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ABSTRACT 

Pharmaceuticals as emerging contaminants receive great concern because of their easy 

entry to the water body, frequent detection, low biodegradability, and considerable toxicity 

to the environment. The treatment of pharmaceuticals by advanced oxidation processes 

(AOPs) was explored due to the low removal efficiency of traditional methods. 

In this study, a novel recyclable photocatalyst CoFe2O4/TiO2 was developed. Three 

pharmaceuticals, including sulfamethoxazole (SMX), antipyrine (AP) and ibuprofen (IBP) 

were selected as the target compounds to evaluate the application of the photocatalyst in 

the degradation of pharmaceuticals. The effects of reaction parameters (light source, UV 

light intensity, initial target compound concentration, catalyst dosage and solution pH), 

anions, and commonly used oxidants on the destruction performance were studied. The 

reaction mechanism including the organic intermediates, TOC reduction and inorganic ions 

release was determined. The toxicity of the degradation products to aquatic organisms, 

including the green alga Chlorella vulgaris and the brine shrimp Artemia salina was 

investigated.  

Firstly, the characteristic and magnetic property of the obtained catalyst were revealed. The 

catalyst was demonstrated to be homogenous spherical aggregates. The phases of CoFe2O4, 

anatase TiO2 and rutile TiO2, and the atomic ratios of Co, Fe, Ti and O from the catalyst 

were well justified. Reduced band gap energy and increased specific surface area compared 

to TiO2 was found for the obtained catalyst. The average particle size and the zero point of 
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charge value was determined to be around 30 nm and 8.0, respectively. The catalyst showed 

good magnetic property. 

Secondly, based on the degradation of SMX, UV wavelength at 350 nm shows the best 

performance. The pseudo first-order rate constant of SMX destruction becomes predictable 

by using a proposed model in terms of SMX initial concentration and catalyst dosage. A 

light attenuation was found and analyzed by a linear correlation between the reaction rate 

k and transmission via a common factor (i.e. the catalyst dosage). The photocatalyst was 

found stable within the pH range of 5.2 and 8.8. The photocatalytic activity of the recycled 

catalyst remained intact after extensive reuses. The reaction mechanism during the 

treatment was determined. About 50% TOC reduction was detected as SMX was 

completely removed. Sixteen intermediates were detected, from which four of them were 

reported for the first time in this study. Four main destruction pathways, i.e. hydroxylation, 

cleavage of S-N bond, nitration of amino group, and isomerization were proposed. About 

45% of the total mass sulfur source transformed to sulfate ion, and around 25%, 1%, and 

0.25% of the total nitrogen transformed to ammonium, nitrogen, and nitrite ions. The 

toxicity of the treated solution was significantly reduced compared to that of the parent 

compound SMX. A variation of the algae growth was observed, which was due to the 

combination of generation of toxic intermediates (i.e. sulfanilamide) and the release of 

inorganic substances and carbon source as additional nutrients. The adverse effect on the 

clearance rate of the brine shrimp was also observed, but it can be eliminated if longer 

degradation time is used. 
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Thirdly, in terms of AP degradation, the catalyst shows the optimal removal efficiency 

under the conditions of wavelength at 350 nm, the catalyst dosage at 0.5 g/L, and pH value 

at 5.5. Ten organic intermediates were identified, and five of them were newly reported in 

AP treatment process. Hydroxylation, demethylation and the cleavage of the pentacyclic 

ring were included in the decomposition pathways. The ring opening was certified by the 

45% TOC reduction and 60% ammonia release during the process. The parent compound 

AP and its degradation products show positive effects on the growth of the algae. However, 

acute toxicity of AP was detected on brine shrimps A. salina. The toxicity was eliminated 

gradually with the decomposition of AP and the generation of the byproducts. 

Fourthly, for IBP photodegradation, the UV wavelength of 300 nm, the catalyst dosage of 

0.5 g/L, and acidic condition were favorable for IBP destruction by photocatalysis. The 

removal efficiency was significantly elevated with the addition of oxone or persulfate, and 

the reaction was faster in the presence of oxone than that with the same concentration of 

persulfate. However, the reaction was significantly slowed down with the introduction of 

H2O2. The anion NO3
- accelerated the reaction while the anions Cl-, F- and CO3

2- slowed 

down the IBP photodegradation. Approximately 35% TOC reduction was detected when 

the parent compound IBP was totally removed. The adverse effect of the parent compound 

IBP to C. vulgaris was gradually eliminated with the decomposition of IBP. No adverse 

effect was detected for the survival and the feeding of A. salina exposed to IBP and the 

degradation products. 

Finally, SMX degradation under UV/CoFe2O4/TiO2 catalyzed permanganate oxidation was 
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investigated in detail for the first time. Sole permanganate showed no effect in SMX 

degradation, while its introduction to the photocatalytic process doubled the reaction rate 

at the optimal dosage. It is interesting to find that the reaction rate showed a fluctuation 

trend in terms of permanganate dosage due to the summation of positive effect of 

permanganate oxidation and the negative effect of the formation of MnO2 (at catalyst 

surface) and light attenuation due to overdosed permanganate. The determined 

intermediates, the higher inorganic ions release and TOC reduction provided a clue on a 

higher mineralization compared to SMX degradation in the same process without 

permanganate. Permanganate above 1 µM may pose threat to the algae growth, therefore a 

good monitoring and control of residual permanganate dosage should be incorporated into 

the process design. A good toxicity reduction to A. salina was observed in the treated 

effluent; a longer detention is suggested if the complete removal of toxicity is required.  

The results indicate that the photocatalysis process is effective in pharmaceutical removal, 

TOC reduction and toxicity elimination. 

Keywords: pharmaceutical, degradation, photocatalyst, CoFe2O4/ TiO2 
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1. Chapter one    Introduction 

1.1 Background  

Plankton, including phytoplankton and zooplankton play critical roles in aquatic ecosystem. 

Firstly, by taking over bottom levels of the food chain, plankton serve as food for 

organisms at higher tropic levels (Edwards and Yool 2000). As the primary producers, 

phytoplankton support the survival of zooplankton, shellfish. And as the primary 

consumers, zooplankton provide food sources for fish (Christofersen et al. 1993). Shellfish 

and fish constitute important parts of fishery industry, thus are critical to the local economy. 

Secondly, molecular oxygen (O2) is released during photosynthesis of phytoplankton, 

which not only guarantee the diluted oxygen in the water for survival of all 

aerobic organisms, but also help to control the atmospheric CO2/O2 balance (Shirokova et 

al. 2009). Finally, plankton play an important role in biogeochemical cycles of chemical 

elements as a biological pump in the carbon cycle (Garcon et al. 2001, Falkowski 2012, 

Herndl and Reinthaler 2013); where phytoplankton produce organic matter via 

photosynthesis, then the vertical migration and fecal pellet sedimentation from 

zooplankton contribute to the export flux (Turner 2015).   

However, nowadays, the life activities of the plankton are threatened by various 

emerging contaminants (Carlsson et al. 2006, Kim et al. 2007). Among them, 

pharmaceuticals receive extensive concern in recent studies.  

Apart from prevention and treatment of diseases, pharmaceuticals are also used in the 
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growth promotion of live-stock (Kemper 2008). There are various ways for the entry of 

pharmaceuticals into the environment. Pharmaceuticals residues from either humans or 

animals that are not metabolized are excreted and pass through sewage drainage system 

(Lapworth et al. 2012). Pharmaceuticals for external use are easily washed off through 

bathing and transported to sewage treatment plants (STPs) through drainage system. 

Another important source of pharmaceutical pollutants is the wastewater produced by 

hospitals (Sarmah et al. 2006). Owing to the intensive use of drugs, the concentrations of 

pharmaceuticals from hospital effluents may be even higher than domestic sewage 

although the sewage discharge from the hospitals contributes to a small proportion of the 

total wastewater production. Additionally, the pharmaceuticals products which are overdue 

or unused may be disposed into rubbish bin and ended in the landfill (Pal et al. 2010). It is 

possible that pharmaceuticals are adsorbed in sludge at STPs and transported to the landfill 

for disposal. The residual pharmaceuticals in soil may further contaminate the groundwater 

(Maeng et al. 2011).  

Currently, pharmaceuticals are not the major removal targets in water and wastewater 

treatment. Due to the wide use, the casual release and the incomplete treatment in STPs, 

pharmaceuticals have been detected in surface water, ground water and STPs (Dana W. 

Kolpin et al. 2002, Ellis 2006, Focazio et al. 2008, Spongberg et al. 2011). The detection 

levels are usually at ng/L or µg/L (Brown et al. 2006, Barnes et al. 2008). 

Antibiotic is one group of the most frequently detected pharmaceuticals (Karthikeyan and 

Meyer 2006, Kummerer 2009, Yang et al. 2011, Zhou et al. 2013a, Zhou et al. 2013b, 
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Zhang et al. 2015b). Subgroups of antibiotics include sulphonamides (e.g., 

sulfamethoxazole, SMX), macrolides (e.g., erythromycin), tetracyclines (e.g., tetracycline), 

fluoroquinolones (e.g., ciprofloxacin), Beta-Lactams (e.g., cefazolin) and phenicols (e., 

chloramphenicol). Totally twenty-one common antibiotics from the six categories were 

detected from the urine of school children aged 8–11 years (Wang et al. 2016). The detected 

antibiotics include both human antibiotics and veterinary antibiotics. The study concluded 

that some types of antibiotic were mainly from food or drinking water. What’s more, the 

increased risk of obesity in school children was related to the exposure to the antibiotics.  

Another important group of pharmaceuticals is the analgesics and non-steriodal anti-

inflammatory drugs (NSAID). In this group, ibuprofen (IBP), antipyrine (AP, also known 

as phenazone), diclofenac, indomethacine, naproxen, acetylsalicylic acid, are widely 

produced, consumed and commonly detected (Roberts and Thomas 2006, Cooper et al. 

2008, Mompelat et al. 2009, Zorita et al. 2009).  

Other detected groups of pharmaceuticals include hormones (e.g., estrogens and 

progestogens), blood lipid regulators (e.g. clofibric acid), cardiovascular drug (e.g. 

propranolol and atenolol), anti-depressants (e.g. fluoxetine); antiepileptic drugs (e.g. 

carbamazepine), stimulants (e.g., caffeine) and so on (Mompelat et al. 2009, Zorita et al. 

2009, Lapworth et al. 2012). 

A number of researches proved that even at trace concentration (ng/L), pharmaceutical 

molecules may cause adverse impacts on the life activities of aquatic organisms (Farré et 
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al. 2008). The untreated pharmaceutical molecules can further enter the human bodies via 

the food chain and the concentrations are possibly enhanced as a result of biological 

magnification via the food chain (Du et al. 2014, Li 2014, Taylor and Senac 2014, 

Puckowski et al. 2016). Besides, the existence of some antibiotics in the environment may 

induce the resistance of bacteria and thus the failure of clinic treatment. Therefore, the 

efficient removal of pharmaceuticals from the environment is a hot topic in recent years.  

Traditional treatment technologies are reported to be ineffective in degradation of most 

pharmaceutical molecules (Gros et al. 2010), hence attempts on the utilization of newly 

developed technologies such as advanced oxidation processes (AOPs) were made 

(Klavarioti et al. 2009). 

Titania is used widely as a photocatalyst in many processes (Gupta and Tripathi 2011). 

Several researches have verified that TiO2 P25, to be specific, the process UV/TiO2, is 

effective in degradation of varieties of pharmaceuticals including sulfamethoxazole (SMX), 

ibuprofen, antipyrine and so on (Calza et al. 2011, Hu et al. 2012, Tong et al. 2012). 

However, it is difficult for P25 to be widely applied in the practical water treatment because 

of its high cost and the limitation from being separated from the liquid phase after use. 

Therefore, how to reuse/recycle the suspended photocatalyst becomes a critical issue. 

Magnetic photocatalysts could be effectively recycled by applying an external magnetic 

field. Therefore, titania-coated magnetic photocatalysts have attracted great attention in 

water treatment industry (Xu et al. 2007, Wu et al. 2015). Some recyclable titania-coated 
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magnetic photocatalysts were reported and shown to be efficient in the degradation of other 

classifications of emerging contaminants (Lu et al. 2007, Casbeer et al. 2012, Ahangara et 

al. 2016, Arora et al. 2016, Bagheri and Julkapli 2016), while whether they are widely 

applicable in degradation of pharmaceutical molecule is unknown (Bagheria et al. 2016).  

CoFe2O4 is one of the potential magnetic materials for such an application (Kharisov et al. 

2014, Zhou et al. 2016). In this study, the CoFe2O4/TiO2 was therefore synthesized by 

doping the commercial P25 with CoFe2O4. The degradation performance of three 

pharmaceuticals by using the photocatalyst and the recycled/spent catalysts were 

investigated. Besides, the knowledge on the catalyst is limited, hence a deeper study on the 

catalyst based on the characterization of the obtained nanoparticles will be conducted. 

Based on previous studies, the reaction conditions such as light source, solution pH level, 

catalyst dosage and so on have a great influence on the performance of the photocatalysis 

process. Besides, some anions, Cl-, F-, SO4
2-, NO3

- and so on included, exist in the 

background environment and they may also affect the removal efficiency of the treatment 

process. Therefore, the effects of different parameters and anions were explored in this 

study. 

Permanganate (Mn(VII); KMnO4) has been widely used in water/wastewater treatment and 

remediation of contaminated groundwater (Ma et al. 1997, Hu et al. 2009, Jiang et al. 2009, 

Hu et al. 2010). The preferred characteristics of KMnO4 shown in oxidation treatment 

include low cost, simple handling, relative stability and high efficiency over a wide pH 
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range (Guan et al. 2010). Besides, compared to other oxidants such as chlorine and bromine, 

fewer harmful disinfection byproducts would be produced during the oxidation of the 

treated substance with permanganate (Rodriguez et al. 2007). Moreover, MnO2, the product 

generated from permanganate an insoluble eco-friendly would facilitate the enhancement 

of coagulation and thus simultaneous adsorption of contaminants before their removal by 

sedimentation or filtration (Stone 1987, Ma et al. 1997, Zhang and Huang 2003, Jiang et 

al. 2009). Permanganate has been proven to be efficient in the degradation of multiple 

pharmaceuticals such as estrone, estiol, estracliol, ethylestradiol, cartamazepine, 

Acetaminophen (Hu et al. 2009, Guan et al. 2010, Hu et al. 2010, Wu et al. 2012, Fayad et 

al. 2013, Roderick et al. 2013, Zhang et al. 2013a), however, there are still a number of 

pharmaceuticals including caffiee, clofibrid acid, lopromid, ciprofloxacin, diclofenac, 

SMX, IBP are not in the list (Zhang et al. 2014a). Zhang et al. provided a clue by the 

combined use of catalyst Ru/TiO2 and permanganate (Zhang et al. 2014a). Besides, the 

allowed inlet concentration was very low due to the unpleasant color of permanganate 

(Zhang et al. 2014b). Thus, catalyzing permanganate oxidation is becoming a possibility 

to achieve a high micropollutant removal at low permanganate dosage.  

Similarly, potassium ferrate has received widespread attention and is used in coagulation, 

disinfection, and oxidation for multipurpose treatment of water and wastewater (Jiang 

et al. 2013, Jiang and Zhou 2013, Wilde et al. 2013, Barışçı et al. 2016). Compared to 

traditional oxidants such as chlorine, ozone, hydrogen peroxide, it has stronger oxidation 

ability with redox potential +2.20 V and +0.72 V, respectively, in acidic and alkaline 

conditions (Lee and von Gunten 2010, Ma et al. 2012, Liu et al. 2016). Besides, Fe(VI) is 
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environmentally friendly since the by-product is the non-toxic Fe(III) (Li et al. 2005, 

Yang et al. 2012, Ma et al. 2015). 

Apart from permanganate and ferrate, other frequently used oxidants include persulfate, 

oxone, hydrogen peroxide. It is assumed that the addition of the oxidants would enhance 

the performance of the photocatalysis process. Therefore, the information on the 

performance of the photocatalysis process in the presence of the commonly used oxidants 

/disinfectants was provided.  

It was known that the partial or complete elimination of the parent compound does not 

necessarily indicate the reduction or the elimination of the potential adverse effects the 

degradation of the parent compound does not necessarily indicate of its toxicity to the 

environment. As already stated by several authors, some toxic degradation products may 

be formed during the treatments (Quero-Pastor et al. 2014, Szot 2014). Sometime, the 

toxicity of the treated effluent may be even higher than that of the parent compounds in the 

influent due to the formation of more toxic intermediates/products during the treatments. 

For example, a study on the toxicity of IBP and its intermediates suggests that the sub-

product produced during ozonation has higher toxicity than the parent compound IBP 

(Quero-Pastor et al. 2014). The acute toxicity of SMX solution to Daphnia magna was 

increased after ozonation due to the formation of toxic intermediates (Abellán et al. 2007). 

In that case, the treatment process may not be advantageous in the treatment of the target 

compound. Since the aim of water treatment is to decrease or eliminate the adverse effect 

of the parent compounds to the environment, it is of great importance and necessary to 
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understand the transformation products and monitor the toxicity of the pollutants during 

their transformation and provide basic information for the optimization of the treatment 

process. Therefore, assessment on whether the products still exhibit risk to life activities of 

aquatic organisms was conducted in this study. 

The green algae Chlorella vulgaris is a species found worldwide and has been used in many 

studies on toxicity evaluation of organic pollutants (Baran et al. 2006, Qian et al. 2009, Cui 

and Li 2014). The brine shrimp Artemia salina is a microplanktonic filter feeder as well as 

an important aquaculture species used as live food for aquaculture organisms, including 

fish larvae (Kokkali et al. 2011). It is also widely used in the toxicity assessment of 

pollutants in aquatic environment for its cheap culture, short generation time, and high 

sensibility (Costello et al. 1993, Krishnakumar et al. 2007, Milhem et al. 2008, Awolola et 

al. 2010, da Silva et al. 2014). Utilization of aquatic organisms that can be cultured in the 

laboratory to assess the toxicity of pollutants can provide important clues to the underlying 

mechanisms of toxicity (Yan et al. 2009). In this study, the green algae C. vulgaris and the 

brine shrimps A. salina was used to evaluate the toxicity evolution of IBP degradation 

products during the process.  

To fill up the above knowledge gaps, a systematic study including the synthesis and 

characteristic of the catalyst, the efficiency evaluation of the photocatalysis process on the 

removal of three pharmaceuticals, the determination of the reaction mechanism, and the 

toxicity assessment of the pharmaceuticals before and after the treatment were carried out. 
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1.2 Aims and objectives 

The aim of the study is to develop an effective photocatalysis process for removal of 

pharmaceutical pollutants in water and wastewater. To be specific, the objectives are listed 

below.  

(1) To synthesize a magnetic photocatalyst CoFe2O4/TiO2 by doping commercial CoFe2O4 

with TiO2.  

(2) To reveal the characteristic of the catalyst with the assistance of X-ray powder 

diffraction (XRD), scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), energy dispersive X-ray analysis (EDX), diffuse reflectance 

infrared spectrometry (DRS), Brunauer–Emmett–Teller (BET) and zero point of 

charge (ZRC) measurement. 

(3) To evaluate the photocatalytic efficiency of the magnetic catalyst by removing three 

pharmaceuticals including SMX, AP and IBP. To evaluate the magnetic property and 

the recyclable use of the catalyst.  

(4) To give the optimal degradation conditions for the degradation performance including 

the light source wavelength, the catalyst dosage and the solution pH. To establish 

models for prediction of the reaction rate with different initial target compound 

concentrations.  
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(5)  To investigate the effects of anions, oxidants on the photocatalytic process. The 

assessment of the possible broadened processes such as the combination of the 

photocatalysis process with other oxidants will be carried out. 

(6)  To illustrate the reaction mechanism by the detection of organic intermediates, 

proposal of degradation pathways, determination of inorganic ions release and 

measurement of total organic carbon (TOC).  

(7)  To determine whether the process is efficient for the toxicity elimination/reduction by 

the toxicity evaluation of the pharmaceuticals to planktons (C. vulgaris and A. salina) 

before and after the treatment.  

1.3 Structures of this thesis 

Based on the above work, the thesis is presented in ten chapters.  

The first chapter (i.e., the present chapter) gives the background, objectives, and 

organization of the thesis. 

The literature review is given in the second chapter, comprising of three parts. One part is 

the literature review of AOPs. The second part focuses on the development of titanium 

based on magnetic photocatalysts. The third part is the description of the target compounds, 

including the basic information, previous studies on their impacts on aquatic organisms, as 

well as the chemical treatment processes of the target compounds. 
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Chapter three describes the material and methods used in this study. The former one 

includes the chemicals, tested organism, equipment and so on. The latter one include 

methods of the catalyst synthesis, the characterization of the catalyst, the analysis method 

for concentrations of target compounds, the determination of transformation products, the 

mineralization evaluation and the toxicity assessment.  

The characteristic and the magnetic property of the catalyst is revealed in Chapter four. 

Results in terms of XRD spectra, SEM image, TEM image, EDX analysis, BET surface 

area, DRS analysis, ZPC determination of the catalyst are listed. 

 Degradation of SMX, AP and IBP by UV/CoFe2O4/TiO2 are revealed in Chapter 5, 6, 7, 

respectively. The best proportion in the catalyst synthesis methods is given with the SMX 

degradation. The separation, collection and recycling use of the catalyst is revealed. The 

influence of parameters including UV wavelength, catalyst dosage, initial concentrations 

of parent compounds, pH are determined. Reaction mechanism including the 

transformation products and destruction pathway is illustrated. TOC and toxicity evolution 

of the intermediates are measured. Besides, in Chapter seven, the impacts of anions and 

oxidants on IBP photodegradation are demonstrated. 

Chapter 8 discuss the effect of permanganate on the photocatalysis process. In this chapter, 

the effect of permanganate on SMX removal under the catalytic system is explored. The 

optimal conditions such as permanganate dosage and pH are determined. The identification 

of transformation products and TOC determination are carried out. Additionally, 
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ecotoxicity evaluation of the treated end product after SMX degradation under the 

treatment progress of photocatalysis with permanganate is illustrated. 

The last chapter presents the conclusions of the study and recommendations for future 

work. 
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2. Chapter two    Literature review 

2.1 Advanced oxidation processes 

Due to the sufficient quantity and strong oxidation of the radicals generated, AOPs were 

broadly applied in treatment of different types of pollutants in water and wastewater. The 

radicals utilized during the AOPs include hydroxyl radicals (OH•) and sulfate radicals (SO4
• 

−). To be specific, the processes include photolysis, photocatalysis, Fenton or Fenton-like 

processes, ozonation, ultrasonic irradiation and so on. In this review, the processes were 

classified based on the chemical agents used. The radical generation of the processes can 

be checked from Table 2-1. 

2.1.1 Photolysis 

Direct photolysis is the main destruction process for some contaminants in natural surface 

waters (Jin et al. 2017).  Due to the cost-effectiveness, UV photolysis has been recognized 

as an alternative water treatment process. Compared to chlorination or ozonation, no 

chemical is required for the technology, and hence the taste or odor of the treated water 

would not be influenced (Zhang et al. 2017). Various contaminants, including some 

pharmaceuticals (Dong et al. 2017b, Salma et al. 2017, Santoke and Cooper 2017, 

Trawinski and Skibinski 2017), were reported to be effectively removed under UV 

irradiation (Afzal et al. 2016, Kim et al. 2016). 
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2.1.2 Photocatalysis 

Though some pollutants can be effectively removed by direct photolysis, the wavelength 

applied is usually quietly limited. For organic pollutants, the most frequently used 

wavelength in direct photolysis is UVC. Besides, the treatment process requires a long time. 

To broaden the applicable light source, shorten the treatment time and save energy, various 

photocatalysts were developed (Chowdhury and Balasubramanian 2014, Reddy and Kim 

2015, Grabowska 2016, Jiang et al. 2017). 

One of the most frequently used process is UV/TiO2 because of the environmental-

friendliness (Pillai et al. 2015, Hassan et al. 2016). With the irradiation and initiation of 

UV, TiO2 particles were excited, leading to the formation of positive holes and negative 

electrons at the conduction band (CB) and the valence band (VB), respectively. The former 

one has an oxidative capacity, and the latter one has a reductive capacity. Hydroxyl radicals 

were formed by the reaction of the holes or electrons with OH−, H2O, and O2
• − at the 

surface of TiO2 particles.  

2.1.3 Processes based on O3 and H2O2 

Processes based on O3 and H2O2 including ozonation, UV/O3, UV/H2O2, O3/H2O2, UV/O3 

/H2O2 are frequently applied and well investigated (Chang et al. 2014, Oh et al. 2014, 

Benitez et al. 2015, Ferre-Aracil et al. 2016, Hansen et al. 2016, Bourgin et al. 2017, 

Cheema et al. 2017, Gomes et al. 2017, Srithep and Phattarapattamawong 2017).  
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Radicals can be generated directly from ozonation, hence ozonation is commonly used in  

water/wastewater treatment (Lee et al. 2014b, Rodayan et al. 2014, Tay and Madehi 2015, 

Marce et al. 2016, Tekle-Rottering et al. 2016, Hopkins et al. 2017, Zhao et al. 2017). H2O2 

can be generated from ozone initiated by the UV irradiation (Benito et al. 2017).  

Radicals are generated further from H2O2 initiated by the UV irradiation, and UV/H2O2 is 

also an effective way for contaminants treatment (de Melo da Silva et al. 2016, Garcia-

Galan et al. 2016). Radicals are also generated from the reaction between ozone and H2O2 

(Parker et al. 2017), which is called peroxone process.  

2.1.4 Processes based on Fenton 

The combination of Fe2+ and H2O2 is the well-known Fenton process. In the Fenton process, 

H2O2 was activated by ferrous ions. Hydroxyl radicals are generated via hydrogen 

abstraction, hydrogen addition and electron transfer (Guo et al. 2014). Upon the formation 

of OH•, Fe(II) is turned into Fe(III) and is regenerated by HO2
•. This is known as the 

catalytic cycle of Fe(II)/Fe(III). UV irradiation can accelerate the regeneration of Fe(II) 

from Fe(III) (Yoon et al. 2017).  

2.1.5 Processes based on sulfate radicals 

Using persulfate (S2O8
2-) or oxone as oxidants to generate powerful (SO4

• −) is an alternative 

method for contaminants treatment (Olmez-Hanci et al. 2015). Compared to Fenton process, 

the sulfate radical based processes have a wide pH range (Wang and Chu 2011b).  
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The process includes radical generation from S2O8
2−, either activated by UV irradiation 

(Dhaka et al. 2017, Ghauch et al. 2017, Guo et al. 2017, Hou et al. 2017, Zhou et al. 2017) or 

ferrous and also the cycle of Fe(II)/Fe(III). During the process, S2O8
2- reacts with Fe(II) 

and is turns into SO4
2- and SO4

•-. 

Oxone, known as potassium peroxymonosulfate (2KHSO5∙KHSO4·K2SO4), is a triple 

salt solid compound providing HSO5
−. The standard electrode potential of oxone is 

+1.82 V, which is higher than that of H2O2  (+1.776 V) (Betterton and Hoffmann 1990, 

Wang and Chu 2012). For the sulfate radical generation by activation of oxone, the 

reaction mechanism is rather similar to that of UV/Fe2+/Persulfate. Oxone is difficult to 

be activated at room temperature in dark condition and the introduction of UV 

irradiation is therefore important (Wang and Chu 2012).  

2.1.6 Ultrasonic process 

Ultrasonic (US) is another process without introduction of chemicals. The efficient remove 

of many organic compounds by US has been reported in previous studies (Torres et al. 

2008, Xu et al. 2013b, Zhou et al. 2015b, Serna-Galvis et al. 2016). In the system, the 

electrical energy was transform into the chemical energy and thermal energy, and then 

radicals are generated from various reactions (Xu et al. 2013a). 
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2.1.7 Combined processes 

Based on the above treatment processes, multiply combined processes were developed. For 

example, according to Fenton, photo Fenton or Fenton like processes, novel catalysts or 

transition metals were used in activation of the oxidants H2O2 (Chen et al. 2015, Chen et al. 

2017b, Chong et al. 2017, Yoon et al. 2017), persulfate (Dong et al. 2017a, Hussain et al. 2017, 

Li et al. 2017, Pan et al. 2017, Wang et al. 2017) or oxone (Deng et al. 2013, Hu et al. 2013, 

Wang et al. 2013, Liu et al. 2015b). Thermal and electronic were also used for the activation 

of the processes (Wang and Chu 2011a, Bu et al. 2017, Chen et al. 2017c, Yang et al. 2017, 

Zrinyi and Pham 2017). 

Besides, other combined processes such as O3/Photocatalysis (Biard et al. 2016), US/UV 

(Xu et al. 2013a), US/O3 (Chand et al. 2009), US/Photocatalysis (Kubo et al. 2005, Wang 

et al. 2008),  US/Fenton-like (Yehia et al. 2015, Babu et al. 2017) and so on were explored.  

2.2 Photocatalysis utilizing magnetic catalysts based on TiO2 

Due to the difficulty of collection and recycling use of TiO2, various magnetic catalysts 

were developed based on TiO2 (summarized in Table 2-2). Usually, the magnetic substance 

was synthesized as the core, and TiO2 was synthesized as the shell. A number of studies 

were reported, and most synthesized magnetic photocatalysts were highly efficient in 

degradation of organic contaminants.  



Chapter 2 

18 

 

Most of the tested target compounds were dyes, few studies focused on the destruction of 

pharmaceutical molecular with magnetic photocatalysts. As reported in many studies, the 

photocatalysts coated with magnetic substances were easily separated from the treated 

solutions and still efficient in removal of probe compounds even after several times of 

recycle use. 

2.2.1 Magnetic catalysts based on ferrite and TiO2 

In the research by Gao et al. (Gao et al. 2016), TiO2 was synthesized with hydrothermal 

method, and was modified by various ferrites (MFe2O4, M = Ni, Co, Zn, and Sr). Among 

all the ferrites coated TiO2, NiFe2O4/TiO2 modification was claimed to show the most 

enhancement in photocatalytic activity of TiO2. Another attempt made by utilizing Ni-Cu-

Zn ferrite/TiO2 was to study the degradation of methylene blue (MB) under UV 

illumination (Fu et al. 2011). 

Sol-gel method was employed for Ag loaded Ni-Cu-Zn ferrite/SiO2/TiO2 composite. The 

photocatalytic activity of the catalyst of was proven by the significant destruction of MB 

solutions under a 35-W Xe arc lamp and color temperature of 6000 K (Chen et al. 2017a). 

2.2.1.1 Catalysts based on NiFe2O4/TiO2 

Mechanochemical method from a mixture of and P25 was performed to obtain the catalysts 

NiFe2O4/TiO2. In the composite, NiFe2O4/TiO2 provides fast and efficient heating under 

radiofrequency field, and P25 plays the role of an active catalyst. The sulfated composite 
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catalysts show high catalytic activity according to the yield of amide in the condensation 

of aniline and 3-phenylbutyric acid (Houlding et al. 2015). 

As was reported by Xu et al. (Xu et al. 2007, Xu et al. 2008), the egg-like 

NiFe2O4/SiO2/TiO2 was synthesized employing chemical precipitation means, reverse 

micelle technique and a liquid catalytic phase transformation method. Compared to 

NiFe2O4/TiO2, the additional SiO2 layer between the magnetic core and the TiO2 shell 

enhanced the photocatalytic activity of methyl orange (MO) under UV irradiation, since it 

played the role of barrier for the injection of charges from TiO2 particles to NiFe2O4. 

Another try is the degradation of Violet 5B with NiFe2O4/SiO2/TiO2 under UV light (Yuan 

et al. 2010).  

2.2.1.2 Catalysts based on CoFe2O4/TiO2 

For the magnetic nanocatalyst CoFe2O4/TiO2, co-precipitation method and sol–gel 

technology was employed for synthesis of the core CoFe2O4 nanoparticles and the shell 

TiO2 nanocrystals, respectively (Sathishkumar et al. 2013). It was reported that rutile phase 

of TiO2, which was more thermodynamically stable, was formed with the induction of 

CoFe2O4 (Sathishkumar et al. 2013). Reactive Red 120 as the target compound was 

removed with the photocatalysts under a tungsten halogen lamp (wavelength > 400 nm). 

Another try of pollutants degradation making use of CoFe2O4/TiO2 is the degradation of 

the dye Procion Red MX-5B (Procion) under UV wavelength of 365 nm (Fu et al. 2005). 

Co-precipitation method and sol–gel technology was performed for the synthesis of the 
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core CoFe2O4 and the shell TiO2 nanocrystals, respectively, and the catalyst was obtained 

finally by heat-treatment at 450 °C. The synthesis of CoFe2O4/TiO2 was also achieved by 

the sol–gel method combined with solvent-thermal technique, the photocatalytic activity 

was proven by the degradation of MB under UV illumination (Li et al. 2009a).   

Core-shell magnetic nanoparticles CoFe2O4/SiO2/TiO2 have been prepared using 

metallorganic precursors and sintering at 600 °C. Under UV light, the obtained catalysts 

can be used in photodegradation of MB (Greene et al. 2014).  

2.2.1.3 Catalysts based on ZnFe2O4/TiO2  

The quasi-cube nanocrystals ZnFe2O4 were firstly obtained by a facile hydrothermal 

method. Then the physically grind of approach ZnFe2O4 with P25 results in the 

nanocomposite. Mineralization of Rhodamine B (RhB) was well achieved with the 

treatment process of UV/ZnFe2O4/P25 (Zhang et al. 2010b). Sol-gel method was also 

utilized for synthesis of ZnFe2O4/TiO2 and the obtained catalysts were efficient in 

degradation of RhB (Zhang et al. 2008). ZnFe2O4/TiO2 was also developed by 

coprecipitation/hydrolysis route, the obtained composites were active in the 

degradation of phenol from UV to visible wavelengths (> 400 nm) (Srinivasan et al. 

2006). It was reported that the ZnFe2O4/TiO2 nanotube arrays prepared via electrochemical 

process with a novel cathodic electrodeposition method showed photocatalytic active in 

the degradation of 4-chlorophenol under UV irradiation. The photoelectrocatalytic ability 

of the cataysts can be enhanced to visible light if annealing was followed during the catalyst 
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synthesis (Hou et al. 2010a, b). The nanocomposite material ZnFe2O4/TiO2 prepared by a 

colloid chemistry method exhibited photocatalytic activity under sunlight irradiation by 

phenol photodegradation (Yuan and Zhang 2001). The electrochemical anodization method 

and facile hydrothermal route were employed for TiO2 preparation and deposition of 

ZnFe2O4 on TiO2 nanoparticles. The modified nanoparticles extended the photo response 

in the visible light region by the destruction of acid orange II (Wang et al. 2013). The wet 

method was also performed in the synthesis of ZnFe2O4/TiO2 and the photocatalytic 

activity was proven by the MO degradation under UV-VIS irradiation (Moreira et al. 2012). 

ZnFe2O4/TiO2/Granular activated carbon was developed and employed as the photocatalyst. 

The catalysts calcined at 500 °C showed significantly photocatalytic activity in degradation 

of acid dye under visible light irradiation (Wang et al. 2009b). 

2.2.1.4 Catalysts based on CuFe2O4/TiO2  

For the preparation of CuFe2O4/TiO2, the microwave-assisted method and sol–gel method 

were employed. The photocatalysts showed good behavior on the degradation of four 

various azo dyes under UV irradiation (Masoumi et al. 2016a).  

The photocatalytic activity was promoted visible light region by the incorporation of the 

silver nanoparticles with simple precipitation method (Masoumi et al. 2016b). Graphene 

was also employed and implanted into the magnetic catalysts, CuFe2O4/TiO2/Graphene 

nanocomposites prepared via a one-step hydrothermal method was reported to show 
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photocatalytic activity in terms of MB destruction under visible light radiation (Yu and 

Zhang 2016). 

2.2.1.5 Catalysts based on BaFe2O4/TiO2 

For the barium ferrite coated TiO2 nanoparticles, hydrolysis and condensation of titanium 

bis-ammonium lactato dihydroxide or titanium n-butoxide were performed (Lee et al. 

2004). Under the irradiation of UV lamps at wavelength of 365 nm, the catalysts showed 

photocatalytic activity in degradation of procion. 

Wet-chemical methods were employed for the synthesis of BaFe2O4/SiO2/TiO2 (Lee et al. 

2006). The catalysts contribute for the photodegradation of procion under UV illumination 

at wavelength of 302 nm. The as-prepared composite particles were reported to be more 

photoactive after the heat-treatment at 500 ◦C for 1 h (Lee et al. 2006). 

2.2.1.6 Catalysts based on MgFe2O4/TiO2 

Information on MgFe2O4/TiO2 application in pollutants treatment in aqueous phase is still 

limited. The mixing-annealing method was successfully used in synthesis of 

MgFe2O4/TiO2. Photocatalytic activity of the composite photocatalysts was proven by the 

photodegradation of RhB under UV and visible light irradiation (Zhang et al. 2011). 
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2.2.2 Magnetic catalysts based on iron oxides and TiO2  

Another group of commonly used magnetic material is the iron oxides. For example, by 

wet-chemical processing and ultrasound irradiation, a photocatalyst Fe2O3/Fe3O4/TiO2/C 

was developed and used for the degradation of organic dyes reactive black 5 and Rh B 

exposed to visible-light (Lee et al. 2014a). The photocatalytic activity of the 

FexOy/TiO2/Ag nanoparticles showed a significant increase in under visible light compared 

to P25 owing to the presence of Ag. The antibiotic compound, nalidixic acid, was removed 

efficiently with the treatment process VIS/FexOy/TiO2/Ag (Petronella et al. 2017). Hereby 

the magnetic catalyst based on Fe2O3 or Fe3O4 coated with TiO2 were reviewed. 

2.2.2.1 Catalysts based on Fe2O3/TiO2 

In the preparation process of α-Fe2O3/TiO2, hydrothermal treatment was frequently 

employed. Liu and Gao found that even visible light irradiation was able to active the 

photocatalysis of MB with the obtained α-Fe2O3/TiO2 (Liu and Gao 2006). Magnetic γ-

Fe2O3/TiO2 was developed with an asymmetric shrinkage approach and was able to 

degrade RhB with visible light (Mou et al. 2012). A solvent-free mechanochemical process 

was reported for the synthesis of Fe2O3/TiO2. The treatment efficiency of Fe2O3/TiO2 was 

even higher than the P25 for the treatment of paper mill effluent indicated by COD 

(Subramonian et al. 2017). Another study illustrated that synthesized Fe2O3/TiO2 was 

efficient in treatment of Orange II under visible light (Peng et al. 2010).  



Chapter 2 

24 

 

An easy chemical route was employed for the synthesis of (γ-Fe2O3/SiO2)n/TiO2, the 

photocatalytic activity of the hybrid nanoparticles was proven by the degradation of MB 

under UV light (Wang et al. 2009a).  

A metal organic chemical vapor deposition method was reported to be convenient and 

efficient in preparation of Fe2O3/TiO2/Activated carbon. The obtained catalysts showed 

photocatalytic activity in the photodegradation or decoloration of MO under visible light 

irradiation (Zhang and Lei 2008).  

2.2.2.2 Catalysts based on Fe3O4/TiO2 

To obtain the amorphous Fe3O4/TiO2, a single sonochemical approach was employed 

through hydrolysis and condensation of titanium isopropoxide and iron sulfate 

heptahydrate (Abbas et al. 2014). The catalyst showed an excellent performance on the 

destruction of MB under UV irradiation, and the reaction was accelerated significantly with 

the introduction of H2O2 without UV. The sol-gel method was also explored for the 

synthesis of Fe3O4/TiO2, and the catalyst showed good response in the decomposition of 

tartrazina dye (Heredia et al. 2015) and bromamine acid (Fei. et al. 2010). Hollow spherical 

Fe3O4/TiO2 hybrid photocatalysts were successfully prepared through a poly (styrene-

acrylic acid) template method and exhibited good photocatalytic activity on degradation of 

RhB under UV light irradiation (Sa et al. 2009). Besides, attempts on application of the 

core-shell nanocrystal Fe3O4/TiO2 in the treatment of endocrine disrupting chemical 

(bisphenol A and dibutyl phthalate) under UV illumination (Chalasani and Vasudevan 2013) 
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were made. The facile liquid phase deposition route was utilized for the fabrication of 

Fe3O4/TiO2 core-shell microspheres and the photocatalytic decomposition of MB was 

investigated under visible light (Zheng et al. 2016). 

A great many studies also focus on the photocatalytic application of Fe3O4/SiO2/TiO2. The 

magnetic photocatalyst were synthesized with solution method, and was employed in the 

treatment of textile wastewater which contains various dyes and chemicals under UV 

irradiation (Ahangara et al. 2016). Additionally, Fe3O4/SiO2/TiO2 was developed and 

applied to degrade diclofenac by photoelectron-catalytic treatment process (Hu et al. 2011). 

The core–shell nanomaterial Fe3O4/SiO2/TiO2 can also be prepared by co-precipitation 

method, under UV illumination, reactive black 5 can be removed with the photocatalysts 

(Lucas et al. 2013). In a study on photocatalytic degradation of RhB, solvothermal reaction, 

the typical Stböer process and sol–gel method was performed for synthesis of Fe3O4 

particles, Fe3O4/SiO2 particles, and the core-shell Fe3O4/SiO2/TiO2 (Liu et al. 2011). 

Another study utilizing solvothermal and sol-gel method to obtain the nanoparticles 

Fe3O4/SiO2/TiO2 revealed the excellent performance of the catalysts for the degradation 

and decoloration of MO and MB dyes under UV irradiation (Liu et al. 2013b). Additionally, 

degradation of P-Nitrophenol was carried out by photocatalytic process using the catalyst 

Fe3O4/SiO2/TiO2 under UVC light source (Rezaei-Vahidian et al. 2017). 

The composites Fe3O4/SiO2/TiO2/Graphene were obtained by combining sol–gel method 

and assembling processes. The introduction of graphene led to the strong light absorption 

in the visible region. The typical herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was 
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removed completely from water under simulated solar light irradiation, and the removal 

efficiency is even higher than commercial P25 (Tang et al. 2013). 

Similarly, due to the strong absorption and scattering properties of Ag nanoparticles, the 

photocatalytic activity of Fe3O4/TiO2/Ag was greatly promoted in visible light region, 

which was verified by the degradation of MB solution. The study also suggested the SiO2 

interlayer between the core Fe3O4 and the shell TiO2 be employed for the prevention of 

Fe3O4 photodissolution during photocatalysis (Zhan et al. 2014).  

Solvothermal and sol–gel methods were performed to form Fe3O4/SiO2/TiO2/AgBr. The 

photocatalyst exhibited high photocatalytic activity in the degradation of MB under visible 

light (Liu et al. 2013c). 

Apart from the above materials, iodine was also doped in the magnetic nanoparticles to 

promote the phocatalytic activity of the catalysts to visible light region. The nanoparticles 

Fe3O4/SiO2/TiO2/I were efficient in degradation of phenol from the aqueous solution under 

visible-light illumination (He et al. 2012). 

2.2.3 Other magnetic cores 

In a study by Gaikwad et al., three types of maganetic catalysts, Fe/TiO2, FeN/TiO2, 

CoFe2O4/FeN/TiO2, were demonstrated. Through the decomposition of MO under both UV 

and visible light, the photocatalytic activity of the nanocomposites, was determined in the 

order FeN/TiO2  > Fe/TiO2 > CoFe2O4/FeN/TiO2 (Gaikwad et al. 2016).  
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The hydrothermal method combined in situ reduction route were performed for synthesis 

of Fe/TiO2. Its photoactivity under UV light irradiation was even higher than that of P25 

by photocatalytic degradation of acetic acid and formaldehyde (Li et al. 2009b).  

The photocatalyst, Ni/TiO2 composite, has been successfully synthesized. The TiO2 films 

were by coated onto one-dimensional magnetic Ni nanostructures. The photocatalytic 

activity of the catalysts was demonstrated by the destruction of MO under UV light (Pang 

et al. 2011). 

Modified sepiolite was also investigated as the magnetic source, and the catalyst Modified 

sepiolite/TiO2 was synthesized by a sol–gel method. The adsorption ability and 

photocatalytic activity of the obtained composites were significantly enhanced compared 

to neat TiO2, which was proven by the 2,4-dichlorophenol removal with UV irradiation. 

(Li et al. 2015).  

2.3  Target compounds 

The basic information of the target compounds in this study is shown in Table 2-3. 

2.3.1 Sulfamethoxazole 

2.3.1.1 Basic information 

Sulfamethoxazole (SMX, 4-amino-N-(5-methyl-3-isoxazolyl) benzenesulfon-amide), a 
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white, odorless, and tasteless antimicrobial agent, is commonly used as the human and 

veterinary medicine. As human medicine, SMX is used to treat diseases such as middle ear 

infection, conjunctivitis, bronchitis, urinary tract infection, malaria, toxoplasmosis, and 

traveler’s diarrhea (Damschen and Lundgren 2009). As veterinary medicine, SMX is used 

as feed additives to promote growth and weight gain of food animals apart from the 

application in treating diseases and infections (Pereira and Cass 2005).  

Because of the industrial and domestic activities, SMX may end up in the waterbody 

through various routes such as pharmaceutical effluents, toilet flushing, and excretes with 

or without proper treatment (Heberer 2002). For examples, the livestock excretions, 

including the metabolized residues, may penetrate the soil and reach the groundwater or be 

washed off from the soil as a surface runoff after a rainfall storm. 

Traces of SMX have been identified in almost all kinds of surface water and in the effluents 

of municipal sewage treatment plant (Gobel et al. 2004, Gobel et al. 2005, Pereira and Cass 

2005, Brown et al. 2006, Miege et al. 2009). In a survey conducted by the United States, 

SMX was listed as one of the top six most frequently detected compounds (Koplin et al. 

2002). SMX was detected at 47 ng/L, 193 ng/L, and 480 ng/L, in Victoria Harbor (Minh et 

al. 2009), Pearl River (Yang et al. 2013), and Germany (Hirsch et al. 1999), respectively. 

In the effluent of STPs, SMX was detected at 52.6 ng/L and 2000 ng/L in Hong Kong 

(Gulkowska et al. 2008) and Germany (Loos et al. 2013), respectively.  
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2.3.1.2 Adverse effect of SMX on aquatic organisms 

Owing to the low biodegradability, SMX can persist in the environment for a long time and 

thus was categorized as a persistent antibiotic (Dirany et al. 2011). It has been proved that 

even low concentration levels of SMX would pose a serious environmental risk by altering 

microbial community structure via the yielding of antibiotic resistance (Underwood et al. 

2011). Due to its similar structure to PABA (para-aminobenzoic acid, an intermediate in 

the synthesis of folate by bacteria, plants, and fungi), SMX can prevent normal bacteria 

from binding PABA with folic acid enzyme and interfere the synthesis of folic acid, a 

critical metabolite in DNA synthesis (Hida et al. 2005, Nguyen and Clarke 2012). Since 

the bacterial resistance to this antibiotic owing to its prolonged presence in environments 

has been well demonstrated, human health may be threatened if antibiotics fail in clinical 

application (Sanderson et al. 2004, Kemper 2008, Lin and Huang 2008, Zhang et al. 2010a). 

The existence of SMX in the environment may induce the mutations of some bacteria, thus 

yield antibiotic resistance (Iliades et al. 2004). In addition, SMX can affect the aquatic 

ecosystem by inhibiting the life activity of aquatic organisms. The summary of effects of 

SMX on aquatic organisms was listed in Table 2-4. From the table, SMX has adverse effect 

on various groups of aquatic organisms. Growth inhibition to bacterial, phytoplankton, and 

zooplankton were detected. In addition, acute toxicity to zooplanktons exposed to 50-100 

µM SMX was reported. For instance, the growth of zooplankton Ceriodaphnia dubia and 

algae Pinnularia subcapitata was inhibited when the concentration of SMX reached 0.21 

mg/L (0.83 µM) (Isidori et al. 2005) and 0.52 mg/L (2.06 µM) (Isidori et al. 2005), 
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respectively. Due to its toxicological effects to the environment and thus the potential risk 

to human health, it is crucial to study an efficient way for the degradation of SMX.  

2.3.1.3 Previous studies on SMX degradation by chemical treatment processes 

Numerous studies have been conducted in terms of the treatment progress of SMX (Table 

2-5). As is shown in the table, processes based on photolysis, photocatalysis, Fenton, 

ozonation, sulfate radicals based processes, ultrasonic process have been widely explored.  

The studies prove that no significant degradation was observed under UVA irradiation 

while UVC and vaccum-UV showed high reactivity, and vaccum-UV is the most effective 

light source for the photolysis (Kim et al. 2015). Even under the sunlight for one week, 

SMX showed 50% destruction (Gmurek et al. 2015). Six transformation products were 

determined during the photolysis and the growth inhibition of treated SMX solution to 

Vibrio fischeri was slightly reduced (Niu et al. 2013, Gmurek et al. 2015).  

In the photocatalysis treatment processes, the most used catalysts are based on TiO2, and 

the processes are mostly combined with UV. In the process UV/TiO2, eight intermediates 

were detected (Abellán et al. 2007, Fukahori and Fujiwara 2015). The growth inhibition of 

SMX solution to C. vulgaris was decreased after the photocatalytic treatment (Baran et al. 

2006). Another study showed that the toxicity to V. fischeri was increased after the 

treatment process UV/TiO2 but decreased if the salinity was elevated (Yang et al. 2015). 

The catalysts used in SMX degradation include TiO2/Activated carbon fiber, TiO2-
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expanded perlite, granular activated carbon supported TiO2, TiO2/Cu, TiO2 Millennium 

PC500 immobilized on glass plates, Ti-doped β-Bi2O3,
 
MnO2. For the process UV/Ti-

doped β-Bi2O3, no toxicity decrease was found (Niu et al. 2013). And for the process with 

MnO2, the reaction is rather slow, with only 60% removal efficiency in 24 hours (Wan et 

al. 2015). 

Electro-Fenton, solar photo-Fenton, photoelectro-Fenton and other Fenton-like processes 

such as UV/H2O2 and LaFeO3/H2O2 were developed. The treated SMX solution showed 

20-40% higher inhibitory effect to Vibrio qinghaiensis after the treatment process UV/H2O2 

in synthetic fresh and hydrolyzed urine (Zhang et al. 2015c). The study of solar photo-

Fenton showed that the toxicity evolution of the treated SMX solution is different between 

the reaction system of distilled water and seawater (Trovo et al. 2009a). The toxicity to 

Daphnia magna was decreased from 85% to 20% in the reaction system of distilled water.  

In contrary, in the reaction system of seawater, the toxicity to V. fischeri increased from 

16% to 86% (Trovo et al. 2009a). 

Persulfate can be activated by ferrous, iron or heat and produce radicals to remove SMX 

molecular. However, the treated SMX was reported to be more toxic for heat activated 

persulfate process (Gao et al. 2014b). And there is still limited information on new process 

such as Peroxymonosulfate/Benzoquinone in terms of transformation products and toxicity 

evolution. 

SMX can be totally removed by direct oxidation of ozone or ferrate (VI) (Martins et al. 



Chapter 2 

32 

 

2015a, Zhou and Jiang 2015). However, the direct oxidation potential of chlorine is limited 

in SMX removal, for only about 20% removal efficiency was achieved in presence of 2 

mg/L chlorine to treat 5 mg/L SMX. The introduction of ultrasound to ozone or ferrate (VI) 

can significantly improve the removal efficiency, especially the former one, can well 

promote the cleavage of S-N bond (Guo et al. 2015, Zhang et al. 2015a). Other hybrid 

process such as Ru/TiO2-catalyzed permanganate was also proven to be highly efficient in 

SMX removal. 

2.3.2 Antipyrine 

2.3.2.1 Basic information 

Antipyrine (AP, also known as phenazone, 2,3-dimethyl-1-phenyl-3-pyrazolin-5-one), a 

powerful analgesic, antipyretic and anti-inflammatory drug (Miao et al. 2015), is selected 

as the target compound owing to its wide use, removal resistance, frequent detection and 

the insufficient toxicity information (Monteagudo et al. 2016).  

AP is applied extensively and largely consumed in many countries (Pieper et al. 2010). For 

example, about 0.35 g/capita AP was consumed in Germany every year (Tan et al. 2013b). 

AP is very polar, highly environmental persistent and hardly degradable (Tan et al. 2013a).  

According to Zuehlke et al., only about 30% AP was removed in traditional sewage 

treatment plant (STP) (Zuehlke et al. 2006). Owing to the incomplete removal, AP is 

frequently detected in STP effluents, rivers, ground water and even drinking water (Tan et 
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al. 2013a). For instance, the concentration of AP was determined to be 2.5–0.05 µg/L in 

drinking water from Germany (Rodil et al. 2012).  

The data on toxicity of AP was scarce.  To humans, long term exposure to AP may cause 

lungs and mucosas damages (Cai et al. 2013). An inhibition value of 8% was detected on 

V. fischeri, however the concentration of AP was not given (Calza et al. 2011). Besides, the 

information on the toxicity of AP to phytoplanktons and zooplanktons is still limited.  

2.3.2.2 Previous studies on AP degradation by chemical treatment processes 

Compared to the abundant studies of SMX degradation, the information on AP degradation 

provided by previous studies is rather scarce (Table 2-6). For the photolysis study of AP, 

only the light source of UVC was investigated (Tan et al. 2013b). The catalyst applied to 

AP removal is limited to TiO2 (P25) (Calza et al. 2011). The thirteen intermediates were 

indicated to be easily degraded and non-toxic to V. fischeri. The used oxidants include H2O2 

(Tan et al. 2013b), persulfate (Tan et al. 2013a), ozone (Miao et al. 2015), chlorine (Rodil 

et al. 2012). AP can be directly removed with oxidants ozone and chlorination. However, 

most of the then products during ozonation treatment were reported to be more toxic (Miao 

et al. 2015).  The application of UV to H2O2 or persulfate would enhance the destruction 

rate of AP significantly. As recommended by Tan et. al., given the energy and chemical 

costs, the priority for treatment process selection should be UVC/Persulfate > UVC > 

UVC/H2O2 (Tan et al. 2013b).  
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2.3.3 Ibuprofen 

2.3.3.1 Basic information 

Ibuprofen (IBP, a-methyl-4-[isobutyl] phenylacetic acid), is a widely used drug to mitigate 

fever, migraine, muscle pain, toothaches and arthritis in the world (Georgaki et al. 2014). 

Due to its various applications, huge amount of IBP is manufactured. Then IBP can enter 

the water body through various human and/or industrial activities, such as human excreta, 

the disposal of surplus household drugs, and emissions from production lines (Quero-

Pastor et al. 2014). For example, 0.025-0.475 µg/L IBP was detected in surface water and 

drinking water in England and Wales, respectively (Boxall et al. 2014). 

2.3.3.2 Adverse effect of IBP on aquatic organisms 

The effects of IBP on aquatic organisms are summarized in Table 2-7. Even at these levels, 

IBP can pose adverse effects on the aquatic ecosystem. For instance, the survival of Oryzias 

latipes was threatened when exposed to 0.0001 mg/L IBP (0.0485 nM) (Han et al. 2010). 

It is interesting to note that IBP showed different effect on different algae. For C. vulgaris, 

IBP has a significant inhibition effect on its growth (Geiger et al. 2016). While for 

Synechocystis sp., IBP can even promote its growth at 10 µg/L (0.0485 µM). 

2.3.3.3 Previous studies on IBP degradation by chemical treatment processes 

Different methods have been examined on the treatment of IBP, including photolysis, 
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photocatalysis, electro-peroxone, ozonation, and photo-Fenton and so on (Table 2-8).  

Among the UV irradiation sources, UVC was reported to be efficient in IBP removal (da 

Silva et al. 2014), and only about 10% of IBP was destructed in 120 mins for UVA. During 

the photolysis process with UV-VIS, six transformation products were determined and two 

of them were demonstrated to be toxic to fibroblasts and erythrocyte (Castell et al. 1987). 

In the reaction systems of direct photolysis (UVA and UVC radiation) and photocatalysis 

(UVA/TiO2 and UVC/TiO2), totally eleven transformation products were detected by LC-

HRMS, and no higher eco-toxicity was found to A. salina. Apart from TiO2, ZnO and 

BiVO4 are also employed in IBP degradation, the former one is efficiently activated by 

UVA and the latter one can make use of solar light. 

The comparison study of IBP degradation under UVC and UVC/H2O2 illustrated that H2O2 

even hindered the photolysis process (Yuan et al. 2009). Though IBP can be directly 

oxidized by ozone, with 99% removal efficiency in 20 mins, the toxicity of the treated 

solution to Selenastrum capricornium was actually increased since some transformation 

products with higher toxicity were formed (Quero-Pastor et al. 2014). The new process 

peroxone, as a combination of ozone and hydrogen peroxide, showed a better performance 

than UV/H2O2, with 85% removal efficiency compared to 59%. Electro-peroxone was also 

studied and it was proven to be more efficient in IBP destruction than ozone, electrolysis. 

The effluent from the treatment process was reported to be less toxic to V. fischeri, and the 

toxic products can be completely mineralized in the electro-peroxone process (Li et al. 

2014). 
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Compared to the hydroxylated-IBP byproducts without mineralization in solar photolysis 

cleavage of H2O2, Fenton reaction improved 10% mineralization and solar photo-Fenton 

further promoted the decarboxylation of IBP and 40% mineralization was achieved 

(Mendez-Arriaga et al. 2010). Additionally, comparison study of electro-Fenton UVA 

photoelectro-Fenton, and solar photoelectro-Fenton was carried out (Skoumal et al. 2009). 

Solar photoelectro-Fenton was indicated to be the most potent method by giving 92% 

mineralization. Aromatics and carboxylic acids were detected as the transformation 

products and oxalic acid was defined to be the ultimate product. Direct oxidation by H2O2, 

KMnO4, K2Cr2O7 were also studied, however, the treatment processes usually took a long 

time (3 hours-30 days) (Caviglioli et al. 2002). Hybrid processes such as UV/US/Fe3+, 

UV/US/TiO2, and UV/O3/TiO2 showed a synergy effects and high removal efficiencies 

(Giri et al. 2010) (Madhavan et al. 2010). 

Though some methods were reported to be effective, there are drawbacks in application, 

such as the high energy cost for the electro-peroxone process (Li et al. 2014); limited 

solubility of ozone gas and slow reaction/high production cost in the ozonation process 

(Quero-Pastor et al. 2014); and low applicable pH range for the photo Fenton (Mendez-

Arriaga et al. 2010). 
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Table 2-1 Reaction mechanism of frequently used advanced oxidation processes 

Process Reactions  

Heterogeneous 

phtocatalysis 

Catalyst + hv → e-
cb + hv+

vb  (Equation 2-1) 

hv+
vb + OH- → OH• (Equation 2-2) 

hv+
vb + H2O → OH• + H+ (Equation 2-3) 

e-
cb + O2 → O2

•  (Equation 2-4) 

UV/O3/H2O2 

 (O3/H2O2 

UV/H2O2 

UV/O3) 

 

3 O3 + H2O → 2OH• + 4O2  (Equation 2-5) 

O3+ H2O	
	௛௩
ሱሮ H2O2 + O2 

(Equation 2-6) 

H2O2 	
	௛௩
ሱሮ 2OH•                     (Equation 2-7) 

H2O2 → HO2
− + H+ (Equation 2-8) 

O3+ H2O2 → OH• + O2 + HO2
• (Equation 2-9) 

O3 + HO2
− → OH•+ O2

− + O2 (Equation 2-10) 

O3 + O2
− → O3

− + O2 (Equation 2-11) 

O3
− + H2O→ OH•+ OH− + O2 (Equation 2-12) 

UV/Fe2+/H2O2 

(UV/Fe2+ 

UV/H2O2 

Fe2+/H2O2  

(Fenton)) 

H2O2 	
	௛௩
ሱሮ 2OH•                       (Equation 2-7) 

Fe2+ + H2O2 → Fe3+ + OH• + OH-           (Equation 2-13) 

H2O2 + OH•→ HO2
• + H2O    (Equation 2-14) 

Fe3+ + H2O2 → Fe2+ + HO2
• + H+ (Equation 2-15) 

Fe3+ + HO2
• → Fe2+ + O2 + H+ (Equation 2-16) 

Fe2+ + HO2
• → Fe3++ OH-           (Equation 2-17) 

Fe2+ + OH•→ Fe3++ OH-           (Equation 2-18) 

UV/Fe2+/Persulfate Fe2+ 
௛௩
ሱሮ Fe3+ + e−                            (Equation 2-19) 
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(UV/Fe2+ 

UV/Persulfate 

Fe2+/Persulfate) 

Fe3+ + H2O → [Fe(OH)]2++ H+           (Equation 2-20) 

[Fe(OH)]2+ 
௛௩
ሱሮ Fe2+ + OH•                 (Equation 2-21) 

Fe2+ + S2O8 
2− → SO4

• − + Fe3+ + SO4
2−  (Equation 2-22) 

Fe2+ +SO4 • − → Fe3+ +SO4
2− (Equation 2-23) 

S2O8 
2− 

௛௩
ሱሮ 2SO4

• −      (Equation 2-1) (Equation 2-24) 

UV/Fe2+/Oxone 

(UV/Fe2+ 

UV/Oxone 

Fe2+/Oxone) 

Fe2+ 
௛௩
ሱሮ Fe3+ + e−                              (Equation 2-19) 

Fe3+ + H2O → [Fe(OH)]2++ H+               (Equation 2-20) 

[Fe(OH)]2+ 
௛௩
ሱሮ Fe2+ + OH•           (Equation 2-21) 

Fe2+ + HSO5
− → SO4

• − + Fe3+ + OH−     (Equation 2-25) 

Fe2+ +SO4 • − → Fe3+ +SO4
2− (Equation 2-23) 

HSO5
− 
௛௩
ሱሮ SO4

• − + OH•      (Equation 2-26) 

US H2O → H• +  OH• (Equation 2-27) 

H• + O2 → HO• 
2 (Equation 2-28) 

H• + HO• 
2 → H2O2 (Equation 2-29) 

H• + H2O2 → H2 + HO• 
2 (Equation 2-30) 

H• + O2 →  OH• + O• (or HO• 
2) (Equation 2-31) 

O• + H2O → 2 OH• (or H2O2) (Equation 2-32) 

O• + H2O2 →  OH• + HO• 
2 (Equation 2-33) 

O•+ H2 →  OH• + H• (Equation 2-34) 

O• + HO• 
2 → OH• + O2 (Equation 2-35) 
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Table 2-2 Magnetic catalysts based on TiO2 for degradation of organic pollutants 

Catalyst Target compound 
Light 
source 

Reference 

Ni-Cu-Zn ferrite/TiO2  MB UV (Fu et al. 2011) 
Ni-Cu-Zn 
ferrite/SiO2/TiO2/Ag 

MB UV-VIS (Chen et al. 2017a) 

NiFe2O4/TiO2 
Aniline 
3-phenylbutyric acid 

UV 
(Houlding et al. 
2015) 

NiFe2O4/SiO2/TiO2 

MO UV 
(Xu et al. 2007, Xu 
et al. 2008)  

Violet 5B UV (Yuan et al. 2010) 

Reactive Red 120 VIS 
(Sathishkumar et al. 
2013) 

CoFe2O4/TiO2  
Procion UV  (Fu et al. 2005) 
MB  UV  (Li et al. 2009a) 

CoFe2O4/SiO2/TiO2  MB UV (Greene et al. 2014) 

ZnFe2O4/TiO2 

RhB UV (Zhang et al. 2010b) 
RhB UV (Zhang et al. 2008) 

Phenol UV-VIS 
(Srinivasan et al. 
2006) 

4-chlorophenol UV-VIS (Hou et al. 2010a, b) 

Phenol Sunlight 
(Yuan and Zhang 
2001) 

Acid orange II  VIS (Wang et al. 2013) 
MO 
 

UV-VIS (Moreira et al. 2012) 

ZnFe2O4/TiO2/Granular 
activated carbon 

Acid dye VIS (Wang et al. 2009b) 

CuFe2O4/TiO2 Azo dyes  UV 
(Masoumi et al. 
2016a) 

CuFe2O4/TiO2/Ag Azo dyes VIS 
(Masoumi et al. 
2016b) 

CuFe2O4/TiO2/Graphene  MB VIS 
(Yu and Zhang 
2016) 

BaFe2O4/TiO2 Procion UV (Lee et al. 2004) 
BaFe2O4/SiO2/TiO2   Procion UV  (Lee et al. 2006) 

MgFe2O4/TiO2 RhB  UV-VIS (Zhang et al. 2011) 

Fe2O3/Fe3O4/TiO2/C 
Reactive black 5  
Rh B 

VIS (Lee et al. 2014a) 

FexOy/TiO2/Ag   Nalidixic acid VIS  
(Petronella et al. 
2017) 
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α-Fe2O3/TiO2  MB VIS (Liu and Gao 2006) 

γ-Fe2O3/TiO2 RhB VIS (Mou et al. 2012) 

Fe2O3/TiO2  Paper mill effluent UV 
(Subramonian et al. 
2017) 

Fe2O3/TiO2  Orange II VIS (Peng et al. 2010) 

(γ-Fe2O3/SiO2)n/TiO2  MB UV (Wang et al. 2009a) 

Fe2O3/TiO2/Activated 
carbon 

MO  VIS 
(Zhang and Lei 
2008) 

Fe3O4/TiO2 
 

MB UV (Abbas et al. 2014) 

Tartrazina UV-VIS (Heredia et al. 2015) 

Bromamine acid  UV (Fei. et al. 2010) 

RhB UV (Sa et al. 2009) 

Bisphenol A 
Dibutyl phthalate 

UV 
(Chalasani and 
Vasudevan 2013) 

MB VIS (Zheng et al. 2016) 

Fe3O4/SiO2/TiO2 

Textile wastewater UV 
(Ahangara et al. 
2016) 

Diclofenac UV (Hu et al. 2011) 

Reactive black 5 UV  (Lucas et al. 2013) 

RhB UV (Liu et al. 2011) 

MO, MB UV (Liu et al. 2013b) 

P-Nitrophenol UVC 
(Rezaei-Vahidian et 
al. 2017) 

Fe3O4/ 
SiO2/TiO2/Graphene 

2,4-D Solar light (Tang et al. 2013) 

Fe3O4/TiO2/Ag MB VIS (Zhan et al. 2014) 

Fe3O4/SiO2/TiO2/AgBr 
 

MB  VIS (Liu et al. 2013c) 

Fe3O4/SiO2/TiO2/I  
 

Phenol  VIS (He et al. 2012) 
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Table 2-3 Basic information of the target compounds in this study 

Parameters SMX AP IBP 

Chemical 

Structure  

OH

O  

Formula C10H12N3O3S C11H12N2O C13H18O2 

Molecular Weight 253.28 188.23 206.29 

CAS No. 723-46-6 60-80-0 15687-27-1 

Melting Point 169 oC 110-113 oC 75-77 oC 

Solubility (25 °C, 

in water, mg/L) 
281 51,900  21 

pKa 1.7, 5.6 1.4 4.91 

 

 

 

 

 

 

 

N
O NH2S

O

O

HN N

N

O

Fe/TiO2, FeN/TiO2, 
CoFe2O4/FeN/TiO2 

MO UV-VIS 
(Gaikwad et al. 
2016) 

Fe/TiO2 
Acetic acid 
Formaldehyde 

UV (Li et al. 2009b) 

Ni/TiO2  MO UV (Pang et al. 2011) 

Modified sepiolite/TiO2 2,4-dichlorophenol UV (Li et al. 2015) 
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Table 2-4 Effects of sulfamethoxazole on aquatic organisms 

Groups Species Test-type Data (µM) Reference 

Bacteria 

Escherichia coli EC50 (growth) 12.3 
(Wammer et al. 
2006) 

Vibrio fischeri 

EC50 (growth) 0.83 
(Isidori et al. 
2005) 

EC50 
(luminescence) 

7 
(Majewsky et al. 
2014) 

Phyto-
plankton 

Pinnularia subcapitata EC50 (growth) 2.06 
(Isidori et al. 
2005) 

Chlorella vulgaris EC50  (growth) 6 
(Borecka et al. 
2016) 

Zoo-
plankton 

Ceriodaphnia dubia 

LC50 61.30 
(Isidori et al. 
2005) 

EC50  (growth) 0.83 
(Isidori et al. 
2005) 

Brachionus 
calyciflorus 

LC50 103.83 
(Isidori et al. 
2005) 

EC50 38.06 
(Isidori et al. 
2005) 

Daphnia magna LC50 99.60 
(Isidori et al. 
2005) 

Thamnocephalus 
platyurus 

LC50 139.76 
(Isidori et al. 
2005) 
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Table 2-5 Chemical treatment processes for sulfamethoxazole degradation 

Process Reference 

Photolysis 
UVA, UVC, VUV (Kim et al. 2015) 
Sunlight (Gmurek et al. 2015) 

Photocatalysis 

UV/TiO2 
(Abellán et al. 2007, Hu et al. 2012, 
Fukahori and Fujiwara 2015, Huang 
et al. 2015, Yang et al. 2015)  

UV/Ti-doped ß-Bi2O3 (Niu et al. 2013) 
UV/TiO2/Activated carbon (Huang et al. 2015) 
UV/TiO2-expanded perlite (Dlugosz et al. 2015) 
TiO2 Millennium 
PC500 

(Ahmed et al. 2014) 

VIS /TiO2/Cu (Chiang and Doong 2015)  
UV/TiO2/ZnFe2O4 (Liu et al. 2015a) 
Ru/TiO2/Permanganate (Zhang et al. 2014a) 
Ti/Ru0.3Ti0.7O2 (Hussain et al. 2015) 
MnO2 (Wan et al. 2015) 

H2O2 based 

UV/H2O2 (Yu et al. 2015, Zhang et al. 2016) 
Solar photo-Fenton (Trovo et al. 2009a) 
LaFeO3/H2O2 (Nie et al. 2015) 
Electro-Fenton (Dirany et al. 2011) 
Photoelectro-Fenton: UVA/ 
Activated carbon fiber 

(Wang et al. 2011) 

Sulfate 
radical based 

UV/Peroxydisulfate (Zhang et al. 2016) 
Ferrous/Persulfate (Ji et al. 2014) 
Fe/Persulfate (Ghauch et al. 2013) 
Thermo/Persulfate (Gao et al. 2014b, Ji et al. 2015)  
Fe(II)/HSO5

−/Hydroxylamine (Liu et al. 2017) 
Peroxymonosulfate/ 
Benzoquinone 

(Zhou et al. 2015a) 

O3 based 

Ozonation 
(Abellan et al. 2008, Gao et al. 
2014a, Dai et al. 2015, Martins et 
al. 2015a)  

O3/US  
(Guo et al. 2015, Naddeo et al. 
2015)  

O3/H2O2 (Martins et al. 2015b) 
O3/Fe2+ (Shahidi et al. 2015) 

US based Fe(VI)-US (Zhang et al. 2015a) 

Others 
Chlorination 

(Gao et al. 2014a, Gaffney Vde et 
al. 2016)  

Ferrate(VI) 
(Sharma et al. 2006, Zhou and Jiang 
2015)  
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Table 2-6 Chemical treatment processes for antipyrine degradation  

Process Reference 

UVC (Tan et al. 2013b) 

UV/TiO2 (P25) (Calza et al. 2011) 

UV/H2O2 (Yuan et al. 2009, Tan et al. 2013b)  

UVC/Persulfate (Tan et al. 2013b) 

Heat/Persulfate  (Tan et al. 2013a) 

UVC/US/Persulfate (Monteagudo et al. 2016) 

Ozonation (Miao et al. 2015) 

Chlorination (Rodil et al. 2012) 
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Table 2-7 Effects of ibuprofen on aquatic organisms 

Groups Species Test-type 
Data 
(µM) 

Reference 

Bacteria Vibrio fischeri 
EC50  
(15 min/ 
Bioluminescence 

92.72 (Farre et al. 2001) 

Phyto- 
plankton 

Skeletonema 
costatum 

EC50 (96 h/Growth) 34.47 
(Knoll/BASF 
1995, Webb 2003) 

Desmodesmus 
subspicatus 

EC50 (72 h/Growth) 1661.17 (Cleuvers 2004) 

Lemna gibba 
EC50  
(7 d/Wet weight) 

4.85 
(Pietrini et al. 
2015) 

Lemna minor EC50 (7 d/Growth) 19.42 
(Pomati et al. 
2004) 

Chlorella 
vulgaris 

L(E)C50 399.27 
(Geiger et al. 
2016) 

Synechocystis 
sp. 

72% increase 0.0485 
(Pomati et al. 
2004) 

Zoo- 
plankton 

Daphnia 
magna 

LC50 (48 h) 643.69 
(Heckmann et al. 
2007) 

NOEC  
(21 d/Reproduction) 

5.97 (Han et al. 2010) 

Moina 
macrocopa 

EC50  
(48 h/Immobilization) 

352.43 (Han et al. 2010) 

Daphnia 
 

L(E)C50 491.26 (Cleuvers 2004) 

Nekton 

Lepomis 
macrochirus 

LC50 (96 h) 839.81 
(Knoll/BASF 
1995, Webb 2003) 

Oryzias latipes 

NOEC 
(120 d/Survival) 

0.000485 (Han et al. 2010) 

LOEC 
(6 weeks/Reproduction) 

0.485 
(Flippin et al. 
2007) 

Zoo- 
benthos 

Hydra vulgaris NOEC (7 d/Survival) 4.85 
(Pascoe et al. 
2003) 

Hydra 
attenuate 

LC50 (96 h) 108.54 
(Quinn et al. 
2008) 

EC50 (96 h/Feeding) 18.69 
(Quinn et al. 
2008) 
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Table 2-8 Chemical treatment processes for ibuprofen degradation 

 Process Reference 

Potolysis 
UV  (da Silva et al. 2014, Iovino et al. 2016) 

UV-VIS (Castell et al. 1987) 

Photocatalysis 

UV/TiO2 (da Silva et al. 2014) 

UV/VIS/TiO2 & ZnO (Georgaki et al. 2014) 

Solar light/BiVO4  (Li et al. 2016) 

H2O2 based 

UV/H2O2 (Yuan et al. 2009, Scheideler et al. 2011)  

Photo-Fenton (Mendez-Arriaga et al. 2010) 

(UVA or Solar)/Electro-

Fenton 
(Skoumal et al. 2009) 

O3 based 

Electro-peroxone (Li et al. 2014) 

Ozonation (Quero-Pastor et al. 2014) 

O3/H2O2 (Scheideler et al. 2011) 

O3/UV/TiO2 (Giri et al. 2010) 

Sulfate radical 

based 
UV/Fe(III)/Oxone (Rao et al. 2016) 

US based 
US/UV/TiO2, 

US/UV/Fe3+ 
(Madhavan et al. 2010) 

Others KMnO4, H2O2 (Caviglioli et al. 2002) 
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3. Chapter three    Materials and methods 

3.1  Materials 

All chemicals used in this study are summarized in Table 3-1. The chemicals used in 

reactions were of at least analytical standard, solvents employed in HPLC and LC/MS 

analysis were of HPLC grade and LC/MS grade, respectively. All solutions were prepared 

in ultrapure water from a Bamstead NANO pure water system (Thermo Fisher Scientific 

Inc., USA).  

The green algae C. vulgaris and the brine shrimps A. salina were selected as the test 

organism for phytoplankton and zooplankton, respectively, because of their wide 

distribution, cheap/easy culture and high sensitivity to toxicants (Banister and Campbell 

1985, Smith 2001, Barhoumi and Dewez 2013, Rajabi et al. 2015). The algae Isochrysis 

galbana was used as the diets of A. salina.  

The algae C. vulgaris, I. galbana and dehydrated cysts of the brine shrimp A. salina were 

purchased from Biotech Company of Jiangmen, China. The algae were cultured in f/2 

medium (Guillard 1975) at temperature 22 ± 1°C, with a 12 h light/12 h dark photoperiod. 

The water used in the culture of C. vulgaris was ultrapure water. The water used in the 

culture of I. galbana was artificial seawater, prepared by the method modified from Kester 

et al. (Kester et al. 1967). Prior to each use, the water was subjected to filtration with a 0.22 

µm mixed cellulose esters (MCE) membrane filter and sterilization. The cysts of the brine 
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shrimp were suspended in sterile seawater at 28 ºC with continuous aeration and 

illumination. Instar I stage larvae i.e. nauplii hatched in 24 hours were separated and used 

for the toxicity test.  

3.2 Methods 

All experiments were conducted at 22 ± 1 °C without special claim.  

3.2.1 Catalyst synthesis and characterization 

The catalyst CoFe2O4/TiO2 was synthesized by heterjunction commercial CoFe2O4 and 

P25 with coprecipitation method. The synthesis process was modified from the method 

reported by Gao et al. (Gao et al. 2009). Firstly, 2.1 g CoFe2O4 and a certain dosage of 

TiC14 were introduced in 200 ml ultrapure water. The pH value of the solution was adjusted 

to 9-10 with ammonia under mechanical stirring at 15 ºC for l h, during which P25 was 

added into the solution stepwise. Then, the obtained particles were washed with ultrapure 

water three times, and the obtained particles were dried in vacuum drying oven at 80 ◦C for 

48 h.  

The phase of magnetic photocatalysts CoFe2O4/TiO2 was characterized by the X-ray 

diffraction technique. The XRD analysis was carried out on an X-ray diffractometer 

(Smartlab) with Cu-Kα radiation (A = 0.1540 nm) employing a scan rate (2θ) of 5º/min 
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ranging from 20º to 80º. The accelerating voltage and the applied current were 15 kV and 

20 mA, respectively. 

The SEM (scanning electron microscopy) images with EDX (Energy Dispersive X-ray 

spectroscopy) analysis were obtained from a field-emission scanning electron microscopy 

(FE-SEM; JEOL Model JSM-6700F, Tokyo, Japan). The TEM (transmission electron 

microscopy) images were obtained with a JEOL JEM-2100HR electron microscopy 

instrument (JEOL Model JEM-2100HR).   

The diffuse reflectance spectra (DRS) of the catalysts was obtained using a Varian Cary 

100 Scan Ultraviolet-visible (UV–VIS) spectrophotometer equipped with a labsphere 

diffuse reflectance accessory over a range of 200–800 nm. Labsphere USRS-99-010 was 

used as the reflectance standard. Kubelka–Munk method was employed for the conversion 

from reflection to absorbance (He et al. 2008).  

The BET surface area of the catalyst was obtained from N2 adsorption/desorption 

isotherms at 77 K with an ASAP 2020 automatic analyzer (Micromeritics Instrument Corp., 

Norcross, GA, USA).  

The zero point of charge (ZPC) was determined by batch equilibrium technique (Ibrahim 

et al. 2016). A certain amount (0.1 g in this study) of the catalyst were introduced into 100 

mL of 0.1 mol/L NaCl solution. Initial pH values (pH0) of NaCl solutions were adjusted 

from 5 to 9 via addition of 0.1 mol/L HCl or NaOH solutions. The solutions suspended 
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with the catalysts were stirred with mechanical stirrer for 24 hours. After filtration, the pH 

values of the suspensions were measured again and marked as pHt. The pH levels were 

monitored by a digital pH meter (model: HANNA instrument, B417). 

3.2.2 Photodegradation of the target compounds 

The UV-induced photocatalytic reaction was carried out in a RayonetTM RPR-200 

photochemical reactor containing twelve phosphor-coated low-pressure mercury lamps 

(illustrated in Figure 3-1) at room temperature (air-conditioned) i.e. 23 ± 1 C. The photo-

reactor and all lamps were purchased from The Southern New England Ultraviolate Co., 

Branford, Connecticut, USA. The relative energy of the lamps under different wavelength 

is shown in Figure 3-2. 

To ensure a thorough mixing, 150 mL of solution was dispensed into a 300 mL quartz 

cylinder and mixed with a non-metal mechanical stirrer before and during the illumination. 

To exclude the effect of adsorption on the degradation, the predetermined amount of 

CoFe2O4/TiO2 was added into 150 mL SMX solution and stirred mechanically in darkness 

for 30 minutes to achieve adsorption equilibrium. Then, the reaction was started by turning 

on the lamps. At preset intervals, 1 mL sample was withdrawn and filtered through a 0.22 

μm membrane filter (ADVANTEC HP020AN, Japan, with recovery rate of 100%) for 

further analysis. All experiments were conducted in duplicate, and the error is less than 5%. 
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3.2.3 Concentration determination of target compounds 

A High-Performance Liquid Chromatograph (HPLC) system, equipped with a Waters 515 

HPLC pump, a Waters 717 plus autosampler, a Restek C18 column (5 μm, 4.6×250 mm) 

and a Waters 2489 Dual absorbance detector was performed for the measurement of target 

compounds’ concentration.  

The UV absorption spectra of the target compounds were obtained from a 

spectrophotometer (biochrom, Libra S12).  The detection wavelength was determined from 

the UV absorption spectra (Figure 3-3), and the wavelength of 263 nm, 261 nm and 220 

nm was selected for SMX, AP, IBP, respectively. The flow rate was 1 mL/min and the 

injection volume was 10 µL. For SMX concentration determination, the mobile phase was 

a mixture of 50% acetonitrile (ACN) and 50% of 5 mM KH2PO4, with pH level adjusted 

to 3.0 by introduction of H3PO4. For AP concentration determination, the mobile phase 

was a mixture of 25% acetonitrile and 75% of ultrapure water. For IBP concentration 

determination, the mobile phase was a mixture of 75% ACN and 25% ultrapure water with 

0.001% acetic acid. Methanol (50%) was used as the wash solvent. Standard lines for peak 

area of target compounds in terms of the concentration are shown in Figure 3-4. 

3.2.4 Intermediates detection 

An Ultrapure Liquid Chromatograph/Electrospray Ionization-Mass Spectrometry 

(UPLC/ESI-MS) system was employed for the intermediates determination. The system is 
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controlled by the LC/MSD ChemStation software version A.09.03 and consists of a 

quaternary pump, a vacuum degasser, an autosampler, a diode array detector (DAD), an 

ion trap mass spectrometer detector (MSD), and a thermostated column compartment with 

a Thermo Hypersil GOLD column (1.9 µm, 50 × 2.1 mm, maintained at 30ºC during 

analysis). Chromatography was conducted with a Dionex UltiMate 3000 Ultra-high 

Performance Liquid Chromatography (UPLC). Mass analysis was performed with a Bruker 

amaZon SL ion trap mass analyzer in positive ion mode with a mass range of 50–400 m/z. 

The system was controlled by the LC/MSD ChemStation software version A.09.03. The 

flow rate and injection volume were 0.15 mL/min and 10 µL, respectively.  

Formic acid (0.1%) and isopropyl alcohol were used as the wash solvent. Nitrogen was 

employed as both drying and nebulizer gas. ACN and 0.1% formic acid were used as the 

mobile phases indicated as A and B, respectively. For the LC/MS method in Chapter 5 and 

8, a linear gradient progressed from 10% A (0-2 min) to 70% A in 2-15 min, maintained at 

70% A for 3 min, and finally went back to the initial mobile-phase. For the LC/MS method 

in Chapter 6, a linear gradient progressed from 5% A (0-2 min) to 30% A in 2-20 min, 

maintained at 30% A for 3 min, and finally back to the initial mobile-phase.  

3.2.5 Measurement of TOC and inorganic ions  

The mineralization was determined as a ratio of final to initial content of TOC (C/C0) in 

the solution. A TOC analyzer which consists of an autosampler (shimadzu, ASI-L) and a 

CO2 conductivity detector was used to measure the content of TOC.  
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The inorganic ion release during SMX and AP degradation was expressed as a ratio of final 

to the total mass of nitrogen (C/Ct). A potable colorimeter (Hach, DR/890) was performed 

to monitor concentrations of nitrate (NO3
-), nitrite (NO2

-), ammonium (NH4
+), sulfate 

(SO4
2-).  

The concentration of Fe2+ was determined with a UV-VIS spectrophotometer (biochrom, 

Libra S12) at 510 nm using 1,10-phenanthroline as the indicator. The concentration of 

permanganate in Chapter eight was measured at 526 nm with the spectrophotometer.  

3.2.6 Toxicity test 

The toxicity of SMX and degradation products was evaluated on samples collected at 

different reaction/degradation time. All experiments were performed in triplicate at 

temperature 20 ± 0.5°C, and pH 7.0 ± 0.2.  

3.2.6.1 Toxicity assessment on the algae C. vulgaris 

Experiments were carried out in 20 mL glass tubes with 10 mL test liquid. Exact 1 mL 

algae C. vulgaris at exponential growth phase was transferred to the test solutions. The 

culture conditions, including the medium and illumination were the same as those 

mentioned above in 3.1. The density of the algae was determined by microscope 

examination every other day. The obtained growth curves were correlated by Logistic 

growth model. The governing equation of Logistic Equation is as follows (Pearl and Reed 

1920): 
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dN / dt = r N (K - N) / K                                                                           (Equation 3-1) 

where t is the time; N is the number of a population at time t; r is the growth rate; K 

is the carrying capacity. 

After integration, a working model is available as (McKendricka and Pai 1912): 

N = K / (1 + e(a- r 
t))                                                                                          (Equation 3-2) 

where a is a constant related to N0 (the initial number of the population), N0 = K / (1 + ea). 

The above integral form of Logistic Equation was used to analyze the data, and the values 

of a, r and K were determined by Origin 8.0. 

3.2.6.2 Toxicity assessment on the brine shrimp A. salina 

Toxicity assessment utilizing mortality of A. salina was firstly performed. The acute 

toxicity test of A. salina was performed in a 24-well polystyrene plate with 1 mL test 

solution. The test solution was diluted with an equal amount of double concentrated 

seawater to guarantee the suitable salinity environment for the brine shrimp. Ten healthy 

and vivacious larvae were introduced randomly to each well of the plate. The algae I. 

galbana were added as diets. The number of alive larvae in each well was determined under 

a stereomicroscope and dead brine shrimps (completely motionless) were removed. The 

percentages of survival were then calculated. 
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In Chapter 5, toxicity assessment utilizing clearance rate of A. salina was conducted 

according to the followed procedures. Feeding of the brine shrimp was carried out in 30 

mL glass tubes with 10 mL test liquid and 10 mL double concentrated seawater. The brine 

shrimps were concentrated with an 80 μm mesh, and then re-suspended in ultrapure water 

in a 5 ml sterilized centrifuge tube as stock for the tests. After a homogenous distribution 

with gentle mixture, three samples were taken and fixed with Lugol's Iodine Solution, then 

the density of the brine shrimps was determined under a dissecting microscope. Brine 

shrimps and the algae I. galbana (as diets) were transferred to the tubes successively. Diets 

were collected and the biomass was determined before and after the tests respectively. The 

diet biomass was represented by cell density of the algae monitored by a microscope. 

Control groups without brine shrimps were set to eliminate the algae density change caused 

by the algae growth during the experiments. Clearance rate (CR, µL·ind-1·min-1) was 

calculated as follows (Frost 1972): 

CR = V × (ln (E0 / Et) / ln (C0 / Ct))/ (t × N)                                                    (Equation 3-3) 

where CR, Clearance rate (µL·ind-1·min-1), indicates the water volume filtered by each 

feeder every minute; V is the volume of solution; E0 and Et are the particle biomass of 

experiment group at time 0 and t, respectively; C0 and Ct are the particle biomass of control 

group at time 0 and t, respectively; t is the feeding time (24 hours in this study); and N is 

the number of brine shrimps.  
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In Chapter 8, toxicity assessment employing ingestion of A. salina was carried out. 

Feeding experiment on A. salina was then conducted in glass tubes with 10 ml experimental 

volume. Before exposed to the algae, the brine shrimps were concentrated and the density 

was determined. The tested solution, the concentrated shrimps and the algae at exponential 

growth phase were transferred to the tubes. After five hours, the brine shrimps were 

transferred to 80 μm meshes and washed with artificial seawater for several times. Then 

the brine shrimps were transferred to 5 mL acetone at -20 °C for 24 h. UV-VIS 

spectrometer was performed to determine the Chlorophyll a content in the guts of the brine 

shrimps, which reflect the feeding of brine shrimps. The Chlorophyll a content was 

calculated by the following equation (Lichtenthaler and Buschmann 2001).  

Chlorophyll a (ng/ind) = (11.24 A662 - 2.04 A645) × 106 / N               (Equation 3-4) 

where A662 and A645 is the absorbance at wavelength of 662 and 645 nm, respectively. N 

is the number of the brine shrimps. 

One-way ANOVA was performed with SPSS 13.0 to compare effects of different samples 

collected at different time on the algae growth, mortality, clearance rate and ingestion of 

the brine shrimps.  
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Table 3-1  Information of chemicals used in this study 

Name CAS No. 
Molecular 

Weight 
Formula Manufacturer 

Target compounds 

SMX 131-11-3 194.18 C10H11N3O3S Sigma Aldrich Inc. 

IBP 84-74-2 278.34 C13H18O2 Sigma Aldrich Inc. 

AP 84-66-2 222.24 C12H14O4 Sigma Aldrich Inc. 

Compounds used in catalyst synthesis 

Titanium 

tetrachloride  
7550-45-0 189.71 TiCl4 Sigma Aldrich Inc. 

Titanium oxide 13463-67-7 79.87 TiO2 
Sigma Aldrich Inc., 

Degussa 

Cobalt ferrite 12052-28-7 234.62 CoFe2O4 
US Research 

Nanomaterials Inc. 

Ammonia 1336-21-6 35.04 NH3·H2O Sigma Aldrich Inc. 

Compounds used in HPLC and LC/MS 

Potassium 

phosphate 

monobasic 

7778-77-0 136.09 KH2PO4 Sigma Aldrich Inc. 

Orthophosphoric 

acid 
7664-38-2 97.994 H3PO4 Sigma Aldrich Inc. 

Acetonitrile  75-05-8 41.05 C2H3N 
Sigma Aldrich Inc., 

Tedia Company 

Acetic acid 64-19-7 60.05  Sigma Aldrich Inc. 

Formic acid 64-18-6 46.03 CH2O2 Tedia Company 

Methanol 67-56-1 32.04 CH4O Tedia Company 

Isopropyl alcohol 67-63-0 60.10 C3H8O Tedia Company 

Compounds used in photoreactions 

Hydrochloric acid 7647-01-0 36.46 HCl Sigma Aldrich Inc. 
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Sodium 

hydroxide 
1310-73-2 40.00 NaOH Sigma Aldrich Inc. 

Potassium 

ferrate(VI) 
39469-86-8 198.04  K2FeO4 Sigma Aldrich Inc. 

Potassium 

permanganate  
7722-64-7 158.04 KMnO4 Sigma Aldrich Inc. 

Hydrogen 

peroxide 
7722-84-1 34.01 H2O2 Sigma Aldrich Inc. 

Potassium 

persulfate 
7727-21-1 270.33 K2S2O8 Sigma Aldrich Inc. 

Oxone 37222-66-5 152.17 

KHSO5·0. 

5KHSO4·0.5 

K2SO4 

Sigma Aldrich Inc. 

Sodium 

thiosulfate 
7772-98-7 158.11 Na2S2O3 Sigma Aldrich Inc. 

Sodium nitrate 7631-99-4 84.99 NaNO3 Sigma Aldrich Inc. 

Sodium fluoride 7681-49-4 41.99 NaF Sigma Aldrich Inc. 

Sodium chloride 7647-14-5 58.44 NaCl Sigma Aldrich Inc. 

Sodium sulfate 7757-82-6 142.04 Na2SO4 Sigma Aldrich Inc. 

Ferrous sulfate 

heptahydrate 
7720-78-7 278.05 FeSO4∙7H2O Sigma Aldrich Inc. 

1, 10-

phenanthroline 
5144-89-8 198.22 C12H10N2O Riedel-de Haën 

Methanol 67-56-1 32.04 CH4O Tedia Company 

Tert-Butanol 75-65-0 74.12 C4H10O Sigma Aldrich Inc. 

Trichloromethane 67-66-3 119.38 CHCl3 Sigma Aldrich Inc. 

Standard of intermediates    

3-Amino-5-

methylisoxazole  
1072-67-9 98.10 C4H6ON2 Sigma Aldrich Inc. 

SFL  63-74-1 172.20 C6H8O2N2S Sigma Aldrich Inc. 
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Figure 3-1  Apparatus used for the photoreactions. 

 

 

Figure 3-2  Relative energy of lamps under different wavelengths. 
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Figure 3-3 Absorbance of target compounds. (a) Absorbance of sulfamethoxazole. (b) 

Absorbance of antipyrine. (c) Absorbance of ibuprofen. 

 

Figure 3-4 Standard line for peak area of target compounds in terms of the concentration.
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4. Chapter four    Characteristics and magnetic property of 

the catalyst  

4.1 Introduction 

According to Chapter three, different proportions of TiCl4 and TiO2 (P25) particles were 

introduced during the photocatalyst synthesis. The four groups of photocatalysts were 

firstly employed in SMX degradation (the data are shown in Chapter five). Then the group 

of the photocatalyst which shows the best performance in SMX destruction was utilized 

for the characterization, magnetic property test and other detailed studies. This chapter 

reveals the characterization including XRD, SEM, TEM, EDS, BET, DRS, ZPC and 

magnetic property test of the photocatalyst. 

4.2 Results and discussion 

4.2.1 XRD pattern of the catalyst 

To verify the components of the synthesized catalyst, the X-ray Diffraction pattern of the 

prepared composite is shown in Figure 4-1. The peaks of CoFe2O4, TiO2 anatase phase and 

rutile phase in the CoFe2O4/TiO2 composite were clearly observed.  

According to the standard diffraction pattern of Joint Committee on Powder Diffraction 
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Standards (JCPDS), the main characteristic peaks of CoFe2O4 (JCPDF File no. 22-1086) 

(Standards 1995c) observed at 2θ = 29.9º, 35.2º, 36.2º, 42.8º, 56.6º and 62.3º are well 

indexed to the crystal plane of CoFe2O4 at (220), (311), (222), (400), (511) and (440), 

respectively. Besides, the peaks appeared at 25.2º, 37.8º, 48.1º, 54.8º, 62.6º corresponding 

to anatase TiO2 (JCPDF File no. 21-1272) (Standards 1995a) at (101), (004), (200), (105) 

and (204) and the peaks at 27.4° for the characteristic reflection of rutile TiO2 (JCPDF file 

no. 21-1276) (Standards 1995b) can also be observed in Figure 4-1.  

The crystal structure of CoFe2O4, anatase TiO2 and rutile TiO2 in the new composite is as 

same as their original structure. No other peak except the peaks of CoFe2O4, TiO2 anatase 

phase and rutile phase was found. Therefore, no phase change of the crystal structure was 

caused, and no new substance formed in the preparation process. The introduction of Cl- 

and NH4
+ due to the addition of TiC14 and NH3·H2O was apparently washed away during 

the preparation, which guarantees the purity of the material and excludes the effect of 

inorganic ions on the degradation. 

4.2.2 Morphology of the catalyst 

The formation of homogeneous spherical aggregates is observed in SEM images of the 

synthesized catalyst CoFe2O4/TiO2 (Figure 4-2). The TEM image was demonstrated in 

Figure 4-3 (a). The particle size distribution from TEM images with the software ImageJ 

was obtained in Figure 4-3 (b). The particle size ranges from 20 to 50 nm. The average 

particle size is around 30 nm, as defined by the size corresponding to the peak of the 
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Gaussian fitting curve. Fig. 4-3 (c) shows that the particle size distribution of the catalyst 

in aqueous phase. The particle size ranges from 100 to 250 nm, and the average particle 

size is 164 nm. The result is quite different from that measured in TEM image due to the 

aggregates property of the catalyst in aqueous phase. The particle size distribution in 

aqueous phase indicates actual performance of the catalyst in the water treatment. 

The attached EDX (Figure 4-4) exhibits the elemental analysis of the CoFe2O4/TiO2 

nanocatalysts. The peaks of Co, Fe, Ti and O and the atomic ratios are well justified. For 

example, the mole ratio of Ti/Fe is approximately 7/1, which agrees with the estimation 

calculated from the catalyst synthesis. The unexpected presence of a small fraction of 

element carbon (C) was possibly ascribed to the polymer adhesive which attached the 

sample on the testing plate. 

4.2.3 UV-VIS DRS 

The UV–VIS DRS data shown in Figure 4-5 indicate that the light absorption of TiO2 (no 

matter common TiO2 or Degussa P25) has a clear cut off above 400 nm, while high 

absorption was observed for the full visible region for CoFe2O4 and the synthesized 

CoFe2O4/TiO2. The Tauc plot graph approach was applied for the calculation of the band 

gap energy by using (Police et al. 2014): 

Eg (eV) = 1239.8 / λ (nm)                                                                               (Equation 4-1) 

where Eg is the band gap of the catalyst and λ is the absorption wavelength. Corresponding 
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to the enhanced absorption intensity in visible light region, the band gap of CoFe2O4/TiO2 

(~1.4 eV) is significantly reduced compared to that of TiO2 (~3.1 eV).  

The decrease of the band gap after doping with the magnetic material is possibly ascribed 

to the presence of impurity energy level or defect energy level. Owing to the approximate 

ionic radius of Fe3+ (0.64 A˚), Co2+ (0.65 A˚) and Ti4+ (0.68 A˚), TiO2 lattice is accessible 

to the doping ion (i.e. Fe3+ and Co2+) (Hu et al. 2012). The replacement of Ti4+ by Fe3+ 

and/or Co2+ in crystal structure of TiO2, or the incorporation into the crystal intervals may 

result in the formation of crystal defect (Hu et al. 2012). A new impurity level is introduced 

to the CB of TiO2, and the electrons can be promoted from the VB to these impurity levels, 

leading to the reduction of band gap energy (Hu et al. 2012).  

Reduced band gap energy between the CB and VB may result in lower excitation photon 

energy, thus more photogenerated electrons and holes can be introduced to participate in 

the photocatalytic reactions, leading to the improvement of the photocatalytic activity. The 

response region of CoFe2O4/TiO2 composite catalyst may be broadened from UV to visible 

light; including the green energy source, solar light, for the degradation of pollutants in 

water.  

4.2.4 Surface area of the catalyst 

The BET results showed that the specific surface area is enhanced after doping (Figure 4-

6). The slight increase of the specific surface area can also be explained by the substitution 
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of Ti4+ by Fe3+ or/and Co2+ (Zhong et al. 2013). The surface of the catalyst is the site where 

the reaction occurs, and higher value of surface area may indicate higher activity of the 

catalyst (Zhang and Wang 2014). Therefore, the result indicates that the composite material 

may have a higher activity than the sole catalyst CoFe2O4 or TiO2. 

4.2.5 ZPC of the catalyst 

The ZPC of catalyst was calculated from the interval point of the measured initial-final pH 

curve with the zero pH difference line (Figure 4-7). The ZPC value was determined as 

around 8.0.  

4.2.6 Magnetic property of the catalyst 

The magnetic activity was evaluated with result shown in Figure 4-8, where the photos 

show the CoFe2O4/TiO2 photocatalyst suspended in the SMX solution with and without the 

magnetic field. The separation process is thorough and fast, it only takes 1-2 seconds to 

collect almost all the spent photocatalyst.  

4.3 Summary 

In this chapter, the characteristic and magnetic property of the obtained catalyst were 

revealed. The average particle size was determined to be around 20-50 nm and 100-250 

nm, in solid and aqueous phase, respectively. The catalyst was demonstrated to be 

homogenous spherical aggregates from SEM image. The phases of CoFe2O4, anatase TiO2 
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and rutile TiO2 in the CoFe2O4/TiO2 composite were clearly observed. The presence and 

atomic ratios of Co, Fe, Ti and O from the catalyst were well justified. Reduced band gap 

energy and increased specific surface area compared to TiO2 was found for the obtained 

catalyst. The ZPC value of the catalyst was determined to be around 8.0. The catalyst can 

be easily separated from the solution with external magnetic field, indicating the magnetic 

property of the catalyst. 

 

Figure 4-1 XRD pattern of the obtained catalyst. 
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Figure 4-2 SEM image of the obtained catalyst. 
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Figure 4-3 TEM image and particle size distribution of the obtained catalyst. (a) TEM 

image (b) Particle size distribution in solid phase. (c) Particle size distribution in aqueous 

phase.  
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Figure 4-4 EDX spectra of the obtained catalyst.  
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Figure 4-5 Kubelka-Munk absorbance spectra of the obtained catalyst. 

 

Figure 4-6 BET surface area of the obtained catalyst. 
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Figure 4-7 ZPC measurement of the obtained catalyst. 

 

Figure 4-8 Separation of CoFe2O4/TiO2 from the treated sulfamethoxazole solution. 
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5. Chapter five    Photodegradation of sulfamethoxazole with the 

magnetic catalyst 

5.1 Introduction 

As is demonstrated in chapter two, SMX is one of the most frequently antibiotics over the 

worldwide. The adverse effects of SMX on the aquatic organisms have been well studied. 

The decomposition of SMX receives great concern and a great number of attempts have 

been made on the SMX degradation by chemical treatment processes. In this chapter, the 

photocatalytic activity evaluation on the four groups of photocatalysts synthesized with 

different P25 addition dosage was carried out by the SMX degradation under UV 

irradiation. The group of the photocatalyst which gives the highest SMX removal 

efficiency is employed in the next detailed studies. 

The effect of reaction parameters including UV wavelength, catalyst dosage, SMX initial 

concentration, pH value and the introduction of ferrate on the reaction was investigated. 

The reaction mechanism during the treatment including the detection of organic 

intermediates, the reaction pathway proposal, the TOC reduction, and the inorganic ions 

release was explored. The toxicity evolution of the degradation intermediates to aquatic 

organisms, including the green alga C. vulgaris and the brine shrimp A. salina was studied. 
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5.2 Results and discussion 

5.2.1 The photocatalytic activity of catalysts obtained from different processes 

Processes with different dosages of TiC14 were carried out to investigate the best dosages 

of TiCl4 and P25. The photocatalytic activity of the synthesized catalysts, sole-CoFe2O4, 

and P25 is shown in Figure 5-1. It was found that all the destruction curves followed pseudo 

first-order kinetics. The reaction constant was calculated by Equation 5-1. 

k = ln (C0 / C) / t                                                                                               (Equation 5-1)  

In the equation, k and t is the reaction rate constant and the reaction time, respectively. C0 

and C are the SMX initial concentration and SMX concentration at time t, respectively.  

It was a surprise to note, only about 10% SMX was removed by the CoFe2O4 (in the 

presence of UV) at the end of the reaction, which is even lower than that by using sole-UV 

(about 40% removal). This is because the CoFe2O4 has a lower photocatalytic activity in 

the degradation of SMX and the particle of the CoFe2O4 blocks the photons' path, which 

inhibits the direct photolysis of the UV (the transmission of the solution with CoFe2O4 is 

48.2% lower than that without the catalyst). When TiC14 was added, however, the removal 

efficiency was significantly improved comparing to that of sole-CoFe2O4. These 

observations suggest that both direct photolysis and photocatalysis coexist in the process. 

The accelerated reaction compared to that with sole-CoFe2O4 is attributed to the formation 
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of TiO2 via the hydrolysis of TiC14, as follows: 

TiCl4 + 2H2O → TiO2 + 4HCl                                                                        (Equation 5-2) 

The TiO2 formed on the surface of CoFe2O4 core can be calculated stoichiometrically 

according to the Equation 5-2. The required P25 (added separately) to make up the 

difference and ensure a same overall TiO2 in the composite photocatalyst can then be 

estimated. The result shows that the photocatalytic activity of the synthesized catalysts 

increases largely with the addition of P25. About 75% SMX was removed at the end of the 

reaction with the catalyst synthesized by the mixture of 3 mL TiCl4 and 2.2 g P25, i.e. 34% 

P25 in the composite. Higher the percentage of P25, faster the reaction rate as shown in 

Figure 5-1 (b). At 62% P25, the SMX was completely removed in 120 minutes, indicating 

that P25 played the main role in the photocatalysis. This can be evident by the good 

degradation efficiency with pure P25, where all the SMX was removed in 20 minutes, 

however, it should be noted that this is not a fair test, since the pure P25 has much smaller 

particle size than that of synthesized magnetic catalyst at the same dosage. As was defined 

in Chapter 4, the average particle size of the synthesized catalyst in aqueous phase is around 

160 nm, while the size of TiO2 (P25) is 21-26 nm (Raj and Viswanathan, Ohno et al. 2001). 

In addition, the newly synthesized TiO2 via hydrolysis is mainly functioned as an adhesive 

to bond the CoFe2O4 core and the P25 together. It's reasonable for the synthesized TiO2 

having less active sites or surface area for the reaction. 

It is well known that phase structures have great influence on the photocatalytic activity of 
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catalysts (Zhou et al. 2012). There are mainly two phases for TiO2, i.e. anatase and rutile 

phases. The former has been confirmed to play the main part in photocatalytic activity 

owing to its low recombination rate of photogenerated electrons and holes (Kontos et al. 

2005, Deiana et al. 2010). Besides, it was found that the composite of two phases of titania 

performed better (Yu and Wang 2008). Therefore, a high ratio of anatase/rutile would be 

beneficial for the photocatalytic activity. 

There are different ways to synthesize CoFe2O4/TiO2, and titania was mostly synthesized 

via the hydrolysis of titanium butoxide or titanium tetrachloride. The phase structure of 

synthesized titania and thus the photocatalytic activity can be changed by calcination 

(Wang et al. 2012). Though the catalysts synthesized based on the above process was 

proved to be efficient in the degradation of some dye such as MB (Hu et al. 2012). 

Unfortunately, the same process was tested and proved to be inefficient in the degradation 

of SMX in this study (data not shown). By doping P25 to CoFe2O4, in the assistance of 

forming fresh TiO2 during the synthesis was therefore investigated. 

Though the reaction rate looks increase continually with the increase of P25 dosage, the 

further increase of the P25 percentage will make the free dispersion of P25 to the core 

surface difficult, likely due to the deficiency of the adhesive (i.e. fresh TiO2) as discussed 

before. Alternatively, if the dosage of TiCl4 and P25 were increased simultaneously and 

kept the dosage of CoFe2O4 unchanged, the resulted catalyst will no longer be magnetic. 

Therefore, the catalyst used in the following study was synthesized with 2.1 g CoFe2O4, 

0.5 mL TiO2 and 4.0 g P25, at its optimal condition. 
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5.2.2 Effect of reaction parameters on the photodegradation process 

5.2.2.1 Photodegradation under different UV wavelength 

During photodegradation, direct-photolysis and photocatalysis may occur at the same time 

since both the parent compound SMX and the catalyst absorb light. To determine the role 

of the catalyst and the optimal light source, photolysis (i.e. without catalyst) and 

photocatalysis (i.e. with catalyst) of SMX under different light sources (UV wavelengths) 

were examined. 

From Figure 5-2, the catalyst played a positive role at the wavelength of 350 nm. For the 

direct photolysis of SMX solution exposed to UV lamps at 350 nm, and about 20% SMX 

was removed with UV illumination in 50 mins. Previous studies reported that photolysis 

of SMX only occurred under UV in the wavelength below 310 nm (Abellán et al. 2007). 

The results suggested that photolysis of SMX at UV 350 nm observed in this study may be 

due to the insignificant but non-zero molar absorptivity of SMX at 350 nm and/or the 

board-band nature of UV 350 nm lamp, which have a small tailing reaching the wavelength 

around 310 nm.  

At wavelength of 254 and 300 nm, however, the presence of catalyst slowed down the 

reaction compared to the process without the catalyst. The result is mainly attributed to the 

weaker excitation of the catalyst by UVC and UVB at 254 and 300 nm, respectively (see 

the DRS data in Chapter 4). The process performance is further deteriorated by the light 
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shielding effect since the transmission of the solution dropped dramatically from 100% to 

about 80% after introducing the catalysts at dosage of 0.5 g/L.  

Though photolysis of SMX is fast, unfortunately the mineralization of SMX (i.e. TOC 

elimination) by photolysis is inefficient comparing to that of photocatalysis. Therefore, the 

wavelength of 350 nm was selected exclusively as the light source for the remaining study. 

5.2.2.2 Photodegradation with different SMX initial concentrations 

The effect of initial concentrations of SMX ([SMX]0) was examined in the photocatalytic 

process. It is indicated that lower initial concentration results in higher removal efficiency. 

The final removal efficiency at 100 min increased from 40% to 99% as the [SMX]0 

decreased from 200 to 5 µM (Figure 5-3 a). In this study, since the UV intensity is a 

constant, the increase of [SMX]0 will make the solution property changed from optical 

dilute to optical dense. The deficiency of photons of the latter cases is the reason 

contributed to its lower degradation efficiency. A linear correlation between k and ln 

[SMX]0 can be established as shown in Figure 5-3 (b). 

5.2.2.3 SMX destruction with different catalyst dosages 

In Figure 5-4, the SMX destruction performance was investigated as the catalyst dosage 

varying from 0 to 2.0 g/L. Only about 20% SMX was removed under the irradiation of UV 

without using the photocatalyst. After introducing the photocalyst the reaction rate 

enhanced significantly. The final removal increased from about 20% to 94% as the dosage 
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of catalyst increased from 0 g/L to 0.5 g/L. After the optimal dosage at 0.5 g/L, the further 

increment of the dosage will retard the reaction. This is likely ascribed to the reduction in 

the light penetration resulting from the abundance of catalyst particles. This light 

attenuation effect was justified in Figure 5-4 (c), in which the transmission decreased 

significantly with the increase of the catalyst dosage. It is also interesting to note that in 

the dosage range of 0.5–2.0 g/L, two linear correlations between k and catalyst dosage, and 

transmission and catalyst dosage were identified. Therefore, a liner correlation between the 

k and transmission is established and well justifies the light attenuation assumption. The 

catalyst dosage at 0.5 g/L was determined as the optimum dosage for the catalyst in this 

process, in which SMX was completely degraded in 50 min. 

According to the linear correlations of k and [SMX]0 (Figure 5-3 b), as well as k and 

catalyst dosage (Figure 5-4 b in the range of 0.5-2.0 g/L), the pseudo first-order rate 

constant (k, min−1) of SMX destruction becomes predictable in terms of [SMX]0 and 

catalyst dosage. By using multi-regression technique, a prediction model is shown in the 

following equation which only works for the experimental systems used in this study. 

k = 7.94×10-2 – 1.39×10-2 [Catalyst] – 1.14×10-2 ln[SMX]0 (R2=0.9979)        (Equation 5-3)  

5.2.2.4 Photodegradation under different levels of pH 

Since the pH level plays an important role in the degradation process, six pH levels ranging 

from 2.2 to 10.8 were investigated in this study. As the pKa1 and pKa2 is 1.85 ± 0.30 and 
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5.60 ± 0.04, respectively (Babić et al. 2007), the test was conducted in 

1) pH 2.2, a point in which pH ൎ pKa1; 

2) pH 3.6 and 5.2, two points between pKa1 and pKa2; 

3) pH 6.8, 8.8, and 10.8, three points above pKa2. 

The results are shown in Figure 5-5, in which the fastest reaction occurred at pH 2.2, 96% 

of SMX was removed in 5 minutes, and followed by pH 3.6, and pH 10.8. However, it was 

observed that the catalyst became unstable at these extreme pH levels. That is, at the pH 

levels of 2.2, 3.6 and 10.8, some white/milky substance leached out to the solution. To 

understand the mechanism of the fast reactions at these extreme pH levels, a series of tests 

was conducted. 

The possible adsorption and hydrolysis contributed to the degradation of SMX at extreme 

pH levels were examined first. The results were shown in Figure 5-6 (a), where the "-30 to 

0 minutes" is the pre-adsorption for equilibrium as mentioned in the methodology. It was 

found that the process of adsorption and hydrolysis are insignificant. The result of 

insignificant hydrolysis agrees with the results from a previous study (Trovo et al. 2009a). 

Therefore, the fast reaction at pH levels 2.2, 3.6 and 10.8 was not due to the additional 

adsorption nor hydrolysis. 

The white substance that leached out to the solution was examined next. After the 
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adsorption reached the equilibrium, the catalyst was removed by a magnet, and the milky 

solution was used to react with the SMX under the UV. The result shown in Figure 5-6 (b) 

indicated that the degradation curve was similar to that shown in Figure 5-5 (a). This 

suggests that the fast reaction at extreme pH levels was mainly due to the leaching of 

TiO2/P25 from the catalyst surface. 

The mass of leached TiO2 was determined by paper filtration, after drying, the percentage 

of leached TiO2 was shown in Figure 5-6 (c). It was found that, about 35% and 20% of 

TiO2 leached from the catalyst at pH 2.2 and 10.8, respectively. Higher the leaching of TiO2, 

higher the removal efficiency, this leaching pattern (Figure 5-6 c) is even similar to that of 

the reaction rate (Figure 5-5 b), thus this similarity of pattern reconfirms the contribution 

of leached TiO2 to the enhanced reaction rate at extreme pH levels. However, it should be 

noted that very low (2%-3%) or no TiO2 leached was observed at pH levels ranged from 

5.2 to 8.8. In fact, the observed low level mass loss in Figure 5-6 (a) may be due to the 

imperfect filtration and drying process. Therefore, the synthesized catalyst is considered to 

be very stable at neutral pH range for real application. 

Within the pH range of 5.2 and 8.8, the best pH for the process is at pH 5.2. Increase of pH 

from 5.2 to 8.8 causes a small drop in removal efficiency. At pH 5.2, most of the SMX 

exists in the neutral state (Radke et al. 2009, Trovo et al. 2009b) and has stronger light 

absorption (Niu et al. 2013), resulting in a higher degradation efficiency. When the pH level 

is higher than pKa2 (5.6), most of the SMX becomes negatively charged conjugate base, 

and strong oxidants like hydroxyl radical generally has lower affinity to react with the 
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negatively charged compound (Boreen et al. 2004, Radke et al. 2009, Trovo et al. 2009b), 

leading to a lower degradation efficiency. 

The pH change during the process of adsorption (time before 0) and photocatalytic reaction 

(time after 0) is shown in Figure 5-7. In the process of adsorption, pH dropped when the 

initial pH level is 8.8 and above, while the pH increased slightly and had no significant 

change at neutral (6.8-5.2) and acidic (3.6-2.2) conditions, respectively. It suggests that the 

surface of CoFe2O4/TiO2 is close to neutral. During the photocatalytic reaction, a 

significant pH drop occurred when the initial pH level is high. The pH drop is likely due 

to the formation of CO2 and low molecular organic acids from the destruction of SMX. 

Given to the fact that H2CO3 is a weak acid, with the value of pKa at 6.3 and 10.3, the H+ 

released to the solution was not sufficient to change the solution pH when the initial pH 

level was in the neutral to acidic range, therefore, a relatively stable pH was observed. 

In practice, the removal of SMX at extremely low or high pH is not recommended. 

Therefore, pH of 5.2 was selected for further study, and no pH adjustment is required in 

SMX removal. 

5.2.3 Effect of ferrate on the reaction 

Ferrate has a strong oxidation capacity, however, the SMX destruction occurred only at the 

initial period time of the introduction (Figure 5-8 a). About 65% of SMX was removed 

within five minutes with sole 100 µM ferrate. The destruction curve leveled off in the next 
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twenty minutes, indicating no SMX decomposition occurred any more. The removal 

efficiency was enhanced to about 75% with further introduction of UV (i.e., UV/100 µM 

ferrate). It should be noticed that the enhancement is much higher than that of SMX 

photolysis within twenty minutes. The reason for the increased SMX removal efficiency 

also includes the generation of OH• originated from the ferrate indirectly. The Fe3+ 

generated from hydroxylation of ferrate (Equation 5-4) can further result in [Fe(OH)]2+ 

(Equation 2-20), which can lead to the formation of Fe3+ and OH• (Equation 2-21). About 

80% SMX was removed under the treatment process UV/Catalyst/100 µM ferrate in 

twenty-five minutes, indicating only 5% SMX destruction was attributed to the catalyst. 

FeO4
2- + 5 H2O → Fe3+ + 3/2 O2

 + 10 OH-                                                                                   (Equation 5-4) 

Figure 5-8 (b) shows the SMX degradation under UV/Catalyst reaction system with 

different concentrations of ferrate. The reaction was significantly accelerated due to the 

introduction of ferrate. Complete removal of SMX under UV/Catalyst/250 µM ferrate can 

be shortened to 120 minutes, and the time was a half if the concentration of ferrate doubled 

(UV/Catalyst/500 µM ferrate). In the reaction system UV/Catalyst/Ferrate, the SMX 

removal was mainly due to the oxidation of ferrate. And the oxidation of ferrate occurred 

at the moment that ferrate was introduced, then the reaction slowed down. The reaction 

was more efficient by the stepwise addition of ferrate, where 50 µM ferrate was introduced 

every time and it takes sixty minutes to remove SMX completely with total 250 µM ferrate. 

With low concentration of ferrate (50 or 125 µM), the reaction was faster than that without 

ferrate before 60 or 70 minutes, while the removal efficiency was actually lower than that 
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under the reaction system without ferrate at the end of the reaction (i.e., 120 mins). During 

the reaction, some brick red deposits were formed and may blocked the photon path. 

Therefore, to play a positive role, the concentration of the ferrate should be high enough 

and the stepwise addition was suggested. 

5.2.4 Photocatalytic activity of recycled catalyst 

Since the advantage by using the composite photocatalyst is the association of magnetic 

and photocatalytic properties, it is necessary to evaluate the recycling efficiency of the 

catalyst, including the mass loss during the separation or collection and whether the 

recycled catalyst can maintain its performance in reaction after several runs of usage. 

After each photocatalytic reaction, the catalyst was separated, collected and washed with 

ultrapure water, then dried at 80 ºC. The weight loss during the tests was determined to be 

less than 5%. It should be noted that the washing and drying of spent catalyst are not 

necessary in real applications, so that the mass loss in practice should be much lower than 

5%. After five times of recycling, the performance of the reused catalyst in degrading SMX 

was shown in Figure 5-9, in which the photocatalytic activity of the recycled catalyst is 

similar to the fresh catalyst without noticeable degradation. This demonstrates that the 

photocatalytic activity of synthesized CoFe2O4/TiO2 is very stable. Given the magnetic and 

stable photocatalytic properties, the CoFe2O4/TiO2 catalyst should have good application 

prospects in water/wastewater treatment. 
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5.2.5 Mineralization and destruction mechanism of SMX 

5.2.5.1 TOC reduction 

The ability of the photocatalyst in the SMX mineralization was also tested by measuring 

the TOC variation during the degradation process. The initial SMX concentration was 

adjusted to 100 µM to increase the accuracy of TOC analysis. In the proposed process, the 

involvement of UV direct photolysis and the photocatalysis was well taken into account. 

Figure 5-10 shows the separate contribution of UV direct photolysis and the photocatalysis 

for the overall SMX decomposition and TOC removal. 

In spite of the obvious destruction of SMX by photolysis (about 50% removal efficiency), 

its corresponding TOC destruction is low (about 5% removal efficiency) during the 

reaction. The reaction was accelerated when the catalyst was introduced. The reaction rate 

constant of using UV/CoFe2O4/TiO2 (0.88 h-1) was five times of that using sole UV (0.16 

h-1). The considerable enhancement by the combined use of the UV radiation with the 

catalyst (i.e. UV/CoFe2O4/TiO2) was observed at 100% and 50% removal of SMX and 

TOC, respectively, in 5 hours. 

It is interesting to note that there is no lag phase of TOC destruction at the early stage of 

the process. This suggests the intermediates generated in the process can easily be 

decomposed by the direct photolysis and/or photocatalysis in the UV/CoFe2O4/TiO2 

process. Judging from the TOC destruction curves at Figure 5-10, the fraction of 

TOC/SMX removal (i.e. TOC removal per unit of SMX destruction) at 5 hour of the direct 
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photolysis and photocatalysis was 0.07 and 0.59, respectively, indicating that 

photocatalysis plays a much more important role in the removal of TOC than that of direct 

photolysis. 

5.2.5.2 Proposed pathways of SMX degradation 

The corresponding chemical structures of the degradation intermediates and pathways in 

UV/CoFe2O4/TiO2 are proposed. A total of sixteen intermediates were identified in the LC-

ESI-MS chromatogram. Four of them (C1, C2, C4 and C14), asterisked in Figure 5-11, 

were newly reported in the study of SMX product determination. The proposed degradation 

pathway and the information of the detected intermediates (formula and experimental mass) 

are shown in Figure 5-11. There are mainly four possible destruction pathways, i.e. 

hydroxylation, cleavage of S-N bond, nitration of amino group, and isomerization. 

The hydroxylation may occur by hydroxyl radical (OH•) attack to the benzene ring, the 

isoxazole ring, and the amino group on the benzene ring. Three mono-hydroxylation (C11, 

C13, C14) and two di-hydroxylation products (C8, C12) were detected. Further oxidation 

of the isoxazole ring in C11 resulted in ring opening and the formation of C3 and C16. The 

intermediate C9 was generated by the oxidation process after the opening of the isoxazole 

ring in C13, and C8. The cleavage of the bond between isoxazole ring and the amine group 

of SMX, C13, C8 and C9 led to the formation of C5. The cleavage of the bond between 

isoxazole ring and the amine group of C12 and C14 led to the formation of C4. The C4 can 

also be generated by the hydroxylation process with hydroxyl radical attacking to the amino 



Chapter 5 

86 

 

group on the benzene ring of C5. The loss of amino group or hydroxyl group led to the 

formation of C2. Hydroxylation was also reported in other studies (Abellán et al. 2007, 

Abellan et al. 2008, Trovo et al. 2009a, Trovo et al. 2009b, Niu et al. 2013) and is possibly 

the dominant destruction pathway due to the largest peak areas of the intermediates. 

The C1 and C7 were resulted from the cleavage of S-N bond between sulfonyl group and 

the amine group in the sulfonamide group, the C7 was also reported in the photo-Fenton 

and photolysis process (Trovo et al. 2009a, Niu et al. 2013). Simultaneously, the C1 was 

formed by a carboxyl bonding (sourced from a formic acid in the solution) to the amine 

group. 

Another possible pathway took place by the electrophilic attack at the amino group in the 

benzene ring. The amino group was oxidized to nitro group; hence nitro-sulfamethoxazole 

i.e. C15 was formed. The conversion of C15 to C6 was the result of addition of the OH-

group to the benzene ring. This pathway was also observed in SMX degradation by the 

ozonation (Abellan et al. 2008). 

The conversion of SMX to C10 was possible via the isomerization of O-N bond at the 

isoxazole ring, similar observation was also reported in the photo-Fenton process (Trovo 

et al. 2009a). C10 was also the only intermediate detected in the photolysis process, 

indicating that photocatalysis was conducive to the bond cleavage of the parent compound. 

This result also explains the low TOC removal efficiency in photolysis process. 
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5.2.5.3 Transformation of sulfur and nitrogen 

To better understand further the degradation pathway of SMX and formation of inorganic 

intermediates, the concentrations of sulfate (SO4
2-), ammonium (NH4

+), nitrate (NO3
-) and 

nitrite (NO2
-) were determined, as shown in Figure 5-12. 

Gradual increase of SO4
2- was observed in the reaction. About 20 µM SO4

2- was released 

during the degradation of the first hour, accounting for about 20% of the total mass of 

sulfate. At the end of the reaction (i.e. 5 hours), about 45% of the total sulfur was released, 

when 100% of SMX and 50% of TOC was removed. This result is superior than the 

observation form Abellán et al. (Abellán et al. 2007), where only 40%, 80%, and 17% of 

SO4
2-, SMX and TOC generation/destruction were observed, respectively, in a UV/TiO2 

process after 6 hours.  

In the UV/CoFe2O4/TiO2 process, a large amount of ammonium (100 µM or about 33% of 

total nitrogen mass) was generated, while only trace levels of [NO3
-] and [NO2

-] at 2.7 µM 

(or 1% mass), and 0.7 µM (or 0.25% mass), respectively, were detected. There are three 

nitrogen moieties in SMX; two exist in amine groups, and the other one is at the 2-position 

in the isoxazole ring. Nitrogen in amine groups is susceptible to originate NH4
+, and 

nitrogen in the isoxazole ring might be converted to NH4
+, NO2

-, and NO3
- (Nohara et al. 

1996). NH4
+ comes principally from the amino group, and also may come from the nitrogen 

in the isoxazole ring. Once the NH4
+ is formed in the solution, it generally has lower 

priority to be oxidized (into NO2
-, and then NO3

-) comparing to that of the organics. A good 
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example is that the NH4
+ is the end product of COD test by using dichromate, rather than 

NO2
-, nor NO3

-. This is the reason of high [NH4
+] acclamation, and low [NO3

-] and [NO2
-] 

levels in the solution. 

In addition, it is interesting to note (from Figure 5-12) that the generation curves of [SO4
2-], 

[NH4
+], and [NO3

-] are all linear and increase with time (after 1 hour), while the [NO2
-] 

maintains at a constant. This is a good evidence to show that the TOC destruction is still in 

progress and the formation/destruction of [NO2
-] has reached a steady state (between NH4

+ 

and NO3
-) in the studied period. 

5.2.6 Toxicity evolution during SMX degradation 

5.2.6.1 Effect of SMX and the degradation products on C. vulgaris 

The effect of the SMX solutions before and after the photocatalytic treatment on the growth 

of C. vulgaris is presented in Figure 5-13. The growth curves of the algae exposed to 

samples collected at different degradation time are displayed in Figure 5-13 (a). All the 

algae growth curves conformed to the typical S-curve. The calculated values of K and r 

based on the logistic growth model are shown in Figure 5-13 (b). 

It was found that the toxicity of the solution to C. vulgaris was significantly reduced during 

the degradation of SMX. Before the treatment, the growth of the algae was significantly 

inhibited by SMX with the lowest K (9.26×106 cells/mL) and r (0.31 d-1). During the first 

two-hour of treatment, SMX quickly transformed into intermediates and the toxicity of the 
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solution significantly reduced (with higher values of K and r, p < 0.05). 

At the later stage of the treatment, the K and r values were even higher than those of pure 

water (K = 2.33×107 cells/mL and r = 0.42 d-1), suggesting the SMX has been transformed 

from a toxicant into nutrients. This may be attributed to the increased concentration of 

inorganic salts released from the SMX decomposition (including NH4
+, NO3

-, NO2
- and 

SO4
2-) which can serve as nutrients for the growth of the algae. The destructed organics 

after losing their toxicity may become an extra carbon source for promoting the growth of 

algae. It was reported that low molecular organic acid (i.e. the end products of this process) 

can also be used as the carbon source for the algae (Liu et al. 2013a) other than CO2. In 

addition, ferrous ion (Fe2+) released from the catalyst during the reaction can also provide 

as promotion factor for the algae growth owing to the weak acid environment. The detected 

concentration of Fe2+ is shown in Figure 5-13 (c). 

However, at the later stage of the reaction, the increment of K and r values gradually leveled 

off (but still higher than water). This is possibly because the accumulation of inorganic 

salts has reached their plateaus (Figure 5-12) in the solution, which became the limiting 

factor for the further growth of algae; during which, the CO2 is abundant in the solution 

(Figure 5-13 c) and cannot be the limiting factor.  

By taking a closer look at the Figure 5-13 (b), it was found that the growth of the algae 

apparently had a drop at 4 h. One possibility is that some toxic intermediates may be 

generated at that time. After cross-checking the intermediate data from the reaction 
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mechanism, the inhibited growth may be attributed to the accumulation of C5, i.e. 

sulfanilamide (SFL), which could be an effective sulfonamide antibacterial. 

To verify this, the effect of SFL (at a similar initial level of SMX) on the growth of the 

algae was studied. As is shown in Figure 5-14, the growth of the algae exposed to SFL 

(with K value of 1.20×107 cells/mL and r value of 0.24 d-1) was significantly lower than 

that of water (with K value of 2.87×107 cells/mL and r value of 0.34 d-1), indicating that 

the SFL has a similar adverse effect on the algae growth as SMX. In addition, the 

introduction of SFL to SMX-3 h led to reduction of the algae growth, with K value falling 

from 3.53×107 cells/mL to 2.82×107 cells/mL and r value from 0.72 d-1 to 0.33 d-1, 

respectively. 

Since the SFL can be further degraded in the process, the sink of K and r only last for a 

short period, then they resume the up-rising pattern again as shown in Figure 5-13 (b). The 

result also elucidates that the degradation of SMX by UV/CoFe2O4/TiO2 is efficient in the 

reduction of toxicity to the algae. 

5.2.6.2 Effect of SMX and the degradation products on A. salina 

Contaminants in the water environment may also induce the adverse effects on the 

activities of zooplanktons such as survival, feeding, and growth. The effect of SMX 

degradation products on the survival of A. salina was studied, and it was found that no 

mortality was observed when exposing A. salina to the untreated and treated solutions for 
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24 h (data not shown). Therefore, the effect of SMX degradation products on the feeding 

of A. salina was further studied. 

The result shows that the feeding of A. salina was significantly inhibited upon exposed to 

untreated SMX, where the clearance rate (CR) was about 2.3 µL·ind-1·min-1, i.e. about 18% 

of the control group (Figure 5-15). During the UV/CoFe2O4/TiO2 process, the CR gradually 

increased, and the CR of A. salina went up to 6.1 µL·ind-1·min-1, i.e. about half of the 

control group after 5 hour of treatment. The inhibition was apparently reduced but not 

eliminated likely due to the existence of organic intermediates. It was expected that the 

toxicity of SMX solution would be totally eliminated when all the intermediates were 

mineralized to inorganic substances at an extended reaction time. The adverse effect of 

SMX and its degradation products on the feeding of the brine shrimp may lead to the 

growth inhibition of aquatic organisms at higher tropic level, and then the whole ecosystem 

through the food chain or food web. The result suggests that low level pollutants that 

escaped from the wastewater treatment are capable of affecting the balance of ecosystem. 

Therefore, comprehensive toxicity assessments of those contaminants are necessary to 

ensure an acceptable toxicity of the chemical residues in the effluent. 

5.3 Summary 

In this chapter, the photocatalytic activity of the obtained catalyst was evaluated by the 

degradation of SMX. The optimal conditions during the catalyst synthesis and SMX 

degradation were explored.  
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The SMX degradation was found to be a pseudo first-order kinetics. The optimal formula 

for the catalyst synthesis 2.1 g CoFe2O4, 0.5 mL TiO2 and 4.0 g P25. The catalyst was 

determined to play a positive role in 350 nm while a negative role in 300 and 254 nm, so 

UV wavelength 350 nm was recommended for the reaction system. The observed rate 

constant (k, min−1) is predictable by a proposed model in terms of the [CoFe2O4/TiO2] and 

[SMX]0, where the working catalyst dosage was 0.5-2.0 g/L, with the optimal pH at 5.2. 

The photocatalyst was found stable within the pH range of 5.2 and 8.8, while TiO2 leaching 

would only occur at extreme acidic or alkali environment. SMX was almost completely 

removed in 50 minutes at 0.5 g/L CoFe2O4/TiO2 at pH 5.2. The recycling tests proved that 

the photocatalytic activity of the recycled catalyst remains intact even after 5 times of reuse, 

suggesting the CoFe2O4/TiO2 catalyst has good performance in real applications. The 

removal efficiency of SMX under the photocatalysis system was enhanced with high 

concentration of ferrate, while reduced in the presence of the low concentration of ferrate.  

And the stepwise addition of ferrate was suggested for higher reaction rate. 

Photocatalysis plays a much more important role in the removal of TOC than that of direct 

photolysis, judging from the higher fraction of TOC/SMX removal by photocatalysis than 

that by the direct photolysis. Sixteen intermediates were detected, and four of them were 

newly reported in the degradation of SMX. There are four main pathways during the 

degradation, i.e. hydroxylation, cleavage of S-N bond, nitration of amino group, and 

isomerization. About 45% of the total sulfur was released as SO4
2-, and 33%, 1% and 0.25% 

of the total nitro was released as NH4
+, NO3

- and NO2
-, respectively. 
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The toxicity of the treated solution was significantly reduced compared to that of the parent 

compound SMX. For the effect of the treated solution on the algae growth, the K and r 

values of the algae growth curve increased after the treatment. At the later stage of 

treatment, the K an r values were even higher those of pure water, suggesting the SMX has 

been transformed from a toxicant into nutrients. The algae growth due to the release of 

inorganic substances and carbon source, serving as nutrients, was detected in the process. 

During which, a small offset to the growth was observed likely due to the generation of a 

toxic intermediate, sulfanilamide, which fortunately can be quickly destructed in the 

process. For the effect on the brine shrimp, no mortality was found, but the feeding of the 

brine shrimp was inhibited by the SMX and its intermediates. The clearance rate increased 

from 2.3 to 6.1 µL·ind-1·min-1 during the process but it’s still lower than that of the control 

group. This suggests the adverse effect was gradually reduced but not eliminated. Therefore, 

longer degradation time may be needed for the total toxicity removal. 
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Figure 5-1 Photocatalytic activity of catalysts with different processes. (a) 

Sulfamethoxazole destruction curves with catalysts obtained from different processes. (b) 

Destruction rate constant as a function of P25 percentage. Experimental condition: [SMX]0 

= 20 µM, catalyst dosage = 1.0 g/L, twelve 350 nm UV lamps were employed. 
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Figure 5-2 Effect of UV wavelength on sulfamethoxazole degradation. Experimental 

condition: [SMX]0 = 5 µM, catalyst dosage = 0.5 g/L (if any), twelve UV lamps were 

employed. 
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Figure 5-3 Effect of initial concentration of sulfamethoxazole on the photodegradation. (a) 

Sulfamethoxazole destruction curves with varied initial concentration. (b) Destruction rate 

constant as a function of initial concentration of sulfamethoxazole. Experimental condition: 

catalyst dosage = 1.0 g/L, twelve 350 nm UV lamps were employed. 
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Figure 5-4 Effect of catalyst dosage on the photodegradation. (a) Sulfamethoxazole 

destruction curves with varied catalyst dosages. (b) Destruction rate constant as a function 

of catalyst dosage. (c) Transmission as a function of catalyst dosage. Experimental 

condition: [SMX]0 = 5 µM, twelve 350 nm UV lamps were employed. 
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Figure 5-5 Effect of pH value on the photodegradation. (a) Sulfamethoxazole destruction 

curves with varied solution pH. (b) Destruction rate constant as a function of pH levels. 

Experimental condition: [SMX]0 = 5 µM, catalyst dosage = 0.5 g/L, twelve 350 nm UV 

lamps were employed. 
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Figure 5-6 Tests on catalyst stability and leaching. (a) Hydrolysis rate and adsorption rate 

during the photodegradation. (b) Degradation of sulfamethoxazole under leaching TiO2. (c) 

Catalyst leaching dosage. Experimental condition: [SMX]0 = 5 µM, catalyst dosage = 0.5 

g/L, twelve 350 nm UV lamps were employed. 

 

Figure 5-7 The change of pH values during the sulfamethoxazole photodegradation. 

Experimental condition: [SMX]0 = 5 µM, catalyst dosage = 0.5 g/L, twelve 350 nm UV 

lamps were employed.        
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Figure 5-8 Sulfamethoxazole photodegradation with the introduction of K2FeO4. (a) 

Sulfamethoxazole destruction with different processes by ferrate. (b) Effect of ferrate at 

different concentrations on the photodegradation. Experimental condition: [SMX]0 = 5 µM, 

catalyst dosage = 0.5 g/L, twelve 350 nm UV lamps were employed. 
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Figure 5-9 Recycle use of the catalyst. (a) Sulfamethoxazole destruction curves with 

recycled catalysts. (b) Destruction rate constant of photodegradation with recycled 

catalysts. Experimental condition: [SMX]0 = 5 µM, catalyst dosage = 0.5 g/L, twelve 350 

nm UV lamps were employed. 
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Figure 5-10 Sulfamethoxazole destruction and TOC reduction by photolysis and 

photocatalysis. Experimental condition: [SMX]0 = 100 µM, catalyst dosage = 0.5 g/L, 

twelve 350 nm UV lamps were employed. 
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Figure 5-11 Proposed pathways of sulfamethoxazole degradation under UV/CoFe2O4/TiO2. 

(The dash line indicates the pathway detected in the photolysis process, * indicates the 

newly reported intermediates).  
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Figure 5-12 Formation of inorganic ions during UV/CoFe2O4/TiO2 treatment. 
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Figure 5-13 Effect of sulfamethoxazole and the degradation products on the growth of 

Chlorella vulgaris. (a) Growth curve of C. vulgaris in different culture media. (b) K and r 

of C. vulgaris population growth. (c) Change of inorganic carbon (IC) content and ferrous 

ion (Fe2+) concentration of the reaction system during UV/CoFe2O4/TiO2 treatment. 
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Figure 5-14 Effect of sulfanilamide on the growth of Chlorella vulgaris. (a) Growth curve 

of C. vulgaris in different culture media. (b) K and r of C. vulgaris population growth. 
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Figure 5-15 Effect of sulfamethoxazole and the degradation products on the feeding of 

Artemia salina. 
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6. Chapter six    Photodegradation of antipyrine with the 

magnetic catalyst 

6.1  Introduction 

In Chapter five, the catalyst was proven to be efficient on degradation of antibiotic SMX, 

while whether it is widely applicable in degradation of other pharmaceutical molecule is 

unknown. In this chapter, the target compound AP from another pharmaceutical group was 

selected. The optimal reaction conditions, including the light source, catalyst dosage, initial 

concentration of parent compound, solution pH level were determined. The destruction 

mechanism, including organic intermediates, TOC reduction, inorganic ions release was 

investigated. The effects of AP on the growth of and the survival of were explored to fill 

up the knowledge gap on the scarce data in terms of the toxicity of AP to aquatic organisms. 

The toxicity evolution of the generated AP degradation products was explored to assess the 

safety of the treatment process.   

6.2 Results and discussion  

6.2.1 Effect of reaction conditions on the photocatalysis process 

6.2.1.1 Wavelength of light source 

Degradation of AP under different light sources (wavelengths) was examined to determine 
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the optimal light source. In addition, the possible involvement of hydrolysis, adsorption 

and direct photolysis during the reaction was also evaluated. The hydrolysis and adsorption 

were found insignificant (data not shown), while the direct photolysis varied at different 

wavelengths from Figure 6-1. For direct-photolysis (i.e. no catalyst), the fastest AP 

destruction occurs at 254 nm, where AP was completely removed in 5 minutes. The 

removal efficiency reduces to about 40% (at 20 min) as UV wavelength increases to 300 

nm, and no direct-photolysis was observed at 350 nm or 420 nm. The result is consistent 

with the AP’s absorption spectrum, where no significant absorption is observed for 

wavelength higher than 300 nm.  

It is interesting to note that though the removal efficiency of direct-photolysis at 254 nm is 

the highest, the presence of catalyst in fact will slow down the reaction slightly, because of 

the light shielding effect revealed in chapter five. However, the catalyst plays a positive 

and promising role at 300 nm, where the removal efficiency was enhanced from 40% to 

100% at the end of the reaction after the catalyst was introduced. That is, the removal 

fraction of AP by direct-photolysis and photocatalysis is about 0.4 to 0.6 at 300 nm. At 350 

nm, after using catalyst, the removal of AP was enhanced from 0 to 70%, which is solely 

attributed to photocatalysis since there is no direct-photolysis at this wavelength. By 

examining the absorption spectra of AP and catalyst, in the range of 200-300 nm, both the 

target compound AP and the catalyst can compete for the photons. The above test results 

reveal that AP and the catalyst prevails in the photon absorption at wavelength of 254 nm 

and 300 nm (and above), respectively. 
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Based on information from Chapter 4, the nanocatalyst CoFe2O4/TiO2 is active in the 

visible region given the strong absorption intensity in the range of 200-800 nm. However, 

the degradation of AP under 420 nm or/above (data on AP degradation under wavelength 

above 420 nm is not shown) was insignificant. The red shift (i.e. the extension of absorption 

wavelength threshold) of composite catalyst CoFe2O4/TiO2 to the visible region is 

apparently due to the introduction of CoFe2O4, while the TiO2 has very low absorption in 

these wavelengths. For one thing, it is the VB of CoFe2O4 that can be excited to generate 

electrons under visible light. While the low mass ratio of CoFe2O4 in the composite catalyst 

and its main role as a catalyst core rather than shell may lead to lower photogenerated 

electrons, and thus limited radicals (OH•). For another, the chemical bonding between 

CoFe2O4 and TiO2 is not strong. The two parts of the composite catalyst (i. e. CoFe2O4 and 

TiO2) can only perform their roles separately. Energy level coupling including the transfer 

of electron from CB of CoFe2O4 to CB of TiO2 and the transfer of holes from VB of TiO2 

to VB of CoFe2O4 is not effective (Shi et al. 2014). Without a useful energy level coupling, 

separation of photogenerated electrons and holes, and extension of the lifetime of the 

excited electrons (e-) and holes (h+) would be difficult, and finally no or very few electrons 

can transfer to the catalyst surface and take part in the photo-reaction.  

The UV 350 nm was chosen as the exclusive light source for the detail study, for its 

potential applications in the environment by using the sunlight.   
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6.2.1.2 Catalyst dosage 

In Figure 6-2, the effect of catalyst dosage on AP destruction was investigated. It was found 

that the reaction rate was elevated with the increase of the catalyst dosage from 0 g/L to 

0.5 g/L. The photodegradation however slow down above the optimal dosage at 0.5 g/L, 

likely owing to the reduction in the transmission of photons with redundant catalyst 

particles revealed in Chapter five. The catalyst dosage at 0.5 g/L was therefore used as the 

catalyst dosage in the remaining tests. 

6.2.1.3 Value of pH 

The pH levels above the pKa of AP (1.4) (Staiger et al. 1980) were tested. From Figure 6-

3, the lower pH results in higher removal efficiency.  

When the pH level is higher than 6.4 (pKa1 of H2CO3), the dissolved carbon dioxide (CO2) 

in the reaction system (from the air and mineralization of AP destruction) is transformed 

into bicarbonate (HCO3
-) ions. The latter may compete with AP for hydroxyl radicals (Rao 

and Chu 2013) and further lead to the retardation of AP degradation (Equation 6-1). 

HCO3
- + OH•→ CO3

• − + H2O                                                                         (Equation 6-1) 

Another possible reason accounting for the faster destruction at low pH is the larger surface 

area of the catalyst. As was demonstrated in previous study, the effective diameter of the 

catalysts is the largest at pH of ZPC (around 8.0 in this study) (Chen and Chu 2012). The 
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smaller size of the catalyst at lower pH offers larger surface area, more opportunities to 

contact with the target molecules and absorb the UV light. In this case, the degradation of 

AP would be enhanced. In addition, the lower pH may induce mild leaching of metals out 

of the catalyst (Chapter five), which promotes the catalysis via a faster homogeneous phase 

reaction.  

During the reaction, the change of pH level was monitored. The increase and decrease of 

solution pH in acidic and the alkalic conditions were detected, respectively. The change 

may be due to the interaction between the catalyst, the proton and hydroxyl ions in the 

solution, and its balance with the generation of low-molecular organic acids as end products. 

Since extremely low pH is not practical in water treatment processes, pH of 5.5 was 

recommended based on the fundamental study.  

6.2.1.4 Initial AP concentration 

The effect of initial concentrations of AP ([AP]0) on the photocatalytic process is shown in 

Figure 6-4. Generally, higher the [AP]0, (i.e. lower the photon / [AP]0 ratio), lower the 

reaction rate, because the UV intensity and likely the [OH•] are constants. A linear 

correlation between k and ln [AP]0 was derived as shown in Equation 6-1 for the prediction 

of the pseudo first-order rate constant (k, min−1) in AP destruction by the process under the 

optimal reaction conditions.: 

k = -8.05 × 10-3 ln [AP]0 + 5.11 × 10-2 (R2 = 0.98)                                          (Equation 6-2) 
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6.2.2 Mechanism of the photodegradation 

During the reaction, AP was firstly decomposed to its daughter compounds, then eventually 

mineralized by generating inorganic molecules (CO2, H2O, NH4
+, NO3

-, and NO2
-). To 

reveal the reaction mechanism, the organic intermediates, the TOC content, and the 

inorganic ions were monitored. 

Totally ten organic intermediates were identified in the LC-ESI-MS chromatogram. Five 

of them (C3, C5, C6, C8 and C9), asterisked in Figure 6-5, are the first time being reported 

in the study of AP degradation. Information of the detected intermediates including formula, 

mass, chemical structures, and the degradation pathways are proposed in Figure 6-5.  

Mono-hydroxylated-AP derivatives, generated by hydroxyl radical (OH•) attack were 

identified. They are proposed as the dominant products in the whole reaction as seen from 

the comparatively high peak areas (Figure 6-6 a). It’s interesting to note that, in this study, 

no di- or tri-hydroxylation products were found, which were observed in other AOPs (Calza 

et al. 2011). This is likely due to the formation of excess [OH•] dosage in the beginning of 

many AOPs, which can easily create an environment for multi-hydroxylation on AP 

molecules. In this study however, the generation of [OH•] is under controlled and limited 

to the surface of catalyst, so the chance for generating di- and tri- hydroxylation 

intermediates is low. From the application point of view, the former is good for quick 

reaction of parent compound, but many hydroxyl radicals are wasted for generating futile 

intermediates with larger molecules. The latter though has a slower degradation of the 
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parent compound, but it’s a cleaner process, in which the hydroxyl radicals are used more 

effectively and less intermediates are generated. This is especially useful if mineralization 

is the process design target, because the elimination of multi-hydroxylation will minimize 

the unnecessary energy and chemical consumption. In addition, the hydroxyl group tends 

to be combined with the formic acid (a common end product in the AOP), which can be 

verified from the presence of C5. The hydroxymethyl group -CH2OH can be further 

oxidized to aldehyde group –CHO, forming the products of C6 and C7.  

Demethylation is another dominant pathway in this process, leading to the formation of C8. 

The radical attack at the pentacyclic ring results in the cleavage of C-N and N-N bonds, 

the result is the scission of C8 into the open-ring intermediates C9 and C10 (N-

phenylpropinamide). 

The peak areas of the intermediates as a function of treatment time are shown in Figure 6-

6. During the first hour of treatment, only mono-hydroxylated derivatives were detected. 

However, the TOC reduction and ammonia release at the first hour (Figure 6-7) suggest 

that pentacyclic ring opening actually occurred. It is therefore believed that all the proposed 

intermediates have been formed, though they were too low to be detected yet.  

This is further confirmed by the decrease trend of the benzene ring balance assuming that 

all the intermediates have the same molar absorption. However, there is a crest at 2 h, in 

which the levels of all the mono-hydroxylated derivatives elevated to their peaks and the 

aldehyde C6 and C7 just became detectable. The crest is apparently due to the 
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overestimation of the molar absorptivity of the mono-hydroxylated derivatives. Fortunately, 

such an overestimation becomes insignificant at the later stage as indicated in the tailing of 

Figure 6-7. At the end of the treatment, approximately 45% of AP was mineralized 

according to the TOC measurement as also shown in Figure 6-7. 

Both nitrogen moieties in AP come from the pentacyclic ring, and the result indicates that 

most of the nitrogen in pentacyclic ring transfers to ammonia (NH4
+). Approximately 60 

µM (60% of total nitrogen mass) was generated at the end of the reaction (i.e. 5 h) from 

Figure 6-7, indicating that the pentacyclic ring has been opened and separated from the 

benzene ring. Nitrate (NO3
-) and nitrite (NO2

-) were also being detected but in trace level 

(0.55%, 0.13% of total nitrogen mass for NO3
-, NO2

-, respectively) after 24 h of reaction. 

The formation of NO3
- and NO2

- may come directly from the pentacyclic ring or be 

transformed from oxidation of NH4
+. The late presence of nitrate and nitrite reveals that 

the radicals have a priority to oxidize the organic intermediates than the inorganic ammonia. 

This is likely because the solution pH has a lower pH level than ZPC. The surface of the 

catalyst is positively charged, and the NH4
+ is repelled away from the catalyst surface and 

thus has less opportunity to be oxidized.  

6.2.3 Toxicity evolution during AP degradation  

6.2.3.1 Effect of AP and the degradation products on C. vulgaris 

The effect of the parent compound AP on the algae C. vulgaris was firstly examined. 
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Judging from the calculated growth rate r given in Figure 6-8, it was interesting to note that 

no adverse effect of AP was detected and the growth of C. vulgaris in AP solutions was 

even better than that in water. The result was possibly due to the adverse effect of AP on 

some bacteria in the algae culture media (Aiad et al. 2017). The result also reveals that 

pharmaceuticals have diverse effects on the growth of algae since some other 

pharmaceuticals e.g. SMX were found to be harmful to the algae growth (Baran et al. 2006).  

For the degradation products, similarly, no adverse effect was observed, the growth rate r 

exposed to intermediates were higher than those of algae exposed to untreated solution. 

The nutrient source of the algae is mainly composed of inorganic substances (e.g. inorganic 

nitrogen, phosphorus and sulfate), trace metal, and vitamin (f/2 culture media can be 

referred (Guillard 1975)). Some studies have shown that low organic molecules are also 

beneficial to algae growth (Liu et al. 2013a). Therefore, the acceleration of algae growth 

exposed to treated solutions is possibly attributed to the transformation of AP to nutrients 

including small organic molecules, inorganic carbon, and ammonia.  

6.2.3.2 Toxicity of AP and the degradation products on A. salina 

Survival of A. salina exposed to different concentrations of AP was determined, and the 

result was shown in Figure 6-9 (a). The survival of shrimps was significantly reduced after 

48 h or 72 h of exposure to low concentrations of AP. Median lethal doses (LD50) at 

different time and concentration were calculated and indicated in Figure 6-9 (a).  
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The survival was not significantly reduced at 24 h, while it was observed that their 

swimming ability has been significantly inhibited; about 60% of the alive brine shrimps 

can only swing with their antennas rather than swim freely after the exposure at 50 µM AP. 

It is assumed that the feeding activity of A. salina would be further inhibited, since the 

brine shrimps obtain food by either using spines on the legs as they swim or quick 

movements of appendages (Larsen et al. 2008). It is predicted that the survival of shrimps 

will be further reduced after longer exposure due to both acute toxicity (lethal, inhibition 

of swimming) and chronic toxicity (inhibition of the feeding) of AP. 

After the treatment of AP by photodegradation (i.e. UV/CoFe2O4/TiO2), the survival of 

shrimps rises to the level of control group. It is interesting to note that, for the treated 

solution sample collected at 1 h, the toxicity was close to the control even if the sample 

actually contains about 20 µM AP (Figure 6-9 b). This is inconsistent to the data as shown 

in Figure 6-9 (a), where the survival rate exposed to pure AP at 20 µM was significantly 

lower than the control group. Besides, survival of shrimps presents a linear trend 

corresponding to the treatment time in the first hour. By comparing the above observations 

with the LC/MS data, the dominant byproducts during the first hour were the mono-

hydroxylated AP. Despite of the few information available for the hydroxylated compounds 

of AP, it was reported that the Kow of aromatics are generally reduced after hydroxylation. 

For instance, the log Kow value of phenol (1.5) (Schultz et al. 1996) is lower than that of 

benzene (2.13) (Veith et al. 1979), the log Kow values of 3-Methylphenol (1.98) (Schultz 

et al. 1996), Benzyl alcohol (1.10) (Martin 1996) are lower than that of methylbenzene 

(2.72) (EPA 2005), the log Kow values of ethylphenol (2.50) (Schultz et al. 1996) and 
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phenethyl alcohol (1.57) (Marsili 2011) are lower than that of ethylbenzene (3.15) (Chiou 

1985). As has been illustrated, compounds with lower Kow are generally less toxic due to 

their poor accessibility to the inner mitochondria membrane (Mcfarland 1970). The 

generation of the hydroxylated compounds may cover the biological membranes of brine 

shrimps, and hinder the entry of AP to the inner mitochondria membrane. 

As is seen from the experiment results, the mortality caused by AP was apparently hindered 

by the byproducts via the antagonism effect. This is an advantage of treatment processes 

based on hydroxyl radical, since hydroxylated compounds are commonly generated in such 

processes and the toxicity is possibly reduced via this mechanism. 

6.3 Summary 

A systematic study based on AP toxicity reduction during the photocatalytic degradation 

was conducted. The UV wavelength of 350 nm, the catalyst dosage of 0.5 g/L, and acidic 

condition were favorable for AP destruction by photocatalysis. Ten organic intermediates, 

45% TOC reduction and 60% ammonia release were identified during the process. The 

parent compound AP and the treated solutions show positive effect on the growth of C. 

vulgaris. Moreover, acute toxicity of AP to brine shrimps A. salina was eliminated with the 

destruction of AP. The results suggest that the process UV/CoFe2O4/TiO2 can be an 

effective way on removal and toxicity reduction of some refractory pharmaceuticals. 
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Figure 6-1 Antipyrine photodegradation with varied light sources. Experimental condition: 

[AP]0 = 0.5 µM, catalyst dosage = 0.5 g/L, pH =8.5, twelve lamps were used. 
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Figure 6-2 Antipyrine photodegradation with varied catalyst dosages. (a) Antipyrine 

destruction curves with different dosages of catalyst. (b) Reaction rate of antipyrine 

destruction in terms of catalyst dosage. Experimental condition: [AP]0 = 0.5 µM, pH =8.5, 

twelve lamps at 350 nm were used.  
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Figure 6-3 Antipyrine photodegradation with varied initial pH value. (a) Antipyrine 

destruction curves under different initial pH values. (b) Reaction rate of antipyrine 

photodegradation in terms of initial pH value. (c) The pH change during antipyrine 

destruction. Experimental condition: [AP]0 = 0.5 µM, catalyst dosage = 0.5 g/L, twelve 

lamps at 350 nm were used. 
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Figure 6-4 Photodegradation under varied initial concentrations of antipyrine. (a) 

Antipyrine destruction curves at different initial concentrations of antipyrine. (b) Reaction 

rate of antipyrine photodegradation in terms of initial concentration. Experimental 

condition: catalyst dosage = 0.5 g/L, pH =5.5, twelve lamps at 350 nm were used. 
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Figure 6-5 Proposed pathway of antipyrine degradation. (The asterisks indicate newly 

reported products.) 
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Figure 6-6 Peak areas of antipyrine and products generated during antipyrine degradation. 

 

Figure 6-7 TOC reduction, benzene ring balance and ammonia release during antipyrine 

degradation. Experimental condition: [AP]0 = 55 µM, catalyst dosage = 0.5 g/L, pH =5.5. 
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Figure 6-8 Effect of antipyrine and the degradation products on the growth of Chlorella 

vulgaris. (a) Growth of C. vulgaris exposed to different concentrations of antipyrine. (b) 

Growth of C. vulgaris exposed to degradation products collected at different treatment time. 
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Figure 6-9 Survival of Artemia salina exposed to antipyrine and the degradation products. 

(a) Survival of A. salina exposed to different concentrations of antipyrine. (b) Survival of 

A. salina exposed to degradation products collected at different treatment time. 

Experimental condition: [AP]0 = 55 µM, catalyst dosage = 0.5 g/L, pH =5.5.
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7 Chapter seven    Photodegradation of ibuprofen with the 

magnetic catalyst 

7.1 Introduction 

In the last chapter, antipyrine was selected as a representative compound of NSAID group. 

It is difficult to identify the effect of treatment process on the toxicity evolution to algae 

since AP was proven to have positive effect on the algae growth. Therefore, another NSAID, 

IBP was selected as IBP was proven to inhibit the growth of C. vulgaris. In this chapter, 

IBP degradation under the reaction system UV/CoFe2O4/TiO2 was evaluated. Apart from 

the optimization of the reaction conditions, the effects of common anions (NO3
-, Cl-, F- and 

CO3
2-) and oxidants (oxone, persulfate and perhydrol) on IBP photodegradation were 

investigated. In addition, the TOC reduction and toxicity evolution during the treatment 

process was evaluated. 

7.2 Results and discussion 

7.2.1 Effect of the reaction conditions on the photodegradation 

7.2.1.1 Effect of UV wavelength 

Before the tests, the hydrolysis and adsorption of IBP were determined. The IBP solution 
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was placed in the darkness with mechanical stirring to determine the possible hydrolysis, 

which was found to be insignificant. The catalyst was then introduced to the solution and 

the adsorption effect was also found to be insignificant. The adsorption loss of the probe 

compound to the catalyst was therefore ignored in this study. 

The study in previous chapters indicates that 350 nm is the optimal wavelength that the 

photocatalyst CoFe2O4/TiO2 plays its role. In the photodegradation of IBP, however, it is 

found that 300 nm is the optimal condition. From Figure 7-1, IBP experienced significant 

direct photolysis under the wavelength of 254 nm, where about 50% IBP was removed in 

10 mins. However, the introduction of the catalyst hindered the decomposition of IBP under 

the wavelength of 254 nm because of the photo-shielding effect. The situation was reversed 

with the wavelength elevated to 300 nm. Under the wavelength of 300 nm and 350 nm, no 

significant direct photolysis was detected. The removal efficiency of IBP was raised to 70% 

and 80% under the wavelength of 300 nm and 350 nm, respectively due to the addition of 

the photocatalyst to the reaction system. Since the removal efficiency under 300 nm was 

much higher than that under 350 nm, 300 nm was determined to be the optimal wavelength 

and would be used in the detailed study of IBP photocatalyst by UV/CoFe2O4/TiO2.  This 

result is quite different from that of the other previous two target compounds, where 350 

nm was the optimal wavelength.  
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7.2.1.2 Effect of UV intensity 

It was proposed that the higher UV intensity would result in the higher reaction rate (Xu et 

al. 2013a). In this study, the UV intensity was represented by the lamps number. The 

experiment result gave a strong evidence that the reaction rate was enhanced from 0.10 

min-1 to 0.28 min-1 with the increase of lamps number from 6 to 14. A linear correlation 

was established between the lamps number with the reaction rate (Figure 7-2). 

7.2.1.3 Effect of catalyst dosage 

To determine the optimal catalyst dosage, the effect of catalyst dosage ranged from 0.25 

g/L to 2.0 g/L on the IBP destruction was explored (Figure 7-3). It was observed that the 

increment of the catalyst dosage resulted in the increase of the IBP removal efficiency 

before the breakpoint of 0.5 g/L. After the breakpoint, reaction rate of IBP 

photodegradation reduced with the increase of the catalyst dosage because of the reduction 

in the light penetration illustrated in Chapter five.  

7.2.1.4 Effect of pH value 

To determine the effect of pH value on the removal efficiency of IBP by the photocatalysis 

process, IBP photodegradtion under five levels of pH was measured with other conditions 

staying constant. The result in Figure 7-4 indicated that IBP photodegradation under 

UV/CoFe2O4/TiO2 was strongly dependent on the pH value. With the increment of pH level, 

the reaction rate decreased from 0.21 min-1 to 0.15 min-1.  
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There are four reasons accounting for the favorable reaction under acidic environment. 

Firstly, IBP molecular exhibit neutral and negatively charged state under and above the pH 

level of 4.91 (pKa value of IBP), respectively. It has been well proven that molecular under 

neutral state are much more susceptibly attacked by radicals compared to those under 

negatively charged state (Niu et al. 2013). Therefore, the pH level of 4.5 is much more 

favorable than 5.5 in terms of radical attack.  

Secondly, during the reaction, carbon dioxide (CO2) was generated continuously from the 

mineralization of IBP molecular. Also, there were CO2 dissolved from the air. In alkalic 

environment, CO2 exists in the form of HCO3
- in the reaction system. The dissolved HCO3

- 

may compete for radicals with the IBP molecular. In this condition, less radicals were used 

for decomposition of IBP and thus lower reaction rate was obtained. 

Thirdly, the repulsion between the catalyst and the target compounds IBP would hinder 

destruction of IBP in alkalic condition. The catalyst was also negatively charged when the 

pH level was above 8.1 (ZPC of the catalyst). In this case, the target IBP compounds were 

repelled away from the surface of the catalyst. As a result, the reaction was slowed down 

significantly.  

Lastly, it was reported that at pH values that were near ZPC of the catalyst, the surface area 

of the catalyst was getting smaller (Chen and Chu 2012). Consequently, the catalyst has a 

larger surface area and thus a higher photocatalytic efficiency, leading to higher reaction 

rate in acidic environment.  
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7.2.1.5 Effect of IBP initial concentration  

In the above experiments, high initial concentration of IBP ([IBP]0) was employed given 

the detection limit of HPLC. In the practice of water/wastewater treatment, [IBP]0 may vary 

in a large scale in real water/wastewater. To obtain the possible correlation of [IBP]0 with 

the reaction rate, IBP photodegradation experiments were carried out in the conditions that 

[IBP]0 was varied in the range of 5 µM to 100 µM and other parameters were kept constant. 

The result was shown in Figure 7-5. It was found that the higher the initial concentration 

of IBP resulted in the lower reaction rate of IBP photodegradation. This can be ascribed to 

the fact that the generated photon was constant. The higher the initial concentration of IBP, 

the lower photon dosage was shared for each IBP molecular and thus the lower reaction 

rate. The linear relationship between [IBP]0 and the reaction rate was established and can 

be employed for the prediction of the reaction rate constants in IBP photodegradation by 

the process UV/CoFe2O4/TiO2. 

7.2.2 Effect of anions on IBP photodegradation 

The effect of different anions on the photocatalysis process is shown in Figure 7-6, where 

all the tested anions show the negative effect except NO3
-. As is mentioned above in 7.2.1.4, 

HCO3
- would react with OH•, and the generated radical CO3

• − is much less active than OH•. 

Apart from the scavenging effect, another reason may be the slight increase of pH value 

after the introduction of HCO3
-. As is reported, the introduction of 10 mM HCO3

- resulted 

in the increase of pH value from near neutral to weak alkaline (Chen and Chu 2015).  
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Similarly, for the negative effect of Cl- on the photocatalysis process, it can be attributed to 

the reaction of Cl- with OH• (Equation 7-1 to Equation 7-4) (Truong et al. 2004). As is 

illustrated in the equations, the directly generated radical ClOH• − can further result in the 

formation of radicals HClOH•, Cl•, and Cl2
• −, which are all less active than OH• (Truong et 

al. 2004). As was demonstrated by Truong et al. (Truong et al. 2004), Cl2
• − is the dominant 

radical among the four radicals generated. Since the redox potential of Cl2
• − (around 1.36 

eV) is far lower than that of OH• (up to 2.9 eV) (Truong et al. 2004), the reaction was 

slowed down accordingly. 

Cl− + OH•       ClOH• −                                                                                     (Equation 7-1) 

ClOH• − + H+       HClOH•                                                                                                                     (Equation 7-2) 

HClOH•           Cl• + H2O                                                                                  (Equation 7-3) 

Cl• + Cl−        Cl2
• −                                                                                                                                    (Equation 7-4) 

The destruction of IBP was also slightly hindered in the presence of F-. As is suggested in 

previous study, introduction of F- may inhibit the approach of target compound to the 

surface of the catalyst (Chen and Chu 2012). The exclusive hydrogen bond (O-H…F) may 

be formed around the surface of the catalyst. In this case, the hydroxyl ions would be tied 

up and bided. Consequently, the surface property of the catalyst is possibly changed and 

thus the radical formation may be hindered.  
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The positive impact of NO3
- was significant by the increase of reaction rate from about 0.1 

min-1 to about 0.15 min-1. The significant elevation is probably resulted from the additional 

formation of radicals including NO2
•, O• −, OH• (Keen et al. 2012). As is shown in Equations, 

one reaction pathway is the release of NO3
− to NO2

−. Another transformation pathway is 

the release of NO3
− to NO2

• and O• −. The released O• − can lead to the formation of OH•, 

which can further react with NO2
− and result in NO2

•. The generated radicals in these 

processes, OH• and NO2
• included, contribute to the enhancement of the removal efficiency 

in the presence of NO3
−.  

NO3
−       NO2

− + ½ O2                                                                                     (Equation 7-5) 

NO3
−        NO2

• + O• −                                                                                                                                 (Equation 7-6) 

O• − + H2O            OH• + OH −                                                                             (Equation 7-7) 

OH• + NO2
−        NO2

• + OH −                                                                                                               (Equation 7-8) 

7.2.3 Effect of oxidants on IBP photodegradation  

From Figure 7-7, it can be seen that the reaction rate was significantly increased with the 

addition of oxone or persulfate, while the reaction was significantly slowed down with the 

introduction of H2O2. Approximately 9 µM IBP was removed in 2 mins under the process 

UV/CoFe2O4/TiO2 with the assistance of 0.25 mM oxone, and the reaction rate is about ten 

times of that under the photocatalysis without oxidants. The sharp elevation is owing to the 
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formation of a great amount of radicals SO4
• − and OH• after the introduction of oxone 

(Equation 2-26). 

For the process UV/Catalyst/Persulfate, it takes 8 mins to remove 90% of IBP molecular, 

and the reaction rate is around 3 times of that under the process UV/CoFe2O4/TiO2. The 

accelerated reaction rate is due to the generation of radical SO4
• − with the addition of 

persulfate (Equation 2-24). 

The slower reaction under UV/Catalyst/Persulfate compared to UV/Catalyst/Oxone can be 

contributed to two reasons. As is shown in the equations, 1 M SO4
• − and 1 M OH• can be 

generated for the case with 1 M oxone, and 2 M SO4
• − can be generated as a result of the 

addition of 1 M persulfate. The number of radicals generated has no difference from the 

same concentration of oxone and persulfate. However, the radical OH• has a much higher 

redox potential than SO4
• −. Therefore, the addition of oxone raised the removal efficiency 

to a much higher level than persulfate. Another important reason is that the pH value of the 

solution would be significant reduced due to the addition of oxone, while the opposite was 

the case for persulfate. As is mentioned above, acidic environment is much more favorable 

for IBP degradation. As a consequence, oxone is much more beneficial for the reaction.  

The addition of H2O2, however, slowed down the reaction slightly. It was reported that at 

low concentrations, H2O2 can enhance the performance of the photocatalysis by generating 

OH• (Equation 2-7). However, the increase in H2O2 level would inhibit the destruction of 

target organic compounds beyond an optimal concentration. The excessive amount of H2O2 
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may react with OH• and OH• would lead to the formation or generation of hydroperoxyl 

radical HO2
• (Equation 2-14). Since the radical has a much lower oxidation capability than 

OH•, the reaction was retarded. Therefore, for the purpose of enhancement of removal 

efficiency with the assistant of H2O2, it is suggested that the introduced dosage of H2O2 

should be controlled in a certain range. 

7.2.4 TOC change during IBP photodegradation 

The initial concentration of IBP was enhanced to 100 µM because of the detection limit of 

TOC analyzer. IBP can be removed completely in 120 mins, however, the mineralization 

is only 35% (Figure 7-8). The low mineralization indicates the presence of a large amount 

of organic intermediates. To achieve the complete mineralization, longer time of 

degradation is needed.  

7.2.5 Toxicity evolution during IBP destruction 

7.2.5.1 Effect of IBP and the products on the growth of C. vulgaris 

The growth curves of C. vulgaris exposed to the IBP solutions before and after the 

treatment process is illustrated in Figure 7-9 (a). The values of environment capacity K and 

growth rate r were calculated according to the Logistic growth model and were 

demonstrated in Figure 7-9 (b).  
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The adverse effect of the parent compound IBP to C. vulgaris was gradually eliminated 

with the decomposition of IBP. As it can be seen, the growth of the algae was significantly 

inhibited exposed to 100 µM IBP solution, with K (1.55 ×107 cells/mL) and r (0.36 d-1) 

significantly lower than that obtained from the growth curve of algae exposed to water 

(with K value at 2.06 × 107 cells/mL and r value at 0.42 d-1, respectively, p < 0.05 in all 

cases).  

The inhibition effect was less significant when the algae was exposed to the solution treated 

for 40 minutes (IBP-40 min), where the concentration of IBP declined to 40 µM and the K 

and r values of the algae growth increased to 1.98 × 107 cells/mL, 0.39 d-1, respectively.  

After the IBP solution was treated for 80 minutes and the IBP concentration dropped to 20 

µM, the adverse effect of the solution was not significant, where values of K (2.09 × 107 

cells/mL) and r (0.43 d-1) had no significant difference with those observed from the growth 

curve of algae exposed to water.  

The final product of the treatment process showed a positive effect on the algae growth, 

where the value of r (0.47 d-1) are even higher than that in water, indicating that the 

destruction process is safe for growth of C. vulgaris. 

7.2.5.2 Effect of IBP and the products on A. salina 

In this study, the initial IBP concentration was 100 µM, and no adverse effect on the 

survival or the feeding A. salina was detected. As was reported in previous studies, the 
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NOECs of IBP on zooplanktons were rather high, usually higher than 300 µM 

(Knoll/BASF 1995, Cleuvers 2004, Heckmann et al. 2007, Han et al. 2010). Besides, the 

survival and the feeding of A. salina exposed to the degradation products showed no 

significant difference compared to that in control group. Therefore, it was believed that no 

product that is more toxic to A. salina was generated during the IBP destruction. 

7.3 Summary 

IBP degradation under the reaction system UV/CoFe2O4/TiO2 including the optimization 

of the reaction conditions, the effects of common anions and oxidants, the TOC reduction 

and toxicity evolution were investigated.  

The UV wavelength of 300 nm, the catalyst dosage of 0.5 g/L, and acidic condition were 

favorable for IBP destruction by photocatalysis. The removal efficiency was significantly 

elevated with the addition of oxone or persulfate, and the reaction was faster in the presence 

of oxone than the same concentration of persulfate. However, the reaction was significantly 

slowed down with the introduction of H2O2. Except NO3
-, all the tested anions, Cl-, F- and 

CO3
2- included, showed adverse effects on the reaction. Approximately 35% TOC 

reduction was detected when the parent compound IBP was totally removed. The adverse 

effect of the parent compound IBP to C. vulgaris was gradually eliminated with the 

decomposition of IBP. No adverse effect was detected for the survival and the feeding of 

A. salina exposed to IBP and the degradation products. 
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Figure 7-1 Ibuprofen degradation under different UV wavelength. Experimental condition: 

[IBP]0 = 5 µM, catalyst dosage = 0.5 g/L, twelve UV lamps were employed. 
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Figure 7-2 Ibuprofen photodegradation with varied UV intensity. (a) Ibuprofen destruction 

curves with different UV intensity (lamps number). (b) Destruction rate constant as a 

function of lamps number. Experimental condition: [IBP]0 = 5 µM, Catalyst dosage = 0.5 

g/L, UV lamps at 300 nm were employed. 
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Figure 7-3 Ibuprofen photodegradation with varied catalyst dosages. (a) Ibuprofen 

degradation curves of ibuprofen under different catalyst dosages. (b) Destruction rate 

constant as a function of catalyst dosage. Experimental condition: [IBP]0 = 5 µM, twelve 

300 nm UV lamps were employed. 
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Figure 7-4 Photodegradation of ibuprofen at different initial concentrations. (a) Destruction 

curves of ibuprofen at different initial concentration ([IBP]0). (b) Destruction rate constant 

as a function of [IBP]0. Experimental condition: Catalyst dosage = 0.5 g/L, twelve 300 nm 

UV lamps were employed. 
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Figure 7-5 Ibuprofen degradation under varied initial pH values. (a) Destruction curves of 

ibuprofen under different initial pH values. (b) Destruction rate constant as a function of 

initial pH value. Experimental condition: [IBP]0 = 5 µM, catalyst dosage = 0.5 g/L, 

twelve 300 nm UV lamps were employed.  
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Figure 7-6 Effect of anions on the ibuprofen photodegradation. (a) Ibuprofen destruction 

curves with various anions. (b) Reaction rate constant with different anions. Experimental 

condition: [IBP]0 = 10 µM, catalyst dosage = 0.5 g/L, [anion]0 = 250 µM twelve UV lamps 

at 300 nm were employed. 
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Figure 7-7 Effect of oxidants on the ibuprofen photodegradation. (a) Ibuprofen destruction 

curves with various oxidants. (b) Destruction rate constant under different treatment 

processes. Experimental condition: [IBP]0 = 10 µM, catalyst dosage = 0.5 g/L, twelve UV 

lamps at 300 nm were employed. 
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Figure 7-8 Ibuprofen destruction and TOC reduction under optimal conditions. 

Experimental condition: [IBP]0 = 100 µM, catalyst dosage = 0.5 g/L, twelve 300 nm UV 

lamps were employed. 
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Figure 7-9 Effect of ibuprofen and the treated solutions obtained at different time on the 

growth of Chlorella vulgaris. (a) Growth curves of C. vulgaris in different culture media. 

(b) K and r values of C. vulgaris population growth.  
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8 Chapter eight    Effect of permanganate on sulfamethoxazole 

degradation 

8.1 Introduction 

In Chapter five, it is proven that the photocatalysis process was efficient in SMX removal. 

In Chapter five and seven, the photodegradation process with the addition of the commonly 

used oxidant including ferrous, persulfate, oxone and hydrogen peroxide was studied. To 

date, scarce information was provided in previous studies on the transformation of SMX 

in the presence of permanganate. Moreover, whether the products still exhibit risk to life 

activities of aquatic organisms requires assessment. In this chapter, the effect of 

permanganate in SMX removal under the catalytic system was studied. Additionally, the 

identification and ecotoxicity evaluation of transformation products during SMX 

degradation under the treatment progress of photocatalysis with permanganate were carried 

out. 

8.2 Results and discussion 

8.2.1 Effect of reaction parameters on the photocatalytic performance 

8.2.1.1 Role of permanganate in SMX degradation 

From Figure 8-1, no significant SMX destruction was detected with sole permanganate, 
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neither the combination of catalyst with permanganate. Further increase of the 

permanganate dosage ([Permanganate] : [SMX]0 = 20:1) gave no significant improvement 

at all (data not shown), suggesting the limitation of sole permanganate application in water 

treatment. 

However, as UV is used, the improvement of SMX degradation was identified. The 

removal efficiency of UV/Permanganate is higher than that of photolysis process, in which 

the UV has the potential to initiate the transformation of permanganate to lower valence 

state; SMX can be oxidized by the transformed permanganate and photolysis, 

simultaneously. The fastest SMX destruction occurred when UV, catalyst and 

permanganate coexist, this process will then be studied in details. 

8.2.1.2 Effect of permanganate dosage on the photocatalytic performance 

In Figure 8-2, the effect of permanganate dosage on SMX destruction in 

UV/Catalyst/Permanganate process was investigated. It is interesting to find that the 

reaction rate was not always continuously elevated with the increase of the permanganate 

dosage. 

Compared to the photocatalysis process without permanganate, the reaction rate was 

increased as permanganate dosage increased from 0 to 5 µM. However, the reaction rate 

then showed a sudden drop at the permanganate dosage between 5-10 µM. Above 10 µM, 
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the reaction rate showed a linear increase again and maximized at 100 µM. The further 

increase of the permanganate will retard the reaction.  

From Figure 8-2 (b), the permanganate induced a fast SMX degradation at the first 20 mins, 

and then followed by a slower reaction, indicating that some byproducts (sourcing from 

permanganate) formed at later stage might hinder the reaction. To verify this, XRD analysis 

of the spent catalyst was conducted, and byproduct MnO2 was identified on the surface of 

catalyst (Figure 8-2 d) (McMurdie and Golovato 1948). 

It is believed that the MnO2 can play both positive and negative roles in this process. As 

reported previously, MnO2 generated from permanganate has the potential to catalyze the 

degradation of triclosan, 2-chloroplenol, 4-chloroplenol (pH 4-5) in-situ or ex-situ (Jiang 

et al. 2009). However, the catalytic ability is rather limited by pH levels. Increment of pH 

value would decrease the catalytic ability of MnO2 significantly. Above pH value of 7, no 

significant catalytic effect was detected. The adherence of MnO2 onto the catalyst may 

prohibit the contact of the target compound with the catalyst.  

This assumption was confirmed by a separated test, where the decrease of removal 

efficiency with the recycled catalyst was observed (Figure 8-2 e). To make a fair test, the 

catalyst separated and dealt with the same procure from the reaction system after SMX 

degradation under the process UV/Catalyst was used as the control group. The two recycled 

catalyst was introduced to SMX solution respectively, and then SMX removal efficiency 

under the treatment process UV/Catalyst was examined. The result showed that the former 
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catalyst showed a much poorer performance compared to the latter one because of the 

adhered MnO2. The result explains the drop of the reaction rate at certain [permanganate], 

where the adverse effect of MnO2 surpassed the oxidation process. Similar result has been 

reported in the butylparaben decomposition by Ru/CeO2 with the assistance of 

permanganate, where MnO2 was detected by TEM image on the surface of the catalyst and 

the removal efficiency was decreased owing to MnO2 (Zhang et al. 2013b).  

It should be noted that the formation of MnO2 on the surface of catalyst is likely limited to 

a thin layer of maybe few molecules, which will not significant hinder the photocatalytic 

process and therefore, the reaction rate increased again when the [Permanganate] is higher 

than 10 µM.  

During the process, the dosage of consumed permanganate is constant in spite of initial 

permanganate dosage. For instance, around 40 µM and 10 µM permanganate were used 

during the first 20 mins and the second 20 mins, and the total consumption was about 100 

µM in 50 mins. Therefore, the shortage of permanganate contributes to the other reason for 

the adverse effect of processes with permanganate below 100 µM. 

For SMX treatment under the process UV/Catalyst/200 µM [permanganate], the removal 

efficiency was higher than that with 10 or 20 µM permanganate because of the sufficient 

permanganate. However, the removal efficiency was lower than that with 50 µM 

permanganate at the first 20 mins but the value surpassed then after 40 mins. As mentioned 

above, a maximum of approximately 100 µM permanganate can be made used of during 
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the reaction even the permanganate dosage higher than 100 µM. The overdosed 

permanganate played negative role due to the light attenuation, and that is possibly the 

reason accounting for the drop of reaction rate. After reaction time of 40 mins, the oxidation 

by permanganate may cover part of adverse effect by light attenuation.  

Therefore, in the reaction system, sufficient permanganate played positive role, while 

byproduct MnO2 and overdosed permanganate played negative roles. There is an optimal 

dosage for permanganate for the balance of positive and negative effect. From the above 

results, permanganate dosage of 100 µM was determined as the optimal condition in terms 

of reaction rate. However, permanganate dosage of 5 µM may be the other selection 

considering the recycled use of the catalyst. 

Therefore, in a real application, proper selection of permanganate level is critical to 

maximize its performance, minimize the possible MnO2 interference, and avoid causing 

the unwanted light attenuation effect. 

8.2.1.3 Effect of pH value on the photocatalytic performance 

The reaction rate in the pH range of 5-9 was evaluated to determine the optimal pH value. 

From Figure 8-3, apparently acidic environment gives higher removal efficiency, and the 

reasons are complicated as discussed below. At pH 5, SMX (with pKa1 and pKa2 at 1.8 and 

5.6, respectively, Equation 8-1) is mainly in the neutral state, which has higher affinity to 
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react with the hydroxyl radical compared to its negatively charged state at pH higher than 

5.6. 

                              (Equation 8-1) 

When the pH level went up to levels higher than 6.4 (pKa1 of H2CO3), the competition of 

hydroxyl radical between SMX and HCO3
- ions (dissolved CO2 in the reaction system) 

would retard SMX degradation (Rao and Chu 2013).  

The continuous drop of reaction rate above pH level of 8 may be attributed to the ZPC of 

the catalyst (8.1) (Chen and Chu 2012). When the pH level is higher than 8.1, both the 

catalyst and SMX molecule are negatively charged. Approaching of SMX to the surface of 

the catalyst would be inhibited because of the repulsion force built between the same 

electric charged catalyst and SMX molecules. In this case, the degradation of SMX would 

be suppressed. 

From the point of permanganate, another reason is that in acidic environment, 

permanganate has a higher oxidation potential (Fayad et al. 2013, Zhang and Guan 2013). 

As was reported previously, the oxidation potential of permanganate decreased from 1.30 

V to 0.99 V from pH level of 5 to 9 (Zhang et al. 2014b). Therefore, lower the solution pH, 

faster the Redox process. It is also because of the quick consumption of proton in acidic 

medium (Equation 8-2), the bulk solution pH gradually approaches the neutral during the 

process. In basic environment, however, the proton consumption is no longer an issue, so 
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the solution pH gradually dropped to neutral likely due to the formation and accumulation 

of low-molecular organic acids (e.g., formic acid).  

MnO4
− + 4H+ + 3e−        MnO2

 + 2H2O                                                           (Equation 8-2) 

Another mechanism is that in acidic environment, the metal element (Co2+/Fe2+) in the 

catalyst may be transformed to its oxidized form (Co3+/Fe3+), which have good potential to 

initiate an indirect oxidation route (Equations 8-3 to 8-6) that further accelerate the SMX 

oxidation.  

Fe2+ + MnO4
-         Fe3+ + MnO2                                                                                                         (Equation 8-3) 

SMX+ Fe3+             SMX (oxidized) + Fe2+                                                                                    (Equation 8-4) 

Co2+  + MnO4
-         Co3+ + MnO2                                                                            (Equation 8-5) 

SMX+ Co3+             SMX (oxidized) + Co2+                                                                                   (Equation 8-6) 

8.2.1.4 Effect of initial SMX concentration on the photocatalytic performance 

Degradation of SMX at various initial concentration ([SMX]0) under the process UV/ 

Catalyst/100 µM permanganate is shown in Figure 8-4. It was no surprise to find that the 

lower [SMX]0, the higher the reaction rate. It is easy to understand that for solutions in 

lower [SMX]0, more photon, radical and permanganate dosage are available for per SMX 
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molecular. The pseudo first-order rate constant (k, min−1) was found to 

be inversely proportional to [SMX]0, which contributes to a good linear prediction of SMX 

photodegradation under different [SMX]0 (Equation 8-7).  

k = 3.34 / [SMX]0 (R2 = 0.99)                                                                          (Equation 8-7) 

8.2.2 Reaction mechanism of the photodegradation with permanganate 

To reveal the reaction mechanism, LC/MS was performed to identify the transformation 

products and the possible destruction pathway.  From the nine byproducts detected, four of 

them (C2, C6, C7 and C9), asterisked in Figure 8-5, are the first time being reported in the 

study of SMX degradation. Information of the detected intermediates including formula, 

mass, chemical structures, and the degradation pathways are proposed in Figure 8-5. 

The parent compound SMX showed a molecular ion [M+H]+ at 253.83 in MS spectrum. 

Among the organic intermediates detected, the molecular ion [M+H]+ at 253.83 identified 

was supposed to be the isomer of SMX, resulting from the isomerization of O-N bond at 

the isoxazole ring. The other pair of isomers C2 and C3, with the molecular ion [M+H]+ of 

178.84 and at retention time of 15.7 and 18.5 min, were supposed to be originated from the 

cleavage of S-C bond of C1 and the parent compound (SMX), respectively. For C4 (m/z = 

99.34 for [M+H]+),  a transformation product frequently detected in SMX degradation 

(Trovo et al. 2009a, Niu et al. 2013, Gao et al. 2014a, Guo et al. 2015), is proposed to be 

3-Amino-5-methylisoxazole. It comes from the cleavage of S-N bond between sulfonyl 
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group and the amine group in the sulfonamide group. The product C5 (m/z = 269.82 for 

[M+H]+) suggested typical introduction of hydroxyl group and was therefore identified to 

be the monohydroxylated derivative of SMX. From the ion fragments of m/z at 114.03 and 

157.85 (1+), it can be proposed that the attack of the hydroxyl radical occurred on the 

isoxazole ring. It is also commonly identified in SMX degradation with processes 

dominated by OH• radical (Abellán et al. 2007, Trovo et al. 2009a, Niu et al. 2013). The 

formation of C6 (m/z = 316.08 for [M+H]+) consists of two mechanisms, i.e., hydroxylation 

and nitration of amino group in the benzene ring. The ion fragment of m/z at 186.85 (1+) 

demonstrated the transformation from –NH2 to –NO2. Dihydroxylated and nitrated 

derivatives of SMX possibly escaped from detection in this study since they were reported 

in previous studies (Trovo et al. 2009a, Gao et al. 2014a). Further oxidation of the isoxazole 

ring and dihydroxylation of C6 lead to the formation of C7, which was previously detected 

in SMX degradation by ultrasound/ozone oxidation process (Guo et al. 2015). Denitration 

of C7 results in the generation of C8, which may also come from oxidation of the isoxazole 

ring and deamination of SMX. Finally, the intermediate C9 was generated by oxidation of 

the isoxazole ring in SMX molecular.  

Possible radicals contribute to the degradation are OH• and O2
• −. To determine whether 

there is any change on dominant radicals after the introduction of permanganate, quenchers 

were introduced to the processes. Tert-butanol and trichloromethane are the effective 

scavenger for OH• and O2
• − with rate constants of 3.8-7.6 × 108 M−1 s−1 (Zhao et al. 2010) 

and 3 × 1010 M−1 s−1 (Watts et al. 1999, Teel and J.Watts 2002, Bae et al. 2013), respectively. 

Overdosed tert-butanol and trichloromethane (the mole ratio of quencher to oxidants is 
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1000:1) were introduced to the reaction, respectively. As is shown in Figure 8-6, for the 

two processes, quench of OH• would result in significant reduction of reaction rate, while 

O2
• − would not. This suggests OH• dominates he SMX degradation.  

To understand the mineralization of SMX and its daughter compounds, the concentrations 

of sulfate (SO4
2-), ammonium (NH4

+), nitrate (NO3
-) and nitrite (NO2

-) and TOC were 

determined. From the end product, about 27.3 µM sulfate was detected, accounting for 

approximately 55% of total sulfur mass. For the nitro generation, NH4
+ can be released 

from the two amino groups, as well as the isoxazole ring, while NO2
− and NO3

− come from 

the isoxazole ring and the further oxidation of NH4
+. The result shows that 62.8 µM i.e., 

about 42% of total nitrogen mass resulted in ammonium, while only 0.484 µM (or 0.3% 

mass), and 0.283 µM (or 0.19% mass) of nitrogen ended up as [NO3
-] and [NO2

-], 

respectively. The higher inorganic ions release in this study compared to that in 

UV/Catalyst process is consistent with the higher TOC reduction (67%, Figure 8-7), 

suggesting that a larger extent of SMX mineralization occurred. This is possibly due to the 

oxidation of small organic substance with the assistance of permanganate. Therefore, the 

use of permanganate can not only accelerate the reaction rate but also facilitate 

mineralization of SMX.  
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8.2.3 Toxicity evaluation of the end product of the treated SMX solution 

In water treatment, the potential adverse effects of parent compounds, transformation 

products and the introduced reagents on the aquatic organisms should be considered; the 

toxicity variation of the treated effluent in the process is therefore accessed.  

8.2.3.1 Effect of the end product on C. vulgaris 

The effect of SMX and the degradation products on the algae C. vulgaris was examined. 

Judging from the calculated growth rate r given in Figure 8-8, the adverse/toxic effect of 

SMX on the growth of C. vulgaris was significantly decreased. 

Compared to the toxicity evolution result from process without permanganate, the 

remaining toxicity may be caused by the residual permanganate. As reported previously, 

about 90% of algae cells died in four hours by 10 µM permanganate (Chen and Yeh 2005).  

To examine the safe level of residual permanganate, the effect of permanganate at different 

concentrations was studied. The result showed that the observed non-effective 

concentration is around 1 µM (Figure 8-8 b), where the permanganate can even promote 

the algae growth, since trace concentrations of manganese can serve as nutrition for algae 

growth (Provasoli 1958). Inhibition was observed as the concentration higher than 2 µM. 

Though permanganate can be transformed to MnO2 under solar light, the transformation 

product MnO2 was suggested to have adverse effect on the algae growth (Chen and Yeh 

2005). That could be the possible reason accounting for the residual toxicity even after the 
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permanganate is consumed. This may be a potential threat to the aquatic organisms 

applying permanganate to the water treatment. Permanganate over the concentration of 10 

µM is colorable and can be detected. However, for permanganate below the detectable limit, 

the concentration should be determined by other methods. The toxicity test reveals that it 

is necessary to detect the permanganate concentration in the effluent water in application 

of permanganate in water treatment. On the other hand, this may be an advantage in case 

of eutrophic wastewater, where permanganate can play the roles of oxidizing organic 

pollutants and inhibiting the algae bloom.  

It should be noted that apart from the permanganate, the intermediates may partly 

contribute to the overall adverse effect. However, as the separate standard chemicals of 

these intermediates are unavailable, no fair test can be done. Besides, some intermediates 

may escape from our detection. Therefore, the adverse effect of the final product on algae 

growth may attribute to more than one reason. 

8.2.3.2 Effect of the end products on A. salina 

In Chapter four, it has been reported that 50 µM of SMX gave no threat to the survival of 

A. salina, while the toxic effect due to the end products to the test organisms is yet unknown. 

Two frequently intermediates 4-NO2 and –OH-SMX were reported to have inhibitions on 

the growth of bacteria V. fischeri (Majewsky et al. 2014). However, in this study, no 

mortality was observed in terms of the end product (data not shown). The ingestion of A. 

salina is significantly better than that of end product from the photocatalysis treatment 
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without permanganate (i.e., UV/CoFe2O4/TiO2, Figure 8-8 c), indicating the presence of 

permanganate in the photocatalysis process contributes the elimination of some toxic 

products. This is coincident with the higher TOC reduction obtained. For the good sake of 

both algae growth and ingestion of A. salina, longer treatment time may be needed for a 

thorough mineralization and elimination of possible toxic byproducts. 

8.3 Summary 

SMX decomposition under the photocatalysis system combined with permanganate was 

explored in this paper. SMX degradation was negligible by sole permanganate but can be 

accelerated in the photocatalysis system with the assistance of permanganate. However, 

permanganate may also slow down the photocatalytic degradation at a small range of 

dosages owing to the formation of thin layers of MnO2 at the catalyst surface, and/or light 

attenuation when permanganate is overdosed. Acidic environment is favorable for SMX 

degradation. Reaction rate of SMX at different initial concentration was predicable by a 

proposed equation k = 3.34 / [SMX]0 (R2 = 0.99). Nine intermediates and four pathways 

were proposed for SMX degradation. About 55% of total sulfur was released as sulfate, 

and 42%, 0.3%, 0.19% of total nitrogen mass resulted in ammonium, nitrate and nitrite, 

respectively. Approximately 67% TOC reduction was achieved in 50 min, a more thorough 

mineralization is possible at longer reaction time. The toxicity of SMX to the algae growth 

and the feeding of A. salina was significantly reduced after the treatment. The 

concentration of residual permanganate is suggested to be monitored and controlled for its 

possible threat to the algae growth.   
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Figure 8-1 Role of permanganate in the reaction. Experimental condition: [SMX]0 = 50 

µM, catalyst dosage = 0.5 g/L, twelve UV lamps were employed.  
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Figure 8-2 Effect of permanganate dosage on the reaction rate. (a, b, c) Sulfamethoxazole 

degradation under UV/Catalyst/Permanganate process with different permanganate dosage. 

(d) XRD spectra of recycled catalyst. (e) Sulfamethoxazole degradation under UV/Catalyst 

with recycled catalyst from UV/Catalyst/100 µM [permanganate]. Experimental condition: 

catalyst dosage = 0.5 g/L, twelve UV lamps were employed. (a, b, c) [SMX]0 = 50 µM, 

(e) [SMX]0 = 5 µM.  
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Figure 8-3 Sulfamethoxazole destruction by the process UV/Catalyst/Permanganate with 

varied pH values. (a) Sulfamethoxazole destruction curves with varied pH values. (b) 

Sulfamethoxazole destruction rates in terms of pH value. (c) The change of pH value during 

the treatment process. Experimental condition: [SMX]0 = 50 µM, catalyst dosage = 0.5 

g/L, [permanganate] = 100 µM, twelve UV lamps were employed. 
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Figure 8-4 Destruction of sulfamethoxazole at varied initial concentrations by the process 

UV/Catalyst/Permanganate. (a) Destruction curves of sulfamethoxazole at different 

concentrations. (b) Destruction rates in terms of sulfamethoxazole initial concentration. 

Experimental condition: catalyst dosage = 0.5 g/L, pH = 5, twelve UV lamps were 

employed. 
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Figure 8-5 Destruction pathway during the process UV/Catalyst/Permanganate. (* 

indicates newly reported intermediates during sulfamethoxazole degradation.) 
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Figure 8-6 Determination of the dominant radical in the reaction. (a) Quench test of process 

UV/Catalyst. (b) Quench test of process UV/Catalyst/100 µM [permanganate]. 

Experimental condition: twelve UV lamps were employed. [SMX]0 = 50 µM, catalyst 

dosage = 0.5 g/L.  

 

Figure 8-7 TOC reduction during the reaction. Experimental condition: [SMX]0 = 50 µM, 

catalyst dosage = 0.5 g/L, [Permanganate] = 100 µM, twelve UV lamps were employed. 
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Figure 8-8 Effect of the obtained final product on Chlorella vulgaris and Artemia salina. 

(a) Algae growth exposed to the end product of the treated sulfamethoxazole. (b) Algae 

growth exposed to different concentrations of permanganate. (c) Feeding of A. salina 

exposed to different culture media.
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9. Chapter nine    Conclusions and recommendations 

9.1 Conclusions 

In this study, the removal efficiency, TOC reduction and toxicity evolution of 

pharmaceuticals during the photodegradation by UV/CoFe2O4/TiO2 was investigated.  To 

be specific, the effect of reactions parameters (light source, light intensity, catalyst dosage, 

solution pH and initial concentration of the target compounds), the effect of anions, the 

effect of oxidants, the reaction mechanisms (organic intermediates detection, TOC 

reduction, inorganic ions release) and the toxicity of the treatment products to C. vulgaris 

and A. salina were determined.  

9.1.1 Properties of the catalyst 

The catalyst was demonstrated to be homogenous spherical aggregates. The phases of 

CoFe2O4, anatase TiO2 and rutile TiO2, and the atomic ratios of Co, Fe, Ti and O from the 

catalyst were well justified. Reduced band gap energy and increased specific surface area 

compared to TiO2 was found for the obtained catalyst. The average particle size and the 

ZPC value was determined to be around 30 nm and 8.0, respectively. 

The photocatalyst was easily to be separated from the solution, indicating good magnetic 

property. The recycling tests proved that the photocatalytic activity of the recycled catalyst 

remains intact even after 5 times of reuse. 
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The photocatalyst was found stable within the pH range of 5.2 and 8.8, while TiO2 leaching 

would only occur at extreme acidic or alkali environment.  

9.1.2 The effect of reactions parameters and anions on the photodegradation  

The photodegradation of the pharmaceuticals was found to be a pseudo first-order kinetics. 

The reaction conditions at UV wavelength of 300-350 nm, the catalyst dosage of 0.5 g/L 

and acidic pH level were favorable for the photodegradation of the pharmaceuticals. 

Besides, higher light intensity or lower initial concentration of the parent compounds result 

in higher removal efficiency. The observed rate constants are predictable by a proposed 

model in terms of the initial concentration of the target compounds. 

The tested anions, Cl-, F- and CO3
2- included, showed adverse effects on the removal 

efficiency of IBP, while NO3
- accelerated the photodegradation significantly.  

9.1.3 The effect of oxidants on the photodegradation 

The removal efficiency of IBP was significantly elevated with the addition of oxone or 

persulfate, and the reaction was faster in the presence of oxone than the same concentration 

of persulfate. However, the reaction was significantly slowed down with the introduction 

of H2O2.  

Photodegradation was accelerated in the photocatalysis system with the assistance of 

ferrate and permanganate. However, ferrate and permanganate also slowed down the 
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photocatalytic degradation at certain dosages.  

The presence of permanganate contributes for a more thorough mineralization according 

to the detected intermediates, the higher inorganic ions release, the higher TOC reduction 

and the better ingestion of A. salina. The toxicity of SMX to the algae growth was 

significantly reduced but not totally eliminated due to the residual permanganate. 

9.1.4 Reaction mechanisms during the photocatalysis process 

About 50%, 45% and 35% TOC was eliminated as the target compounds SMX, AP and 

IBP were removed completely by the photocatalysis process, respectively. The radical 

OH· and hydroxylated products are the dominant radical and transformation intermediates 

during the photodegradation.  

For SMX destruction, sixteen intermediates were detected, and four of them were newly 

reported in the degradation of SMX. About 45% of the total mass sulfur source transformed 

to sulfate ion, and around 25%, 1%, and 0.25% of the total nitrogen transformed to 

ammonium, nitrogen, and nitrite ions. Four main pathways during the degradation, i.e. 

hydroxylation, cleavage of S-N bond, nitration of amino group, and isomerization were 

proposed.  

Upon the photodegradation of AP, ten organic intermediates were identified, and five of 

them were newly reported in AP treatment process. 60% ammonia release were identified 

during the process. Hydroxylation, demethylation and the cleavage of the pentacyclic ring 
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were included in the decomposition pathways. 

9.1.5 Toxicity evolution of the treated pharmaceuticals 

Generally, the toxicity of the treated solution was significantly reduced compared to that 

of the parent compounds. 

For the effect of the treated SMX solution on the algae growth, the SMX was transformed 

from a toxicant into nutrients gradually during the photodegradation. At the later stage of 

treatment, the K and r values were even higher those of pure water because of the release 

of inorganic substances and carbon source serving as nutrients. A small offset to the growth 

was observed likely due to the generation of a toxic intermediate, sulfanilamide, which 

fortunately can be quickly destructed in the process. The parent compound AP and its 

degradation products show positive effects on the growth of the algae. The adverse effect 

of the parent compound IBP to C. vulgaris was gradually eliminated with the 

decomposition of IBP. 

For the effect on the brine shrimp, no mortality was found, but the feeding of the brine 

shrimp was inhibited by the SMX and its intermediates. The clearance rate increased during 

the process but was still lower than that of the control group, suggesting the adverse effect 

was gradually reduced but not eliminated. Therefore, longer degradation time may be 

needed for the total toxicity removal. Moreover, acute toxicity of AP to brine shrimps A. 

salina was eliminated with the destruction of AP. No adverse effect was detected for the 
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survival and the feeding of A. salina exposed to IBP and the degradation products. 

The results suggest that the process UV/CoFe2O4/TiO2 can be an effective way on removal 

and toxicity reduction of refractory pharmaceuticals. 

9.2 Limitations of this study and recommendations for future work 

Firstly, experiments in this study were carried out under idealized conditions in lab-scale 

batch reactors. In real application, there are various chemicals or microorganisms in the 

background water or wastewater. In future work, the effects of more elements on the 

degradation efficiency should be taken into account. Therefore, experiments based on real 

wastewater in pilot-scale are recommended. 

Secondly, though the red shift of the catalyst was observed based on DRS data, the 

degradation of the tested pharmaceuticals under 420 nm or/above was insignificant. 

Therefore, the catalyst can be further improved to shift the effective wavelength to the 

visible region. For example, incorporation of visible-activated material such as graphene 

can be tried. 

Thirdly, in this study, most of the proposed intermediates are not available from the market. 

Most of the structures were obtained based on the LC/MS data, which may not be precise. 

Besides, the toxicity of the products was only limited to the overall treated solution but 

seldom referred to the separate toxicity of each intermediate. To obtain the accurate 
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structures of the intermediates and the separate toxicity of each intermediate, attempts on 

intermediates synthesis in labs are recommended to be made. Additionally, the data of 

intermediates from IBP photodegradation is unavailable from LC/MS. Other method e.g., 

GC/MS is recommended to be tried. 

Lastly, for the toxicity part, only growth of C. vulgaris, survival and feeding of A. salina 

were tested. Since organisms have variable sensitivity to different pharmaceuticals, it is 

advisable to conduct tests on more aquatic organisms at various tropic levels and more 

indicators of life activities (e.g., reproduction) to collect abundant data. Besides, the 

information on the impacts of common pharmaceuticals on aquatic organisms is still 

limited. It is suggested that the data of this part should be filled up and toxicity database be 

established.
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