase of opacity and light

scattering in thick films!®%,

Besides these, it was interesting to note that the gaps between each spectra line
was quite similar. That, to some aspect, suggested that the film thickness affected on

the film superficially, but did not bring about other significantly inner changes.
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Figure 10. The transparency property of hybrid films with different film thickness.

(2) IR and morphological changes of the hybrid films with different film thickness

Similar conclusions could also be made from FT-IR spectra (Figure 11) and
microscopic images (Figure 12). Differences among the hybrid films with various

film thickness was insignificant when the drop volume ranged from 0.125 mL to 0.75
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mL. There were nearly no changes of functional groups and microstructures for films

with different thickness.

0.125 mL
0.25 mL “
0.50 mL

) 0.75mL

X
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Figure 11. FT-IR spectra of the hybrid films with different film thickness.

(3) The photocatalytic efficiency and mass changes of hybrid films with different film

thickness

Even though there are no significant changes detected in the morphology and IR
spectrum among the hybrid films with different film thickness, the photocatalytic
activity was found to vary along the series of samples (Figure 13). The hybrid film
with 0.25 mL drop volume could degrade 10 mg/L MB solution at the highest rate,
whereas those with 0.75 mL and 0.50 mL drop volumes showed the worst
performance. Only 30% of MB could be degraded after 120 min of the photocatalytic

reaction. This phenomenon indicated that the drop volume for the 2x2 cm glass slides
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should not be more than 0.50 mL.

(a) 0.125 mL (b) 0.25 mL
(c) 0.50 mL (d) 0.75 mL

Figure 12. Microscopic images of hybrid films with different film thickness: (a)
0.125 mL, (b) 0.25 mL, (c) 0.5 mL and (d) 0.75 mL.

We found that too much drop volume would affect the formation of stable film
and thus cause large mass changes before and after the photocatalytic study as listed
in Table 5. The mass loss of film with 0.75 mL drop volume was 2 times as that of the
film with 0.5 mL drop volume, and more than 13 times as that of the film with 0.125
mL drop volume. This observation confirms that increasing drop volume does not
necessarily gives rise to more photocatalyst for the reaction. In addition, the excess
photocatalyst will not bind strongly to the glass surface and will be dislodged by the

stirred solutiont®®!.
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Figure 13. The photocatalytic efficiency of hybrid films with different film thickness.

Table 5. Mass changes of hybrid films with different film thickness before and after
the photocatalytic reaction.

Mass (g)
Samples
Before experiment  After experiment Difference
0.125 mL 1.1755 1.1752 0.0003
0.25 mL 1.0374 1.0362 0.0012
0.5mL 1.1207 1.1187 0.0020
0.75 mL 1.0465 1.0425 0.0040

On the other hand, if the drop volume was not insufficient, the photocatalytic
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activity would be reduced due to the lack of active sites, such as that observed for the
hybrid film with 0.125 mL drop volume. Therefore, proper film thickness should be
casted by 0.25 mL solution onto 2x2 cm area. According to Chen et al.’s research,
pure TiO; films with the thickness of 10 1 m performed best without forming
cracks®. By the addition of PVA, films thickness should be further measured in

future research.

4.3 Optimization of the feed ratio of P25/PVA

On the basis of optimum curing temperature and film thickness, we attempt next
to optimize the feed ratio of P25/PVA. In this section, the mass of P25 was set
constant as 0.125 g. By changing the amount of PVA, P25/PVA ratio was varied from
2:1to 1:4. Detailed information was listed in Table 6.

Table 6. Preparation parameters of hybrid films with different feed ratio of P25/PVA.

Solution Film Curing

Sample PVA P25 Ratio volume thickness*  temperature

3-1 0.0625g 0.125g 21 30 mL 0.25 mL 150°C
3-2 0.125g 0.125¢g 11 30 mL 0.25 mL 150°C
3-3 0.250g 0.125g 1:2 30 mL 0.25 mL 150°C
3-4 0.500g 0.125g 14 30 mL 0.25 mL 150°C

*: Film thickness was controlled by the dropcast volume of cast solution.

31



(1) Transparency property and morphological changes of the hybrid films with

different feed ratio of P25/PVA

Different feed ratio of P25/PVA led to different distribution of microstructures on
the hybrid films. As shown in Figure 14, with increasing PVA addition, hybrid films
began to be dominated by PVA instead of P25 and the hybrid films correspondingly
changed their color gradually from dark to lighter color in microscopic images (Figure

14).

Furthermore, the films with 1:2 and 1:4 feed ratio seemed to be more

homogeneous than those with 2:1 and 1:1 feed ratio.

@ 2:1 (b) 1:1
(c) 1:2 (d) 1:4

Figure 14. Microscopic images of hybrid films with different P25/PVA ratio: (a) 2:1,
(b) 1:1, (c) 1:2 and (d) 1:4.
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We have found also that, after thermal treatment, the hybrid films with various
P25/PVA feed ratio showed different colors. The more PVA was added, the darker the
color of the hybrid films. The films with the 2:1 and 1:1 feed ratios did not change
their color significantly, while films with 1:2 and 1:4 feed ratios turned yellow and

brown, which suggested that PVVA was more easily affected by the thermal treatment.

The hybrid films with more PVA also showed less transmittance, as illustrated in
the transparency spectra (Figure 15). Comparing with the hybrid film with 1:1 feed
ratio, that with 1:2 feed ratio decreased its transmittance from 300 nm to 600 nm. The
wavelength of yellow light was around 580 nm. This observation agreed well with the

color change of this hybrid film from feed ratio 1:1to 1:2.
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Figure 15. The transparency property of hybrid films with different P25/PVA ratio.
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Besides, P25 is known to be a white powder with strong absorption in UV range.
As shown in Figure 15, P25/PVA hybrid films could conserve the property of TiO;
well, even in low doping film, cutting off UV transmission. Similar results were also

reported in Ahmad et al.’s research®*.

(2) IR spectra of the resultant films

The feed ratio of P25/PVA affected the IR spectra significantly, as illustrated in
Figure 16. Major differences occurred in wavenumber around 500 cm™ (Ti-O
vibration, enhanced by PVA addition, which indicates the interaction between P25
and PVAPY), 1250 cm? (C-H wagging'), 1720 cm™ (C=0 stretching, indicating
the oxidation of PVA molecules®®) and 2820 cm™ (C-H vibration!®®). After a initial
increasing trend, the hybrid films began to gradually decrease their transmittance
intensity at 500 cm™ as more PVA was added. The hybrid film with 1:1 feed ratio
showed the strongest absorption peak, which reflected the strongest linkage between

P25 and PVA. Excess PVA addition reduced this relationship.

A schematic diagram showing the chemical linkage between PVA and P25 is
given in Figure 17, as explained in Maurya et al.’s report!"™. Similar trend was also
observed in other peaks, which indicated the enhanced vibration of PVA and the
formation of C=0 in the hybrid film with 1:1 feed ratio. Thus, the optimal feed ratio

of P25/PVVA was found to be 1:1 from this study.
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Figure 16. FT-IR spectra of hybrid films with different P25/PVA ratio.
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Schematic diagram showing the chemical linkage between P25 and

Figure 17.
PVA.

(3) Photocatalytic efficiency and stability of the resultant films

It was interesting to note that different P25/PVA ratio could alter photocatalytic

reaction to different degrees (Figure 18). Except the hybrid film with 2:1 ratio, all the
other films performed well during the photocatalytic reaction. Within 120 min, the

original concentration of MB could be reduced by 80%.

There were several proposals on the role of PVA in P25/PVA hybrid films.

35



During the thermal treatment process, PVA could be partly degraded into unsaturated
PVA (named as H-PVA). This H-PVA acted as organic dyes that could transfer
electrons to P25, thus result in enhanced photocatalytic activity®®. However, on the
other hand, the addition of PVA would reduce the surface area of exposed P25 and the
transparency of the film“®l. Thus, a balance between the surface area of exposed P25
and the amount of H-PVA need to be obtained. Only proper feed ratio of P25/PVA

could well balance these two aspects and provide better performance.
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Figure 18. The photocatalytic efficiency of hybrid films with different P25/PVA ratio.

Interestingly, the mass loss values in Table 7 suggest that the mechanical
properties of the hybrid films were not enhanced by more PVA addition™. The

hybrid films with 1:1 and 1:2 feed ratio showed relatively better mechanical stability.
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Kadem et al. also obtained this result by ultrasonic tests!’?. It was proposed that the
addition of TiO, occupied the vacancies between PVA molecules and maintained good

mechanical property of the hybrid films.

Table 7. Mass changes of hybrid films with different P25/PVA ratio before and after
the photocatalytic reaction.

Mass ()
Samples
Before experiment  After experiment Difference
2:1 1.1310 1.1306 0.0004
1:1 1.1642 1.1632 0.0010
1:2 1.1585 1.1565 0.0020
1:4 1.1529 1.1507 0.0022

(4) Stability test

Good photocatalytic activity and stable property were important for films’
application. The stability of the photocatalyst, on the other hand, is also an important
performance parameter. Thus, we repeat the photocatalysis studies by 3 cycles using
films with 1:1 and 1:2 feed ratio in this section. Results indicated that the
photocatalytic performance of the hybrid film with 1:1 ratio is repeatable within these

three cycles with only slight loss in efficiency (Figure 19 and Table 8).
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Figure 19. Photocatalytic efficiency of hybrid films with 1:1 ratio in 3 cycles of
testing. (Cycle n-m meant m minutes of reactions in cycle n)

Table 8. Mass changes of hybrid films with 1:1 ratio during 3 cycles of testing.

Mass (g)
Samples
Before experiment  After experiment Difference
Cycle 1 1.1642 1.1632 0.0010
Cycle 2 1.1632 1.1632 0
Cycle 3 1.1632 1.1626 0.0006

On the other hand, the performance of film with 1:2 feed ratio decreased as the

cycles went on. After three cycles, the mass loss had been accumulated to be more
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than 0.0030 g and less than 70% MB could be degraded (Figure 20 and Table 9). This
observation once again suggested that excess PVA addition would lead to instability

of the prepared films.
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Figure 20. Photocatalytic efficiency of hybrid films with 1:2 ratio in 3 cycles of
testing. (Cycle n-m meant m minutes of reactions in cycle n)

Table 9. Mass changes of hybrid films with 1:2 ratio during 3 cycles of testing.

Mass (g)
Samples
Before experiment  After experiment Difference
Cycle 1 1.1585 1.1565 0.0020
Cycle 2 1.1565 1.1563 0.0002
Cycle 3 1.1563 1.1553 0.0010
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4.4 Optimization of the solution volume

For the economical application of the drop cast solution, less liquid volume and
high solid density of the final solution may be desirable. In this section, we attempted

to reduce the solution volume from 30 mL to 25 mL and 20 mL, as listed in Table 10.

Table 10. Preparation parameters of hybrid films made from different solution
volumes.

Solution Film Curing

Sample PVA P25  Ratio .
P volume  thickness*  temperature

4-1 0.125g 0.125g 11 30 mL 0.25 mL 150°C
4-2 0.125g 0.125g 11 25 mL 0.25 mL 150°C
4-3 0.125g 0.125g 11 20 mL 0.25 mL 150°C

*: Film thickness was controlled by the drop volume of dropcast solution.

Results showed that films made from 30 mL solution volume have higher
photocatalytic efficiency (Figure 21). As the solution volume decreased from 30 mL
to 20 mL, the degradation of MB went down from 80% to less than 35% within 120
min. Also, considering the mass changes of the hybrid films before and after the
photocatalytic reaction, less solution volume led to more mass loss (Table 11). Thus,

the optimal solution volume used for the synthesis procedure is found to be 30 mL.
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Figure 21. The photocatalytic efficiency of hybrid films made from different solution
volumes.

Table 11. Mass changes of the hybrid films before and after the photocatalytic
reaction.

Mass (g)
Sample
Before experiment After experiment Difference
20 mL 1.1196 1.1175 0.0021
25 mL 1.1556 1.1543 0.0013
30 mL 1.1642 1.1632 0.0010

The morphology and transparency of hybrid films made from 20 mL and 25 mL
solution volume are also less ideal, as shown in Figure 22 and 23. The hybrid film

made from 30 ml solution volume showed obviously better porous microstructure and
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transparency. Once contacting with pollutants, the hybrid film could supply more
surface area and layers of photocatalyst for the reaction to proceed effectively.

Thicker and denser films apparently gave poor optical properties and photocatalytic

activity.
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Figure 22. The transparency property of hybrid films made from different solution
volumes.

(@) 30 mL (b) 25 mL



(c) 20 mL
Figure 23. Microscopic images of hybrid films made from different solution volumes:
(@) 30 mL, (b) 25 mL and (c) 20 mL.
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Chapter 5 FURTHER TEST

On the basis of optimum curing temperature, film thickness, P25/PVA feed ratio
and solution volume studied above, we proceeded to examine the optimized hybrid

films for microbial, mechanical and other organic dyes tests.

5.1 Microbial test

E.coli K 12 was used as a typical microbacterial to test the inactivation ability of
the photocatalyst. Results showed that within 45 min’s of solar irradiation, the hybrid
films Killed E.coli K 12 without any residues, while the number of E.coli K 12 in

control setup still maintained around 1000 CFU/mL (Figure 24, inset).
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Figure 24. The E.coli inactivation ability of the hybrid films.
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However, in Tian et al.’s research, 94% of E.coli K12 could still be detected in
the setup without photocatalyst, much higher than our data in Figure 24B%. We
suspect this is due to the different irradiation conditions used. In this project,
simulated solar light was used without any filter. The existence of UV ray and strong
irradiation condition may have contributed to the inactivation of E.coli K12, even

without photocatalyst addition.

5.2 Mechanical test

Besides good inactivation ability, the hybrid films also showed good stability
under stirring environment. As listed in Table 12, with the increase of stirring rate
from 200 rpm to 300 rpm, the hybrid films remained relatively stable. However, once
the stirring rate was increased beyond 400 rpm, the films began to be destroyed

gradually with more mass loss after the stirring process.

Furthermore, we also subjected the hybrid films under 300 rpm stirring
environment for prolong period of time. As shown in Table 13, the films could still
remain relatively stable without apparent damages even after 24 h of stirring. The
optimized conditions thus produced hybrid films with very good mechanical

properties.
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Table 12. Mass changes of the hybrid films at different stirring rate for 1 h.

Mass (g)
Samples
Before experiment After experiment Difference

200 rpm 1.1368 1.1361 0.0007
300 rpm 1.1489 1.1482 0.0007
400 rpm 1.1555 1.1546 0.0009
500 rpm 1.1634 1.1621 0.0013
600 rpm 0.9983 0.9969 0.0014

Table 13. Mass changes of the hybrid films at 300 rpm for different time length.

Mass (g)
Samples
Before experiment After experiment Difference
1h 1.1489 1.1482 0.0007
2h 1.1186 1.116 0.0010
4h 1.0915 1.0910 0.0005
6h 1.0732 1.0722 0.0010
18 h 1.0366 1.0356 0.0010
24 h 1.1204 1.1198 0.0006

5.3 Other organic dyes test

As a further testing of organic dyes, the degradation of RhB was carried out with
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the optimized hybrid films. As illustrated in Figure 25, the RhB decay process could
be divided into two stages, i.e. a lag-phase (0-30 min) and an accelerated liner
degradation phase (30-240 min). The hybrid films showed good photocatalytic
efficiency on RhB with the dye degraded to less than 20% within 280 min. This result

is comparable to Song et al.’s research ¢!,
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Figure 25. The photocatalytic efficiency of the optimized hybrid films on RhB.
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Chapter 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
In our study, some important results were obtained, as listed in the following:

a). The optimal choice of curing temperature, film thickness, the feed ratio of
P25/PVA and solution volume during the synthesis process are 150 C, 0.25 mL, 1:1
and 30 mL. Under that condition, the hybrid films could perform well and remain

stable in photocatalytic reaction.

b). Thermal treatment mainly affects the PVA component, while P25 provided

some slight differences to the resultant cast films.

c). The linkage of PVA and P25 could be realized by thermal treatment. However,

too high temperature was harmful to the films.

d). The optimized hybrid films could have good inactivation capacity and

mechanical property. However, stirring rate should not be over 400 rpm.

6.2 Recommendations

For the application of P25/PVA hybrid films, more work need to be done and
further optimization could be made from the following two aspects:

a) Replace P25 with other modified TiO,;

b) Design a proper system for films’ application.
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