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Figure 3.13: X-ray diffraction spectra of different types of films prepared on 

fibreglass disks. 

Thick films formed on borosilicate glass disks at 500°C were scraped off and analysed 

using XRD.  Increasing P25 loading enhances the peak height due to the increased 

amount of crystalline material.  The crystal size is calculated from the Scherer equation 

using the half peak widths of VN-TiO2, Hybrid 15% & 50% at the (101) peak (Table 3.1).  

The peaks indicate that the crystallites of the coatings are of similar size, but by 

increasing the P25 loading there is a small increase in the crystal size due to the 

contribution of the larger P25 particles (mean size > 30 nm) (Chen & Dionysiou, 2007).  

For both the 15%  and 50% hybrid catalyst, a small sharp peak is visible for the main 

(110) peak of rutile, the crystal size was calculated to be 42.5 nm and is in agreement 

with the primary rutile particle size in P25 (Bakardjieva et al., 2005).  At higher loading 

of 50% a secondary rutile peak at (101) is also visible further showing the impact of the 

P25 addition. 
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Figure 3.16: Adsorption/desorption isotherms for each coating, scraped from glass 

and P25 as powder. 

It was difficult to determine the surface properties of thin films as the surface area of the 

support and total amount of TiO2 was below the detection limit of the analyser.  As well 

the systems for surface analysis are designed for powdered samples making preparation 

of coated supports either very difficult or not possible in the case of glass disks.  In Fig. 

3.17, the variation in surface area between two independent scraped-off films of VN-TiO2 

from glass fibres is shown.  Although the surface area changes between batches slightly, 

there is no variation in the shape of the pore size distribution or that of the 

adsorption/desorption isotherm, which indicates the pore structure was not affected by 

scraping off the film from the surface.  Typically films formed from standard sol-gel 
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methods have been found to have a very low surface area and to be non-porous, ~9 m2/g, 

(Yu et al., 2004).  The coating method adopted in this work still demonstrates high 

surface area and mesoporous structure of the VN-TiO2 which would hold true to the films 

on the fibreglass. 

  

 
Figure 3.17: Film characteristics of two separately prepared VN-TiO2 films, pore 
size distribution curve (top) and absorption/desorption isotherm (bottom).  

 

 

 

 



47 

 

Table 3.1: Surface characteristics and crystal properties of VN-TiO2 and hybrid 

films. 

 VN-TiO2
a Hybrid 

–5% 
Hybrid 
–15% 

Hybrid 
–25% 

Hybrid –
50% 

P25 

SBET (m2/g) 78.4±6.0 109.4 107.9 90.0 94.8 51.3 
Vpore 
(cm3/g)b 

0.096±0.008 0.148 0.162 
 

0.148 0.184 - 

Porosityc (%) 27.3±1.7 36.7 38.8 36.7 41.8 - 
Pore Size 
(nm)d 

4.7±0.1 5.1 5.5 6.1 7.1 - 

Crystal Sizee 
(nm) 

12.0 - 13.1 - 16.5 (A)/ 
42.5 (R) 

20.8 (A)/ 
30.5 (R)f 

a Two independent films of VN-TiO2 to show variations in method, XRD analyzed once. 
b BJH adsorption cumulative volume of pores. 
c Porosity (%) = (pore volume / (pore volume + volume without pores))x100%, volume 
without pores = 1/density of anatase, anatase density = 3.9 g/cm3. 
d BJH adsorption average pore size. 
e Determined using Scherer equation for anatase (101) peak from XRD analysis. 
f From literature, for the anatase (A) and rutile (R) crystal size (Bakardjieva et al., 2005). 
 

3.3.3 Photocatalytic Performance 

The photocatalytic performances of the coatings were evaluated by the degradation of 

methylene blue (MB) in a swirl flow reactor.  Since this is a semi-batch operation the 

reaction time was determined by multiplying the total time by the residence volume, 

which is the ratio of the reactor volume to the total reaction solution.  The comparison of 

the two supports is shown in Fig. 3.18, where both were coated with enough P25 to 

exceed the optimal loadings >0.3 mg/cm2 for the glass plate (Ray & Beenackers, 1998) 

and ~70 mg/g fibreglass from one dipping cycle in a 0.5 wt % solution of P25.  Both 

coatings provided appreciable MB removal and displayed first-order kinetics.  Unlike the 

smooth surface of the glass disk, fibreglass provides a three dimensional titanium film 

which results in much higher surface area and better light absorption because adjacent 

fibres can capture scattered light.  The solution was able to flow through the fibreglass 

disk and the random orientation of the fibres may have resulted in better mixing over the 

active surface.  Mikula et al. (1995) compared the degradation of phenol, for P25 loaded 

onto fibreglass and in slurry, and found that the supported catalyst had comparable rates 

of removal for the same reactor configuration.  As previously mentioned, coating VN-
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TiO2 onto the glass disks resulted in very low catalyst loadings and would be expected to 

show lower rates of MB removal on the glass disk.  Therefore, the fibreglass mat was 

selected as the support for further investigation due to the rapid removal of MB (in less 

than 30 min of reaction time), simpler coating technique, and significantly less expensive 

material costs. 

 

Figure 3.18: Removal of MB for immobilised P25. 

The optimal loading of catalyst was determined for VN-TiO2 by the number of dipping 

cycles into the stock solution, and comparing photocatalytic activity.  The fibreglass 

could be coated by simply dipping the disk into the solution and drying at 100°C for less 

than 1 h, then repeating the procedure.  This is in sharp contrast to coating onto the glass 

disks, which requires many intermediate high-temperature calcination stages each 

followed by overnight cooling. Optimal loading was achieved after two dip cycles (Fig. 

3.19) with an average of 62 mg TiO2/g fibre.  
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Figure 3.19: Optimal loadings for VN-TiO2 and P25 on fibreglass disks.  

The photocatalytic acitvity for the optimal coatings is shown in Fig. 3.20.  There was no 

degradation of MB due to photolysis in the absence of TiO2 under UV irradiation.  VN-

TiO2 had a rate 50% that of P25, but was considered highly active as it achieved a 1-log 

reduction in under 30 min reaction time.  For films formed from standard sol-gel routes, 

Choi and Ryu (2006) showed that there was insignificant degradation of MB due to the 

nonporous properties of the film.  However, with the addition of a pore directing agent, 

Tween 80, the removal increased dramatically due to the increase in surface area and 

porosity.  Similarily, the films formed from VN-TiO2 are mesoporous due to the 

decomposition of the polymer shell during calcination, but unlike modified sol-gel 

techniques, no processing or optimization of a pore-directing agent is required for VN-

TiO2.  The addition of P25 into the films increased the reaction rate by 40%.  The 

increased degradation can be partially attributed to the increased BET surface area and 

pore volume, and also probably due to the better electronic property of P25.  The 

interaction of MB with the P25 would account for most of the increased reaction rate.  

This could occur by direct exposure to P25 particles not completely covered by the film.  

Also the interaggregate pores between P25 and the cystallites formed from VN-TiO2 

could act as channels for the MB to further contact P25 (Chen & Dionysiou, 2007).  A 
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maximum rate of reaction was achieved with the addition of only 15% P25 to VN-TiO2.  

The surface morphology of these films shows an even distribution of particles on the film 

up to 15% loading and increasing this to 50% only resulted in a build-up of particles in 

between the fibres (Fig. 3.11h and j).  Other researchers have found results in line with 

this study for hybrid films prepared from sol-gel on fibreglass, where the optimal P25 

loading was 15% relative to the theoretical amount of TiO2 in the solution (Medina-

Valtierra et al., 2006). 

 

Figure 3.20: MB degradation curve for various coatings on fibreglass: VN-TiO2 

(62.2 mg TiO2/g fibre), Hybrid-15% (65.0 mg TiO2/g fibre), P25 (69.4 mg TiO2/g 

fibre).  
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Figure 3.21: Effect of P25 mass loading in hybrid VN-TiO2 coated fibreglass disks. 

3.3.4 Mechanical Stability of the Films 

Coated fibreglass disks were thoroughly rinsed by repeatedly dipping and firmly pressing 

the disk in pure water before each reaction.  A consistent average mass loss of 8% 

relative to the amount of catalyst loaded was found for all types of coatings.  This 

demonstrated that both the film and the powdered catalyst bonded very well to individual 

fibres as a result of the heat treatment. VN-TiO2 was able to form a film around the fibre 

and this contributed to the stability as shown in Fig. 3.11e-f.  To assess long-term 

stability, a coated VN-TiO2 disk was tested in a five-day only water recirculation test.  

There was no change in the mass and no material was visible in the buffer tank.  ICP 

analysis did not detect Ti in water, indicating non-detectable TiO2 leaching out of the 

support.  

While photoactivity is the most important aspect of the supported catalyst in the reactor, 

the support must be able to conform to the reactor design.  In the case of an annular 

reactor, the support would have to surround the lamp in a cylindrical shape and the 
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support itself must be stable over time.  In all cases the disks were completely opaque 

with no visible light passing through.  Fibreglass disks coated with VN-TiO2 were rigid 

after calcination (Fig. 3.22a); they maintained their shape and structural integrity after the 

reaction (Fig. 3.22b), whereas the P25 disks started to fray and fibre layers started to 

separate (Fig. 3.22b).  As a consequence P25 coated fibreglass disks would not be 

suitable for long-term use in a reactor, especially at a larger scale. 

 
 
Figure 3.22: Image of coated fibreglass disks (a) VN-TiO2 fibreglass disk post-

calcination, (b) coated fibreglass disks post-reaction: VN-TiO2 (top) and P25 

(bottom). 

 

3.3.5 Long-Term Photocatalytic Performance 

Since the catalysts in the immobilised reactors are operated in a continuous environment, 

fouling and catalyst poisoning will eventually reduce the removal rate enough that either 

the catalyst must be regenerated or a new one is installed.  To assess the effect of 

continuous operation on the coated fibreglass disks the reaction was repeated several 

times for both P25 and VN-TiO2.  After each reaction the reactor was flushed with water 

and a fresh 500 mL solution of MB at 10 ppm was added.  It was necessary to limit the 

extent of degradation, in order to be more representative of realistic operation conditions, 

which was set at 30 min for VN-TiO2 and 20 min for P25 and in both cases for the first 

test, a greater than 90% removal of MB was achieved.  For both types of catalyst a 

similar trend was found in that the rate decreased steadily after each reaction.  For P25 

coated on fibreglass, Brezova et al. (1994) found a similar steady decrease in rate of 

b.) a.) 
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phenol degradation over the course of 16 repeating 90 min experiments.  The major 

factor for the reduction in reaction rate was fouling, caused by the adsorption of 

degradation intermediates.  Specifically, the increased concentration of Cl- ions on the 

surface has been shown to contribute to inhibiting the rate of reaction for repeated use of 

TiO2 catalyst (Al-Sayyed et al., 1991).  Further indication of intermediate adsorption was 

a drastic change in colour of the disks after the five repeat reactions (Fig. 3.25).  The 

colour of the disks was a dark bluish-purple indicating a build-up of any of the several 

demethylated intermediates of MB which are also blue.  The change to purple would be 

caused by thionine which is somewhat water insoluble, and consequently would have 

build-up on the TiO2 surface (Zhang et al., 2001).  The colour change for VN-TiO2 was 

much greater than that of P25, this could be explained by the greater degree of 

degradation for the P25 and the mesoporous structure of the VN-TiO2 film where both 

MB and its degradation products could diffuse and become trapped in the pores of the 

film.  After being dried both disks had a mass greater than that of their respective initial 

mass, this indicated a significant amount of adsorbed material as shown in Table 3.2.  In 

a study performed by Rao et al. (2004), the loss of catalyst was considered a significant 

reason for the decrease in the rate for TiO2, loaded on polymer fibres and pumice stones 

after multiple reactions.  For VN-TiO2 and P25 loaded on fibreglass the change in mass 

between the first and fifth reaction was very small (Table 3.2), and as a result was not 

considered to be a factor that contributed towards the reduction in rate. 

Table 3.2: Change in mass for coated fibreglass disks after reusability testing. 

 VN-TiO2 P25 

Disk Before 
Experiment #1 

2.4105 g 2.5208 g 

Disk After  
Experiment #5 

2.4212 g 2.5262 g 

Regenerated Disk 2.4080 g 2.5052 g 
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Figure 3.23: Reusability tests for VN-TiO2 coated fibreglass. 

 

Figure 3.24: Reusability tests for P25 coated fibreglass. 
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Figure 3.25: Images of the effect of long-term testing and regeneration on the 

apparent colour on coated fibreglass disks - a.) dried after 5 repeat cycles, and b.) 

regenerated. 

To test the potential for re-use, the disks were regenerated by calcining them at 500°C for 

3 hours.  Both disks returned to a near pure white colour with no soot visible on the disks 

from organic compound decomposition (Fig. 3.25b).  The mass of the disk also decreased 

for both, indicating the removal of adsorbed organic matter.  The disks returned to a mass 

similar to the initial reliability test (Table 3.2).  Regenerating the disks only resulted in a 

recovery of rate by 50% for VN-TiO2 and 60% for P25 relative to the initial testing.  A 

study on regeneration of P25 in slurry showed the same result after heating the catalyst at 

450°C, this was attributed to the heat treatment damage of the catalyst (Rao et al., 2004).  

Further for VN-TiO2 because of its mesoporous structure the heat treatment could have 

also reduced the surface area and porosity of the VN-TiO2 by collapsing the pores.   

 

a.) 

b.) 

VN-TiO2 

VN-TiO2 

P25 

P25 
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Figure 3.26:  First order rate constants for regenerated fibreglass disks compared to 

initial rate of degradation. 

3.3.6 Photocatalytic Degradation Mechanism of Methylene Blue 

For the degradation of methylene blue using Degussa P25 under UV, Zhang et al. (2001) 

investigated the N-demethylation of the dye.  Methylene blue contains methyl groups, 

which are weak electron donors which can be removed by hydroxyl radicals.  This 

degradation pathway occurs stepwise with one methyl group removed at a time resulting 

in the formation of coloured intermediates (Fig. 3.28).  This results in a blue shift in the 

peak absorption band of MB. Choi and Ryu (2008) studied this effect using various 

commercial catalysts and showed that the type of titanium dioxide catalyst can greatly 

affect the extent of the demethylation mechanism.  The catalyst with minimal to no 

spectral shift, Hombikat UV100, would degrade MB through the breakage of the 

aromatic ring skeleton (Fig 3.29).  Anatase from Sigma had the greatest peak shift, which 

indicated that degradation proceeded predominately through demethylation. P25 had a 

moderate shift indicating both mechanisms were significant (Choi & Ryu, 2008). In 

comparing this effect for the VN-TiO2 film it can be seen in Fig. 3.27 that there is no 
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difference between any of the systems tested and that the extent of demethylation is the 

same for all the catalysts.  There is a gradual change in the wavelength shift over the 

conversion range of MB.  This could be explained by the fact that the shift is moderate up 

to that point of conversion, where the primary mechanism is from ring opening, but the 

intermediates formed from this would continue to react, seemingly with the radical 

species involved in the ring opening, which would force the remaining MB to be 

degraded through demethylation.  While conducting tests with reused catalysts, there was 

no change in wavelength shift for both VN-TiO2 and P25 over the same conversions 

which indicates that the same mechanisms were still prevalent, but to a lesser extent, due 

to catalyst inactivation. 

 

Figure 3.27: Comparison in the degree of blue shifting relative to MB conversion for 

different catalysts on fibreglass. 
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Figure 3.28: N-demethylation products of methylene blue with corresponding 

colour, proposed by (Zhang et al., 2001). 

 

Figure 3.29: Degradation mechanism of methylene blue through breakage of 

aromatic ring, proposed by (Houas et al., 2001). 
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3.3.7 Effect of Calcination Temperature 

One of the most important preparation parameters is the calcination temperature for 

making highly crystalline and photoactive thin films.  The TGA analysis demonstrated 

the importance of selecting a temperature of 500°C to completely remove the organic 

contaminants.  Higher calcination temperatures can result in a phase change of the TiO2 

from anatase to the more stable rutile phase.  The mixture of 75% anatase and 25% rutile 

in P25 is considered essential to its overall high catalytic activity, potentially due to the 

interface between the phases reducing the recombination rate (Hurum et al., 2003).  The 

exact mechanism is still unknown but nevertheless the mixture of phases is essential for 

its activity (Henderson, 2011).  

In this study, quartz wool was cut into disks to fit into the reactor, which had very similar 

fibre size and orientation to the fibreglass support.  The major difference was in terms of 

cost; the cost per quartz disk was 10 times more expensive than that of the fibreglass.  

The effect of calcination temperature from 500°C – 700°C was investigated (Fig. 3.30).  

Up to 650°C there was a steady drop in the reaction rate which would be due to the 

decrease in surface and porosity caused by the sintering and growth of TiO2 crystallites 

(Yu et al., 2003).  At 700°C there is a dramatic drop in the apparent rate, this is as a result 

of the TiO2 in the film nearly converting completely to the rutile phase (Tanaka & 

Suganuma, 2001).  The synthesis technique can affect the phase transition temperature, 

but other studies have shown this dramatic drop in the rate at certain elevated 

temperatures, and attributed this to the majority of the film’s crystal phase changing from 

anatase to rutile (Yu et al., 2003).  On the impact of calcination temperature for hybrid 

films, Chen and Dionysiou (2006b) showed the same decrease in rate with increasing 

temperature due to the lower surface area and porosity.  By simply changing the thermal 

treatment procedure in the preparation of TiO2 films an improvement in the 

photocatalytic rate was not found, indicating either no synergetic effect of anatase and 

rutile or that the detrimental impact of the loss in surface area or porosity outweighed any 

benefit in a mixed phase film.  Therefore, 500°C was the optimum calcination 

temperature for VN-TiO2 where all of the polymer film was removed. 
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Figure 3.30: Effect of calcination temperature VN-TiO2 films on quartz wool disk. 

3.4 Summary and Economic Considerations for Proposed 
Application 

The conclusions from the experimental results presented in this chapter are summarized 

in this section. Initially the research indicated that the VN-TiO2 catalyst was not suitable 

for coating onto a glass support as high catalyst loadings could not be achieved quickly 

and simply; catalyst cracking and loss were significant. When comparing the maximum 

degradation rates achieved for P25 on the glass disk versus the fibreglass support, a much 

higher overall rate was found for the fibreglass due to its surface morphology.  

Thereafter, fibreglass was used as support material for all the catalysts. The thermal 

behaviour and loss of mass during calcination of VN-TiO2 indicated that to synthesize 

highly crystalline anatase films a temperature of 500°C was necessary to remove all 

organic material. From XRD analysis it was found that the films were of the titanium 

dioxide phase anatase with a primary crystal size of 12 nm. The films formed on the 

surface of the fibreglass were smooth and crack free with the film acting as a binding 

agent between the fibres indicated by the SEM analysis. The VN-TiO2 and P25 hybrid 
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films showed the same result with P25 particles distributed evenly throughout the film. 

Heat treatment caused the removal of the polymer which resulted in the films having a 

mesoporous structure at an average pore size of 5 nm and surface area of 78m2/g. The 

hybrid coatings had a higher surface area and porosity due to the formation of inter-

particle pores between the film and P25 particles. The maximum photocatalytic activity 

of each coating on the fibreglass support showed that the VN-TiO2 had a rate 50% that of 

P25, but the addition of a small amount of P25 into it increased the rate by 40%, which 

was attributed to MB degrading on P25 directly exposed on the film or inside the inter-

particle pores. An optimal amount of P25 in the hybrid coating was found to be 15%, 

where the SEM also showed that increasing the loading above the concentration did not 

increase the amount of P25 particles in the film. The P25 coated disks on the other hand 

had poor mechanical stability in the reactor, while due to the film bonding the fibres 

together the VN-TiO2 coated fibreglass disks were mechanically robust and able to 

maintain their shape throughout a reaction; the same was true for the hybrid coatings. 

Both the P25 and VN-TiO2 coatings suffered from fouling in long term tests, and 

regeneration of the disks only retained 50% of the original reaction rate. This indicated 

that long term use of the fibreglass may not be possible, but for short term analysis under 

a testing environment the low cost and simplicity of the coating made the fibreglass with 

the VN-TiO2 solution ideal as discussed below.  

The evaluation of the VN-TiO2 catalyst was not based on the goal of making the highest 

photoactive catalyst for use in water treatment, which seemingly is the shared goal among 

many research groups globally.  This work proposes that this catalyst can be used for the 

design, testing, and optimization of photocatalytic reactors for water treatment at pilot or 

larger scales, which to date have not been conducted comprehensively.  The fibreglass 

paper can be coated by simply dipping it in the stock solution, and once dried the 

polymer holds the shape necessary to meet the optimal placement in the reactor.  Heat 

treatment produces a stable, highly photoactive support that is ideal for reactor testing.  

Table 3.3 compares the important measures for the use of the support (fibreglass paper 

and glass) in photocatalytic reactors.  The fact that the coated fibreglass can be made 

quickly and at a very low cost is ideal for a testing environment where modifications and 

a vast variety of experiments would require the continuous production of new catalysts 
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for testing.  This work demonstrates that VN-TiO2, which is a commercially available 

product that could be used to coat the fibreglass to obtain a highly active TiO2 film, 

eliminating the very expensive and time consuming processing to produce an “in-house” 

immobilised synthesis procedure.  It is available globally making it ideal for use as a 

reference thin-film catalyst.  Use of fibreglass as a support can make it easier to develop 

photoreactors for large-scale application. 

Table 3.3: Fibreglass versus Glass for use in an immobilised photocatalysis reactor.  

Measure Fibreglass Paper Glass 

Costa $0.15 per disk $20 per disk 
 

Catalyst loading Simple multi-dip coating, 
no high temperature 

calcination in between, 
multiple supports made 

quickly 

Spray or spin coating for 
consistent film, dipping 

produces uneven coatings, 
multiple high temperature 

coating cycles required 
 

Conforming to optimal 
reactor design 

Simple, post drying 
polymer maintains shape 

Possible, but expensive as 
custom product may be 

required 
 

Replacement Inexpensive Expensive 
 

Re-use Limited, fouling 
permanently inactivates 

catalyst 

Less prone to fouling, but 
still significant limitation, 

reactivation possible 
 

Photocatalytic Rate Very high due to surface 
area, mixing, and effective 

usage of light 
 

Low, due to low surface 
area and utilization of light 

acost per disk that met the reactor requirements in this study, the relative difference in 
price would still hold true at a larger scale. 
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Chapter 4  

4 Assessment of the Mutagenicity and Estrogenicity of 
BPA Following Advanced Oxidation Treatment 

4.1 Introduction 
The use of bioassays in water quality monitoring has increased significantly due to 

concern over the occurrence of a large number of chemical substances found in 

wastewater effluents, surface water, and even drinking water influents.  The assays can be 

used to screen for various types of toxicity by monitoring end-points such as mortality, 

growth rate, and luminescence in test organisms without knowledge of the specific 

compounds and their concentrations within the solution.  Short-term bioassays are 

relatively inexpensive with limited processing and can be combined as a battery of tests 

to evaluate a wide range of toxic responses, making them an ideal tool for continuous 

water quality analysis.  A very important toxicity measure is to monitor mutagenicity of a 

substance, which is characterized by the ability of the pollutant to cause mutations in an 

organism’s DNA (Ohe et al., 2004).  The most widely used assay for testing mutagenicity 

is the Ames Test which uses a variety of modified Salmonella typhimurium strains that 

respond to different mutagenic mechanisms.  The strains are genetically modified to 

require a specific enzyme (histidine) for survival; when the test substance causes a 

reversion in this mutation the bacteria can then grow without the enzyme.  Based on the 

statistical deviation of the sample relative to the background, determination of the 

probabilistic mutagenicity of the pollutant can be made (Ashby & Tennant, 1988).  The 

importance of testing for mutagenicity is in the strong correlation between mutagenicity 

and rodent carcinogenicity; a positive mutagenic response warrants further investigation 

using human carcinogenic tests (Kirkland et al., 2011).  

The mutagenicity of surface water has been extensively evaluated as it is a main influent 

source to drinking water treatment facilities all over the world.  In a review article, it was 

indicated that about 3-5% of the tested sources were classified as highly mutagenic (Ohe 

et al., 2004).  This may be an indicator that the wastewater effluents are releasing 

mutagenic compounds into the environment either as non-degraded or transformed 
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pollutants.  There has been a significant increase in use of advanced oxidation processes 

in the water treatment industry either for disinfection of drinking water, or for tertiary 

treatment of the secondary effluent from the wastewater plant.  These processes lead to 

the partial degradation of organic pollutants resulting in the formation of intermediates, 

which may be more toxic than the parent compounds.  Due to the vast number of 

chemicals entering water treatment plants, bioassays can provide information on the 

potential hazard of the treated water, including the synergetic toxic effect that can occur 

between compounds without time-consuming, expensive chemical identification and 

knowledge of the physical/chemical properties of specific compounds and complex 

intermediates (Ohe et al., 2004).   

There have been several studies monitoring the mutagenicity of drinking/wastewater post 

AOP treatment, especially for ozonation (Martijn & Kruithof, 2012; Guzzella et al., 2002; 

Petala et al., 2008).  Heringa et al. (2011) found an increase in the mutagenicity of the 

tester strain Sal. TA98 following UV/H2O2 treatment of three hydrologically independent 

surface water samples, which indicated that the mutagenicity was formed from ubiquitous 

contaminants present in the water.  On the other hand, very few studies were conducted 

on specific compound mutagenicity during and after AOP treatments.   

The degradation products formed from the ozonation of naphthalenesulfonic compounds 

showed genotoxic activity for salmonella strain Sal. TA100 (Rivera-Utrilla et al., 2002).  

Cantavenera et al. (2007) looked at the formation of mutagenic intermediates in the 

degradation of paraquat in photocatalysis; under optimal conditions, no toxicity was 

found, but reducing the concentration of the catalyst by one order of magnitude resulted 

in the formation of mutagenic intermediates.  This shows that simple changes in the 

operation of the treatment process can result in different degradation mechanisms and 

potential toxic by-products.  To the best of our knowledge, there has been no comparative 

toxicity study on compound-specific degradation using various AOPs.  In addition to the 

traditional selection criteria such as cost, simplicity of operation, and process efficiency, 

the ability to render water safe based on simple bioassays, can also be used as a criterion 

in the selection of the most appropriate AOPs for a specific compound, which would 

eliminate expensive and time consuming chemical analysis.     

http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A(Martijn%2C+A.J.)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A(Kruithof%2C+J.C.)
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The objective of this study was to determine the differences in toxicity, if any, of 

bisphenol A (BPA) intermediates using three of the most commonly used AOPs, namely: 

ozonation (O3), UV-254nm/hydrogen peroxide (UV/H2O2), and UV photocatalysis 

(UV/TiO2).  Two bioassays were used: the Ames test for mutagenicity, and yeast 

estrogen screen (YES) to monitor estrogenic activity.  These assays would account for the 

formation of different intermediates based on the different reaction mechanisms of each 

AOP without specific sophisticated chemical analysis such as GC-MS, LC-MS/MS, etc.  

The results would be used to determine the most effective AOP for removing BPA from 

water.  

4.2 Experimental 

4.2.1 Chemicals 

BPA (MW: C15H16O2, CAS: 80-05-7) was obtained from Sigma–Aldrich (Oakville, 

Ontario, Canada).  Hydrogen peroxide (H2O2, CAS: 7722-84-1) and catalase (CAS: 

9001-05-2) were purchased from Sigma–Aldrich (Oakville, Ontario, Canada).  HPLC 

grade acetonitrile and methanol were purchased from Caledon Laboratories (Georgetown, 

Ontario, Canada).  All reagents were used as received without further purification. 

Laboratory-grade water (LGW, 18M Ω) was used from a Millipore purification system 

(model Integral 5, EMD Millipore Corporation, Billerica, MA, USA). 

4.2.2 HPLC Analysis 

BPA concentration was measured by HPLC (ICS 300, Dionex), which included a DP 

pump, an AS auto sampler, a DC column oven, and PDA UV detector, connected to 

Chromeleon software.  Separations were carried out with an Acclaim 120 C18 reversed-

phase column (150mm×4.6mm i.d., 5µm particle size, Dionex, USA).  The injection 

volume was 100 µL from 10 mL HPLC vials, capped and sealed with PTFE lids.  Two 

mobile phases were prepared run in an isocratic mode.  The first one was for the kinetic 

experiments with BPA, which was a mixture of acetonitrile and Milli-Q water (45:55, 

v/v) with BPA retention time of 3.90 min.  The second mobile phase for intermediate 

analysis was a mixture of methanol and Milli-Q water (55:45, v/v), with a BPA retention 
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time of 45.0 min.  Both were at a flow rate of 1mL/min by the HPLC pump.  The column 

temperature was maintained at 30°C and detection wavelength was set at 228 nm. 

4.2.3 Other Analyses 

Total organic carbon (TOC) was measured using a Shimadzu TOC-VCPN analyser with an 

ANSI-V auto sampler, and the pH and temperature were determined with a pH meter 

(model pHi 460, Beckman Coulter, Inc., Fullerton CA, USA). 

4.2.4 Ozonation 

The experimental set-up for ozonation of BPA is shown in Fig. 4.1.  A stainless steel 

cylindrical reactor was used.  Ozone was produced by an ozone generator (model TG-40, 

Ozone Solutions, Hull, Iowa, USA).  Oxygen was fed to the generator from a compressed 

air tank set at a pressure of 15 psi.  The produced ozone was at a concentration of 2500 

ppm, measured using an ozone analyzer (model UV-100, Eco Sensors, Newark, 

California, USA).  The ozone was fed into the reactor at 1.2 LPM.  A total reaction 

volume of 1.45 L was used in all experiments with a BPA concentration of 11.6 ppm 

prepared in Milli-Q water. The solution had a temperature of 25°C with an initial pH of 

5.8. 
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Figure 4.1: Experimental set-up for ozonation. 

4.2.5 UV/H2O2 

The experiments were performed in a bench-scale annular reactor (Fig. 4.2).  A 13W 

low-pressure Hg lamp (model Philips TUV PL-S, 1000Bulbs.com, Texas, USA), with 

monochromatic light at 253.7 nm surrounded by a quartz protective sleeve, was used as 

the light source.  The reaction volume was 750 mL with an initial concentration of BPA 

at 13 ppm prepared in Milli-Q water.  A water cooling jacket was used to maintain the 

reaction temperature at 20°C; the initial pH of the solution was 5.2.  Samples drawn from 

the reactor were immediately quenched with catalase to decompose H2O2; H2O2 is a 
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known mutagen and will interfere with the bioassays.  However, catalase was not used 

for the TOC samples.  

 

Figure 4.2: Experimental set-up for UV/H2O2. 

4.2.6 Photocatalysis 

The experiments were performed in a swirl flow reactor with Aeroxide P25 from Sigma–

Aldrich (Oakville, Ontario, Canada) immobilized onto a fibreglass disk.  The preparation 

method for the immobilised disk and the details of the experimental set up are described 

in Chapter 3, section 3.2.3.  A BPA concentration of 10 ppm was prepared in Milli-Q 

water.  The solution temperature was 30°C and had an initial pH of 5.8. 

4.2.7 The Ames Test Protocol 

The mutagenic activity was determined by using the Ames Test (Ames et al., 1975). The 

test employs two strains of Salmonella typhimurium TA97a and S. typhimurium TA100 

(obtained from Environmental bio-detection product inc., Mississauga, ON, Canada), 

carrying mutation in the operon coding for histidine biosynthesis.  Reverse-mutation 
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assays have been performed using the “Fluctuation test” originally devised by Luria and 

Delbrück (1943) and was modified by Hubbard et al. (1984).  Standard mutagens of 9-

Aminoacridine (0.4 mg/mL) were used for S. typhimurium TA97a and Sodium azide 

(0.1mg/mL) was used for S. typhimurium TA100.  

A sample of 10 ml was filtered through 0.22 µm membrane PTFE filter, mixed with 2.5 

mL of the reaction mixture (RxM) (D-M salt, glucose, bromocresol purple, biotine, and 

histidine), 7.5 mL of distilled water, and 10 µL of the bacteria grown overnight (18 hours 

at 370C) with an optical density of 0.5 at 600 nm.  The positive control was prepared by 

adding 0.1 mL of the standard mutagen to 2.5 mL of the (RxM), 17.4 mL distilled water, 

and 10 µl of the bacteria.  The background was prepared by adding 17.5 mL distilled 

water to 2.5 mL of the (RxM), and 10 µl of the bacteria. The blank (the sterility check) 

was prepared by adding 17.5 mL distilled water to 2.5 mL of the (RxM) only. 

Afterwards, the mixtures were dispensed into 96-microtitre plates, (Corning Costar, 

USA) with each well having a volume of 200 µL of the mixtures.  The plates were 

covered with a lid and put into a plastic bag to prevent evaporation, then transferred to a 

37°C incubator for five days. 

The response of the Ames Test to BPA samples after different oxidation times, using the 

two strains of Salmonella was determined visually by the color change from purple to 

yellow as a positive reaction.  The “Background” showed the level of spontaneous 

mutation of the assay organism.  The results for each treatment plate refer to positive 

responses in the sample plate vs. positive responses in the background plate, and the 

number of positive wells scored in a 96-microtitre plate leading to clear significance in 

the fluctuation test. 

4.2.8 Yeast Estrogen Screen 

Estrogenic activity was determined using the YES assay as described by Routledge and 

Sumpter (1996).  A recombinant yeast strain (Saccharomyces cerevisiase) was obtained 

from Trojan UV (Ontario, Canada).  A 250 µL concentrated yeast stock from cryogenic 

vial was added to the conical flask containing the growth medium.  The flask was 

incubated at 28°C, 180 rpm for approximately 24 hours or until turbid with an optical 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Delbr%26%23x000fc%3Bck%2BM%5bauth%5d
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density of ≈1) on an orbital shaker.  A standard solution (50µg/L) was prepared using 17-

β estradiol (E2) and was diluted using a twofold serial dilution in absolute methanol; 12 

dilutions in the range of 24.41-50,000 ng/L of E2 were prepared.  For standard tests, 10 

µL of the E2 standard dilutions were added to three rows of wells in a 96-microtitre plate 

(Corning Costar, USA) and allowed to dry completely.  The blank was prepared by 

adding 10 µL of absolute methanol to 190 µL of the assay media (growth medium 

containing the dye, chlorophenol red-β-D-galactopyranosid (CPRG), and yeast) to two 

rows of the same 96-microtitre plate.  Samples of 10 mL from each AOP reactor were 

collected and freeze-dried overnight and re-dissolved in 1 mL of methanol with a 

recovery of 87-100%.  Thereafter, 60 µL of the concentrated samples were further two-

fold serially diluted in two rows of the 96-microtitre plate using methanol, and were left 

to fully evaporate.  Subsequently, 200 µL of the seeded assay medium was added to each 

well.  The plates were sealed with sterile adhesive film and shaken vigorously for 2 min 

in a plate shaker (VWR).  Subsequently, the plates were incubated at 30°C in a naturally 

ventilated heating cabinet for 3 days.  After the incubation, the plates were shaken at 240 

rpm for 2 min, and left for approximately 1 hour to allow the yeast to settle.  The YES 

assay was done in duplicate for the samples and the blank, and in triplicate for E2 

standard.  A typical dose-response curve for E2 is shown in Fig. 4.3. 

 

Figure 4.3: Estradiol 50µg/L dose-response curve using methanol. 
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4.2.8.1 Calculation of Sample Response 

The estrogenicity of the sample was determined by measuring the absorbance of the 

sample at 540 nm, subtracting the value of absorbance at 620 nm for yeast in the medium 

and the absorbance of the blank (medium) at 620 nm using a plate reader (Tecan Infinite 

200 PRO, Switzerland) as mentioned previously. 

Calculations were performed using the following equation to correct for turbidity:  

Corrected value = chem. abs. (540 nm) - [chem. abs. (620 nm)-blank abs. (620 nm)] 

The data obtained for the standard was used to generate dose response curve. The curve 

was fitted to the Eq. 4.1, using Origin Labs (Northampton, USA).  

response = a + 
b−a

1+10(𝑙𝑜𝑔𝐸𝐶50−𝑙𝑜𝑔𝑐).𝑚       (4.1) 

where a is the baseline response (bottom), b is the maximum response (top), c is the 

concentration, m is the Hill slope, and EC50 is the concentration corresponding to half-

maximal response.  

The data was processed as per the methodology explained by Huber (2004).  The 

constants a, b, EC50, and m were obtained from the curve fitting for the standard. 

Thereupon, the constants were expressed as a percent with a and b varying between 0 and 

100.  The data for the standard was refitted by fixing values of a and b to get new EC50 

and m values for the standard.  The absorbance data for the sample was normalized in a 

similar manner and plotted with concentration factors by fixing the values of a, b, and m 

as derived from standard curve fitting.  Estrogenic equivalents were calculated by 

dividing EC50 of the standard by EC50 of the sample. 
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4.3 Results and Discussion 

4.3.1 BPA Degradation 

Advanced oxidation studies of BPA have been conducted in literature.  Since the 

objective of this study was to compare the mutagenicity of the intermediates formed from 

the oxidation of BPA in each AOP, the concentration range over which oxidation studies 

were conducted was selected based on the realistic concentration that may be available in 

standard water treatment system.  It also should be noted that the experimental conditions 

and final removal of BPA for ozonation and UV/H2O2 were selected based on the studies 

(Garoma et al., 2010) and (Chen et al., 2006), respectively.  This was done to avoid 

detailed intermediate analysis based on the assumption that identical intermediate 

compounds of BPA would form under identical experimental conditions.  

The degradation curves for BPA in each process are shown in Fig. 4.4, the apparent rate 

constants are determined in Fig. 4.5.  The contribution of photolysis from UVA (365 nm) 

and UVC (254 nm) towards the removal of BPA was considered insignificant as both 

have been demonstrated to be ineffective in other studies (Ohko et al., 2001; Rosenfeldt 

& Linden, 2004).  Based on the experimental conditions, BPA degradation was slowest in 

ozonation, while the rate was fastest with UV/H2O2.  

 
 

Figure 4.4: Degradation curves for BPA in each AOP tested. ( ) & ( ) represent 
points sampled for Ames testing for UV/H2O2 and UV/TiO2, respectively. 
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Figure 4.5: Determination of apparent first order rate constant, k (min-1) for each 

AOP BPA degradation experiment. 

For the bioassay tests, several samples up to 30 min or ~80% conversion of BPA were 

taken from the ozonation reaction.  The corresponding sampling points for UV/TiO2 and 

UV/H2O2 over a similar conversion range are shown by the open symbols in Fig. 4.4.  

4.3.2 Degree of Mineralisation and Intermediate Formation 

The degree of mineralisation is typically determined by measuring the relative change in 

total organic carbon (TOC).  Typically, much longer degradation times are required after 

the removal of the parent compound to achieve complete mineralization (Comninellis et 

al., 2008).  The TOC removal for each AOP was analysed within the 30 min treatment 

period as shown in Fig. 4.6.  Both ozone and UV/H2O2 reduced the TOC only by 10%. 

Garoma et al. (2010) found similar results for ozonation; while BPA degraded below the 

detection limit within 10 min, it took 2 hours of treatment to reduce the TOC by 41%, 

and even after 6 hours TOC only decreased to 57% indicating that ozone resistant 

intermediates were formed.  On the other hand, UV/TiO2 had reduced the TOC content 

by 50% over the same treatment period.  This result is in line with other studies on the 

photocatalytic mineralization of BPA where Chiang et al. (2004) achieved a similar 
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degree of BPA degradation in 45 min and had a TOC removal of 50%, complete 

mineralisation was obtained in 120 min using P25 under acidic conditions.  The removal 

of TOC by UV/TiO2 in our study can be explained by the adsorption capacity of the 

catalyst for BPA and the degradation intermediates, where in an acidic solution, as in our 

study, the surface of P25 is positively charged (Muneer et al., 2001).  Further 

demonstrating the effect of pH on the TOC removal, Chiang et al. (2004) found a 

maximum TOC removal of only 20%, at pH = 10, over the same 120 min of treatment.   

 

Figure 4.6: Degree of mineralization for BPA removal in each AOP. 

The incomplete removal of TOC indicates the formation of several intermediates.  The 

HPLC chromatogram for each AOP is shown in Fig. 4.7; BPA conversion was similar for 

all the experiments at >80%. For UV/H2O2 and ozonation reactions, there are several 

common peaks at the retention times of 8.0 min, 11.87 min, 12.53 min, and 22.27 min.  

For ozonation, there is a noticeable difference in size of the peak at 11.87 min and the 

overall size relative to the primary BPA peak.  These differences are a result of the two 

reaction mechanisms in ozonation: hydroxyl radicals which are the reactive species, and 

direct reaction of BPA with ozone.  Intermediate analysis has been performed for BPA 

degradation in UV/TiO2 (Fukahori et al., 2003; Ohko et al., 2001) and for the direct 

oxidation by ozone, with the hydroxyl radicals scavenged by tert-butyl alcohol (Deborde 
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et al., 2008).  The degradation mechanisms of BPA under various AOPs and a table of 

some of the intermediates that have been identified were previously discussed in section 

3.2.3.  Direct analysis of intermediates formed from UV/H2O2 has not been performed in 

literature, but it would be expected that similar intermediates (para-substituted phenolic 

compounds), found in BPA degradation in UV/TiO2, would be formed (Chen et al., 2006) 

because hydroxyl radicals are the predominant oxidants in both UV/TiO2 and UV/H2O2.  

The chromatogram for UV/TiO2 is in agreement with the TOC results indicating most of 

the intermediates reacted quickly.  There are very small peaks, some at the same position 

of the major peaks seen in the other AOPs, but no major intermediate formation occurred.  

This effect was seen in the removal of the industrial dye AO52, where both UV/H2O2 and 

UV/TiO2 treatments were performed for BPA and it was found that a variety of toxic 

aromatic breakdown products for the UV/H2O2 process had formed, but they were not 

found in the UV/TiO2 process; this was attributed to the fast adsorption and further 

degradation of the intermediates on the catalyst surface (Galindo et al., 2000). 

 

a.) Ozonation 
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Figure 4.7: HPLC chromatogram of BPA degradation: a.) ozonation at t=30 min, b.) 

UV/H2O2 at t=10 min, and c.) UV/TiO2 at t=16 min. 

4.3.3 Mutagenicity Comparison 

While the BPA degradation in all of the above AOPs was more than 80%, the slow rate 

of TOC degradation warrants further evaluation of water quality without undertaking 

major chemical analyses.  Quick bioassays can provide valuable information about the 

safety of resultant water from a specific AOP.  The mutagenicity for the degradation of 

BPA in each AOP was evaluated at multiple concentration values of BPA remaining.  To 

avoid complications due to complex consecutive reactions undergoing in AOPs, sampling 

 b.) UV/H2O2 

c.) UV/TiO2 
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times for genotoxicity for each type of AOP tested were determined a-priori based on 

initial kinetic experiments (Fig. 4.5); the points were selected based on similar extents of 

BPA conversion for each AOP.  The determination of mutagenicity is based on the 

statistical deviation of the number of reverts relative to the background; any deviation up 

to 15% is considered a negative response.  The Ames Test results for each AOP for both 

strains of Salmonella are shown in Fig. 4.8.  There were no samples that resulted in 

probable mutagenicity for either strain over the entire tested range of BPA conversion.  In 

the study of BPA biodegradation, Ike et al. (2002) identified several intermediates: p-

hydroxyacetophenone, phydroxybenzaldehyde, and p-hydroxybenzoic acid, which have 

also been identified in photocatalytic oxidation of BPA (Fukahori et al., 2003).  The 

mutagenicity of these compounds was analyzed using the Ames test with no positive 

toxicity (Ike et al., 2002).   
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Figure 4.8: Mutagenicity analysis using the Ames Test for BPA degradation in 

different advanced oxidation processes.   
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4.3.4 Removal of Estrogenicity 

The removal of total estrogenic activity is shown in Fig. 4.9, and is plotted in terms of the 

normalized equivalent estrogenicity (EEQ/EEQt=0) versus the percent BPA conversion.  

The overall trend is a steady decrease in estrogenicity, up to ~50% conversion, where at 

this point the estrogen activity was much lower at ~15%, but further removal of BPA did 

not reduce the EEQ, even up to 95% removal of BPA along with the limited removal of 

TOC; this indicated the potential formation of slightly estrogenic intermediates.  Chen et 

al. (2006) investigated the estrogenicity of BPA following treatment with UV/H2O2 using 

a YES assay, showed that the normalized estrogenicity decreased at a lower rate when 

compared to the disappearance of BPA, and concluded that minor estrogenic 

transformation products had been formed.  BPA biodegradation intermediates such as q-

hydroxyacetophenone and q-isopropenylphenol had a slight estrogenic activity (Ike et al., 

2002); these intermediates are also expected under chemical oxidation.  UV/TiO2 

treatment resulted in the steady removal of the estrogenic activity with seemingly no 

levelling off, which is in agreement with TOC removal and lack of significant 

intermediate concentration in the solution.  Ohko et al. (2001) also found that the removal 

of EEQ was in line with BPA conversion and a high rate of TOC removal.  No estrogenic 

intermediates were found.

 
Figure 4.9: Analysis of estrogenic activity of BPA in aqueous solution.   
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Chapter 5  

5 Conclusions and Recommendations 

5.1 Conclusions 

From the first stage of research in Chapter 3, the major conclusions are as follows: 

(i) The proprietary VN-TiO2 catalyst and commercial catalyst Aeroxide P25 could be 

coated onto a glass support, but very thin films were formed.  Subsequent dipping cycles 

with high temperature intermediate calcination stages would be required for thicker films. 

(ii) By dip coating a fibreglass support into the VN-TiO2 solution optimal catalyst 

loading were achieved with only two dipping cycles and required only one calcination 

stage.  The coated fibreglass was mechanically robust in the reactor with minimal loss of 

mass in subsequent use and maintained its shape and configuration. 

(iii)  At optimal loadings, P25 on fibreglass had a reaction rate 4.5 times higher than 

on the glass disk, indicating fibreglass to be an effective support. 

(iv) Films formed from VN-TiO2 were mesoporous with a very narrow pore size 

distribution at an average pore size of. 4.7 nm.  The films had very high surface area ~80 

m2/g as compared to ~10 m2/g for films formed from standard sol-gel solutions. 

(v) VN-TiO2 coated fibreglass had a photocatalytic degradation rate for methylene 

blue of about 50% lower than Aeroxide P25. 

(vi)   Hybridization by adding only 10% P25 into the VN-TiO2 solution improved the 

reaction rate of VN-TiO2 by 40% and increased the surface area to ~95m2/g. The hybrid 

films maintained the mechanical properties of the pure VN-TiO2 films. 

(vii) Long-term performance testing showed that both the VN-TiO2 and P25 coated 

fibreglass suffered from catalyst fouling and inactivation.  Regeneration of the catalyst 

only recovered the rate by ~50%, although the mechanism of degradation of methylene 

blue remained the same. 
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(viii) Overall, a hybrid catalyst of VN-TiO2 with 10% P25 coated on fibreglass 

performed the best for methylene blue degradation in terms of photocatalytic activity, 

mechanical strength, and durability.  The major advantage of VN-TiO2 over P25 is that it 

is available in a form that can be easily coated on the support resulting in a uniform film 

without agglomeration.  

The following conclusions can be drawn from the second stage of the project presented in 

Chapter 4. 

(i) All three tested AOPs effectively degraded BPA within 30 min of reaction time, 

however, UV/H2O2 and ozone could only remove 10% of the TOC after 30 min whereas 

UV/TiO2 removed 50%. 

(ii) Several intermediate peaks were detected in the HPLC chromatographs for 

UV/H2O2 and ozone at the same retention times, but with different relative peak size 

compared to the parent BPA peak demonstrating the difference in reaction kinetics of the 

intermediates.  UV/TiO2 only produced very minor peaks with no intermediate buildup as 

found from TOC analysis. 

(iii) At all points analysed over the 30 min testing period for each AOP no significant 

mutagenicity was detected either for pure BPA or for the intermediates. 

(iv) UV/TiO2 steadily removed the estrogenicity in line with BPA removal below the 

detection limit.  UV/H2O2 and ozone reduced estrogenic activity to 15% of the starting 

solution at 50% conversion of BPA, but further BPA degradation did not significantly 

change the estrogenicity indicating the possible formation of weakly estrogenic 

intermediates. 

(v) Based on the removal of intermediates and estrogenicity of BPA, UV/TiO2 was 

the most effective AOP. 
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5.2 Recommendations 
The results obtained from each stage of the study were very promising and as a result 

several recommendations are presented below: 

(i) Available doped versions of the VN-TiO2 which are active in the visible range 

should be tested for effectiveness in a lab scale solar photocatalytic reactor using the 

fibreglass dip coating procedure. 

(ii) Based on common immobilised reactor designs which have prescribed support 

configurations within the reactor, the fibreglass should be configured to the required 

shape and coated using the VN-TiO2 catalyst to determine if at larger scales the 

mechanical properties would hold. 

(iii) Cost-benefit analysis comparing the coating procedures of VN-TiO2 vs. a standard 

sol-gel method for fibreglass support at an industrial scale, including estimates for regular 

replacement of immobilised support, should be considered. 

(iv) Complete the same set of bioassay evaluations for the degradation of other 

prominent EDCs (e.g., E1, E2, and EE2) in the three AOPs. 

(v) Further testing to include assays to monitor in-vivo mutagenicity and 

estrogenicity should be carried out. 

(vi) Experiments should be conducted for BPA degradation in AOPs with bioassay 

analysis for spiked wastewater/drinking water samples to evaluate complex matrix effects 

on toxic by product formation. 
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