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Advanced Oxidation Processes (AOPs) have been proved to be successfully applied in the treatment of sewage. It can decolorize the wastewater, reduce the toxicity of pollutants, convert the pollutants to be a biodegradable by-product and achieve the completed mineralization of the organic pollutants. The Fenton technologies which are performed by iron-activated hydrogen peroxide (H 2 O 2 ) to produce hydroxyl radical (HO • ) has been widely investigated in the past few decades.

Recently, Sulfate radical (SO 4 •-) which was produced by the activation of persulfate (S 2 O 8 2-) is applied to the degradation of organic pollutants in water and soil. It is a new technology recently developed. It is also believed to be one of the most promising advanced oxidation technologies.

In this study, a new iron complex is introduced to the traditional Fenton reaction.

when the dissolved oxygen concentration increased.

In the fourth part, 4-t-BP was degraded by SO 4 •-radical which were produced in UV/Fe(III)-EDDS/ S 2 O 8 2-system. The effect of Fe(III)-EDDS concentration, S 2 O 8 2- concentration and pH value on the degradation performance of 4-t-BP was investigated. It was observed that 4-t-BP was degraded efficiently in UV/Fe(III)-EDDS/S 2 O 8 2-system. According to the result of pH effect on both UV/Fe(III)-EDDS/S 2 O 8 2-and UV/Fe(III)/ S 2 O 8 2-systems, UV/ Fe(III)-EDDS/S 2 O 8 2-system was significantly better than UV/Fe(III)/S 2 O 8 2-system. With the increasing Fe(III)-EDDS concentration, R 4-t-BP also showed firstly increased and then decreased in UV/Fe(III)-EDDS/S 2 O 8 2-system. When S 2 O 8 2-concentrations were lower than 1 mM, 4-t-BP degradation rate increased with the increasing S 2 O 8 2-concentration. Steady-state experiments and transient laser flash photolysis experiments were performed to determine the second order reaction rate constants. k 4-t-BP, SO4•-, k 4-t-BP, HO• , k 2-Propanol, SO4•- and k t-BuOH, SO4•-were determined as 4.42 × 10 9 M -1 s -1 , 1.61 × 10 10 M -1 s -1 , 6.68 × 10 7 M - 1 s -1 and 7.88 × 10 5 M -1 s -1 , respectively. In the UV/Fe(III)-EDDS/ S 2 O 8 2-system, SO 4 •- is the major contribution to 4-t-BP degradation, much significant than the contribution of HO • .
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The ferric iron (Fe(III)) and Ethylene diamine-N,N′-disuccinic acid (EDDS) formed the complex named Fe(III)-EDDS. It can overcome the main disadvantage of traditional Fenton technology, which is the fact that traditional Fenton technology can only perform high efficiency in acidic condition. Simultaneously, EDDS is biodegradable and it is one of the best environment-friendly complexing agents. On the other hand, the transition metal is able to activate S 2 O 8 2-to generate SO 4 •-.

Therefore, Fe(III)-EDDS will also be applied to activate S 2 O 8 2-in the present study. In the first part, the chemical structure and properties of Fe(III)-EDDS and the 4t-BP degradation efficiency in UV/Fe(III)-EDDS system were studied. The results

showed that Fe(III)-EDDS was a stable complex which was formed by the Fe(III) and EDDS with the molar ratio 1:1. From the photoredox process of Fe(III)-EDDS, the formation of hydroxyl radical was confirmed including that HO • is the main species responsible for the degradation of 4-t-BP in aqueous solution. Ferrous ion (Fe(II)) was also formed during the reaction. With the increasing Fe(III)-EDDS concentration, 4-t-BP degradation rate increased but is inhibited when the Fe(III)-EDDS concentration was too high. Indeed, Fe(III)-EDDS is the scavenger of HO • . pH value had a significant effect on the degradation efficiency of 4-t-BP that was enhanced under neutral or alkaline conditions. On the one hand, Fe(III)-EDDS presented in the FeL -, Fe(OH)L 2-, Fe(OH) 2 L 3-, Fe(OH) 4-four different forms under different pH conditions and they had different sensitivity to the UV light. On the other hand, pH value affected the cycle between Fe(III) and Fe(II ). The formation of hydroperoxy radicals (HO 2 • ) and superoxide radical anions (O 2 •-) (pk a = 4.88) as a function of pH was also one of the reasons. It was observed that O 2 was an important parameter affecting the efficiency of this process. This effect of O 2 is mainly due to its important role during the oxidation of the first radical formed on the pollutant.

The second part of the research mainly investigated the mechanism of Fe(III)-EDDS activating H 2 O 2 and producing HO • , named Fenton-like process in this study.

The work was performed in a large range of pH which was the key parameter influencing the efficiency of pollutant in the traditional Fenton process. The effects of Fe(III)-EDDS concentration, H 2 O 2 concentration, oxygen concentration were also studied. The results showed that the 4-t-BP removal was slow in Fenton-like process.

With the increasing Fe(III)-EDDS or H 2 O 2 concentration, R 4-t-BP firstly increased and then decreased. When the pH value increased from 2.0 to 9.0, R 4-t-BP showed increasing trend in Fenton-like reaction. The 4-t-BP degradation rate accelerated when the dissolved oxygen concentration increased.

In the third part, the 4-t-BP degradation efficiency in UV/Fe(III)-EDDS/H 2 O 2 (photo Fenton-like) process was investigated. A series of experiments were performed to investigate the oxidation efficiency of UV/Fe(III)-EDDS/H 2 O 2 system. The effects of irradiation time, pH value, Fe(III)-EDDS concentration, H 2 O 2 concentration and dissolved oxygen concentration on the degradation performance of 4-t-BP in this photo Fenton-like process were also investigated. The results showed that the 4-t-BP removal efficiency in photo Fenton-like reaction was much higher than that in Fentonlike reaction. With the increasing Fe(III)-EDDS concentration, R 4-t-BP showed firstly increased and then decreased. With the increasing H 2 O 2 concentration, R 4-t-BP kept increasing and the optimal pH value was 7.5 in photo Fenton-like reaction. The target pollutant could be efficiently degraded at neutral pH or even alkaline condition. It overcame significant deficiency of the traditional Fenton reaction. This is the main advantage of this new iron complex. The 4-t-BP degradation rate also accelerated
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Introduction

With the development of industry, the organic water pollution has become one of the most important fields in the environmental problems. In order to make the organic pollutant efficiently removed, the advanced oxidation processes (AOPs) are widely studied and applied in wastewater treatment. AOPs refer to a set of chemical treatment procedures designed to remove organic pollutants by oxidation through reactions with hydroxyl radicals (HO • ) or other oxidative radicals. In the actual applications of wastewater treatment, this term usually refers more specifically to a subset of such chemical processes that employed ozone (O 3 ), hydrogen peroxide (H 2 O 2 ) and/or UV light.

The Fenton reaction (Fe(II)/H 2 O 2 ) and photoFenton reaction (UV/Fe(III)/H 2 O 2 )

which can decompose most organics are important AOPs in wastewater treatment.

However, they still have many shortcomings, specifically the strict acid pH range. In order to improve the efficiency of traditional Fenton/photoFenton reaction, the Fe(III)-EDDS complex was used for the organic pollutants degradation. The most obvious advantages of the Fe(III)-EDDS complex application are the low process costs, wide irradiation wavelengths, biodegradable and a pH range that is relatively wider than that of traditional Fenton and photo-Fenton processes (optimal pH around 3).

The AOPs based on activated persulfate (S 2 O 8 2-) are widespread concerned due to the advantages for the efficient degradation and the use of simple equipment. It has become a hot research issue all over the world. Indeed, the sulfate radical (SO 4 •-) is also a strong oxidant. Because of its relative long life time and it may yield a greater mineralization than HO • , SO 4 •-has been used as a potential oxidative radical for remediation of contaminated water and soil. The key point of using S 2 O 8 2-for AOPs is the way to activate S 2 O 8 2-. However, UV/Fe(III)-EDDS reaction can produce Fe(II) which can efficiently activate S 2 O 8 2-to generate SO 4 •-.

4-tert-butylphenol (4-t-BP) is an alkylphenols (APs) and is one of the endocrinedisrupting chemicals (EDCs) with highly estrogenic effects. 4-t-BP has been largely used as a raw material for polymerization inhibitors and stabilizing agents in the chemical industry, and so it is widely detected in food, aquatic animals, human urine, and rivers. The serious threat to human health has already been made clear. It can cause reproductive disturbance in humans and wildlife. So it would be of great urgency to degrade 4-t-BP artificially in our living surroundings. For those reasons, we used 4-t-BP as a target pollutant in this work.

The purpose of this study was as follow: I.) Make a comprehensive understanding of the photochemical properties of Fe(III)-EDDS; II.) Make a further understanding of the role played in Fenton-like and photo Fenton-like system by Fe(III)-EDDS. Get a clear reaction mechanism, including parameters effect on the The typical mechanisms of reaction between HO • with organic pollutants are: i.)

H abstraction from the organic molecule by HO • and the subsequent formation of H 2 O and the corresponding organic radical; ii.) addition of HO • to the organic pollutants;

iii.) electron transfer from the organic pollutants to HO 

Oxidation Process with iron species generating HO •

Fenton and photoFenton reactions

The chemical oxidation based on iron is an important part of advanced oxidation technology. As we all know, iron is very common on the Earth as a chemical element. 

- • + + + + → + OH HO F O H Fe 3 e 2 2 2 k = 76 M -1 s -1 (R1-1) + • + + + + → + H HO e F O H Fe 2 2 2 2 3 k = 0.001-0.01 M -1 s -1 (R1-2)
The two radicals (HO 2 • , HO • ) are generated or consumed by the following reactions (R1-3 to R1-6) [ 64 ]:

- + • + + → + 2 2 2 OH e F HO Fe 3 k = 1.2×10 6 M -1 s -1 (R1-3) + + • + + + → + H O Fe HO Fe 2 2 2 3 k < 1.0×10 3 M -1 s -1 (R1-4) O H HO HO O H 2 2 2 2 + → + • • k = 2.6×10 7 M -1 s -1 (R1-5) - + • + + → + OH e F HO Fe 3 2 k = 3.2×10 8 M -1 s -1 (R1-6)
Moreover, iron is a photoreactive species and it will produce some oxidizing active radicals (HO • , HO 2 • , O 2 •-) through direct or indirect photochemical reaction. The oxidizing active radicals are the key factors for the degradation of pollutants. Under the conditions of pH = 2.5-5, the main form of dissolved ferric iron (Fe 3+ ) is iron hydroxy complex Fe(OH) 2+ and it can produce HO • through its photolysis as shown in reaction R1-7. The quantum yield of HO • production at 360 nm UV light was determined to be 0.075 [ 65 ] in this chemical reaction. The Fe(II) produced by photo reduction can be oxidized to Fe(III) by the oxygen in the solution. So the Fe(III)/Fe(II) redox cycle will produce oxidative radicals in the solution [ 66 ].

• + +  →  HO ) II ( Fe ) OH ( Fe hv 2 (R1-7)
In the 1990s, according to the mechanism of Fenton reaction and photolysis of Fe(III), researchers combined UV/Fe(III) and H 2 O 2 to form a higher oxidation efficient technology, named photo-Fenton reaction [ 67 ]. It was applied in the removal of chlorophenols [ 68 ], nitrophenols [START_REF] Koyama | Degradation of chlorinated aromatics by fenton oxidation and methanogenic digester sludge[END_REF], dye [ 69 ] and also in the degradation of more than ten kinds of pesticides and herbicides such as atrazine, azinphos-methyl, captan, glyphosate, metolachlor, picloram, simazine and so on 

Fenton-like and photoFenton-like reactions with iron complex

The organic ligand was introduced in the traditional Fenton/photo-Fenton reaction to form iron complex to overcome the disadvantages of the previous reaction.

In the early studies, polycarboxylic acid was used to form stable iron complex. Indeed, polycarboxylic acid, such as oxalic acid, citric acid, propionic acid were common constituents of rain, fog, surface water and soil solution [ the herbicide alachlor degradation in photo Fenton-like system (UV/Fe(II)citrate/H 2 O 2 ). The degradation rate of alachlor was more than 85% when the pH range was 2-5; When the pH rang was 6-8, the reaction rate was still able to maintain 65%-70% of degradation. The results in this research were very efficient compare to traditional photo-Fenton process. Silva et al. [ 84 ] studied the degradation of the herbicide tebuthiuron in UV/Fe(III)-citrate/H 2 O 2 system. The results showed that its degradation rate was 100%-78% when the pH was changed from 2.5 to 7.5.

Lipczynska-Kochany and Kochany [ 85 ] added humic acid salt in the traditional Fenton reagent to form Fenton-like system (Fe(II)-humate/H 2 O 2 ). The degradation rate of toluene, o-xylene, m-xylene, p-xylene and methylene chloride were investigated both in acidic and neutral pH conditions. The results showed that the degradation rates were higher in acidic pH than in neutral pH in Fe(II)/H 2 O 2 system; however, the degradation rates were higher in neutral pH than in acidic pH in Fe(II)-humate/H 2 O 2 system.

In recent years, the research hot topic concerning iron-complex was ironaminopolycarboxylic acids complexes. Aminopolycarboxylic acids (APCAs) are organic acids which contain a plurality of carboxyl groups and connected by nitrogen atom. APCAs can form stable, water-soluble complexes with Fe(III) or Fe(II). The used alcohol and carbon tetrachloride as probes to study the oxidation efficient of Fe(III)-NTA/H 2 O 2 reagent. The results showed that the degradation rate of the two probes increased with the increasing pH from 3 to 9; when the pH was higher than 12, the degradation was suppressed. Zhou et al. [ 92 ] studied the mechanism of 2, 4dichlorophenol degradation in the Fe(II)-EDTA/ultrasound system. The results showed the high degradation efficient of 2,4-dichlorophenol due to the formation of H 2 O 2 from dissolved oxygen in ultrasonic process generating the Fenton-like reagent (Fe(II)-EDTA/H 2 O 2 ). It would produce a large number of HO • to mineralize the contaminant. Based on the same mechanism in Liu et al. [ 93 ] paper, the Fe(II)-EDTA/microwave system was used in the degradation of 4-nitrophenol. It was oxidized to organic acids which were biodegradable.

Although iron-APCAs complexes are relatively stable and increase the solubility of iron in water, EDTA is known to be a pollutant which is not easily to be biodegraded. So, the applications of EDTA in wastewater treatment will cause secondary pollution. Therefore, looking for environmental friendly chelating agents become the research focus and hotspot.

Fe(III)-EDDS

A lot of chelating agents have been developed recently. Ethylene diamine disuccinic acid (EDDS) has been noticed by some researchers because of its special advantages. EDDS is a natural APCAs and an isomer of EDTA, which has similar strong metal complexing capacity as EDTA. Studies of Metsärinne [ 94 ] indicated that EDDS could be more easily degraded than EDTA under irradiation of 315-400 nm UV light. All three stereoisomers of EDDS are [S,S]-EDDS, [R,R]-EDDS and [R,S/S,R]-EDDS and the chemical structures are shown in figure 1-1 [ 95 ]. [S,S]-EDDS is biodegradable while the other two stereoisomers are relatively difficult to be biodegraded [94-96 ]. So it is considered to be a safe and environmental friendly chelating agent to substitute EDTA as an eluent for heavy metals in soil and sludge [ 97 -98 ]. Fenton processes using goethite as an iron source. The highest degradation rate of BPA was obtained at pH = 6.2. Although these studies had shown significant advantages for the application of Fe(III)-EDDS in AOPs, the reaction mechanism was not clear yet and further researches are needed. 

Oxidation Process with sulfate radical (SO

Formation of SO 4 •-

The generation of SO 4 •-is shown in R1-3 [102].The standard oxidation potential of SO 4 •-is higher than most common oxidants, the standard oxidation potentials of oxidants are shown in Table 1- and HO • were coexisting in the pH range 8-10 due to the reaction shown as R1-5; HO • became the major oxidizing species in solution when the pH value was higher than 10. However, as the weak oxidative capacity of HO • in alkaline conditions, SO 4 •- oxidation system has higher degradation efficiency of pollutants in acidic or neutral condition than in alkaline condition.
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(R1-4) approach, for remediation of groundwater contaminated by antibiotics. In the system with Fe(II)/S 2 O 8 2-mediated ciprofloxacin (CIP) degradation was found to be more efficient than sulfamethoxazole (SMX) degradation. HO • and SO 4 •-were determined to be responsible for the degradation of CIP and SMX in Fe(II)/S 2 O 8 2- iron(II) as initiator, the oxidation reactions were found to follow a biphasic rate phenomenon: a rapid degradation in the first 30s followed by a slow but sustained oxidation process. After the initial fast oxidation, the reactions appeared to follow a pseudo-first-order model.

The above results showed that Fe(II)/S 2 O 8 2-system run well in acidic condition and the rapid degradation usually occurred at the beginning of the reaction (in the first 5 min or less than 5 min). The acidic pH was better for Fe(II)/S 2 O 8 2-system due to the easier oxidation of Fe(II) and precipitation of Fe(II) at high pH value. This is the similar limiting factor as traditional Fenton reaction. The reason for the rapid degradation occurred at the beginning of the reaction was the rapid conversion of all Fe(II) to Fe(III) and so generation of SO 4 •-. Since the conversion of all Fe(II) to Fe(III) was finished, the oxidation would stop, because Fe(III) could not activate S 2 O 8 2-to radicals. Therefore, Fe(II)/S 2 O 8 2-system could not continuously degrade organic pollutants and it became the other disadvantage beside pH value. The researchers hoped that the introduction of iron complexes would overcome these shortcomings in Fe(II)/S 2 O 8 2-system.

Activated S 2 O 8 2-by iron complex to produce SO 4 •-

In order to overcome the two main disadvantages of Fe(II)/S 2 O 8 2-system, researchers introduced citrate, EDTA and NTA into iron/persulfate system to form complexes. It was hoped that the oxidation efficiency would be improved and range of pH value would be broaden in the reaction.

Liang et al. [ 124 ] investigated oxidation of dissolved trichloroethylene (TCE) in

aqueous and soil slurry systems by SO 4 •-. The chelating agent (citric acid) was used in attempt to manipulate an appropriate quantity of Fe(II) in solution by providing an appropriate chelate/Fe(II) molar ratio. The results showed that the high levels of chelated Fe(II) concentration resulted in more persulfate decomposition and faster TCE degradation. The stop time of the oxidation reaction extend from 5 min to about 10 min. Zhang and Yang [ 125 ] studied the degradation of herbicide (diuron) in Fe(II)citrate/S 2 O 8 2-system. The results showed that diuron was removed efficiently when the initial pH was 7.0 and the degradation reaction continued during 120 min. The reasons for the improvement by adding the chelating agent may be as follow: Firstly, the Fe(II)-citrate complex was formed and the dissolved Fe(II) was kept in the solution. So it appropriately delayed the formation of SO 4 •-and the reaction time could be lasted longer than Fe(II)/S 2 O 8 2-system; Secondly, the iron complex was stable in neutral or alkaline pH condition while Fe(II) only dissolved in acidic solution. So the pH range of reaction was expanded.

In addition, Liang et al.

[ 126 ] also investigated the applicability of ethylene-diamine-tetra-acetic acid (EDTA) chelated Fe 3+ in activating persulfate for the degradation of TCE in aqueous phase under pH 3, 7 and 10. The results showed that the increasing pH lead to the increasing in pseudo-first-order-rate constants for TCE degradation and Cl -generation. Accordingly, the experiments at pH 10 with different EDTA/Fe 3+ molar ratios indicated that a 1/1 ratio resulted in a remarkably higher degradation rate of TCE. These findings indicated that the formation of the Fe(III)complex could also activate persulfate and effectively broaden the range of pH value compared with Fe(II)/S 2 O 8 2-system. The permanent cycle between Fe(III) and Fe(II) could continuously generate SO 4 •-. However, EDTA was difficult to be biodegrade and the utilization of EDTA would cause secondary pollution. Therefore, an environmentally friendly EDDS will substitute for EDTA in this study. Fe(III)-EDDS complex will be used to activate persulfate to produce SO 4 •-. It is hoped the advanced oxidation technology will be developed in the presence of Fe(III)-EDDS.

Target pollutant: 4-tert-Butylphenol (4-t-BP)

4-tert-Butylphenol (4-t-BP), also known as p-tert-butylphenol, has a scientific 

Sources and harms of 4-t-BP

4-t-BP is an important chemical raw material. Indeed, it used in wide range of application in chemical industry. The 4-t-BP is used in the manufacture of oil-soluble phenolic resin and in the manufacture of electrophoretic lacquer, varnish, enamel and other production in the paint industry. It is also used in the production of quickdrying, in the production of light and advanced ink in ink industry and widely used in the construction and transportation industries. In addition, 4-t-BP is used in manufacture of the polyvinyl chloride (PVC) stabilizer, of the ultraviolet absorber and of the surfactant [ 128 ]. During the process of 4-t-BP synthesis and its application, it is diffusing slowly into the surrounding as the form of particles, gases, droplets, dry deposition and wet deposition. So, 4-t-BP will be detected in the surface water through its introduction by rain, snow and surface runoff. Since EDCs enter inside the human body or wildlife, it is difficult to be metabolized and it will accumulate in living organisms, change the body's hormonal balance and impact on the health of the life. Haavisto et al.

[ 133 ] evaluated the effects that 4-tert-octylphenol (4-t-OP) and 4-tert-butylphenol (4-t-BP) had on the prenatal testicular testosterone surge at embryonic day (ED) 19.5 days in the rat. The results showed that 4-t-OP (10, 100, 500 mg L -1 ) and BP (100 mg L -1 ) significantly increased testosterone and progesterone levels by up to seven-fold and broke their proper balance in the organism. Myllymäki et al. [ 134 ] evaluated the effects of diethylstilbestrol (DES), genistein (GEN) and two alkylphenols (4-t-BP and 4-t-OP) on the growth and survival of steroid hormone by isolated 14-day-old rat ovarian follicles. Both 4-t-BP and 4-t-OP decreased estradiol and testosterone secretion in a dose-dependent manner while no effect on aromatase activity was observed. Barse et al.

[ 135 ] evaluated effects of 4-tert-butyl phenol on Cyprinus carpio, a species formed in sewage fed fisheries wastewater. There was significant decrease in alkaline phosphatase and aspartate aminotransferase activity. Alanine aminotranferase and acid phosphatase activity, vitellogenin production in muscle and hepatic-and reno-somatic indices were increased compared to control. According to the above researches, it is clearly showed that 4-t-BP has negative influence on organism.

Distribution of 4-t-BP in the environment

Currently, 4-t-BP enters into the environment usually through transportation by air and by the discharge of sewage. It has been widely discharged in the natural water and already been detected in many rivers and lakes all over the world. The distribution of 4-t-BP is showed in Table 1-2 andTable 1-3. However, until now, the researches on the concentration distribution of alkylphenols in waters were still very limited. Most of the studies focused on nonylphenol, octylphenol detection but the monitoring for butylphenol and bisphenol A were relatively less important. M.Z. Fu, 2007 [136] Yangtze River in Nanjing estuary in Jiangning:

<LOD -14 ng L -1
Meishan River: 3 -11 ng L -1 shore zone in Pukou: 2 -10 ng L -1 shore zone in Yanxi: 2 -12 ng L -1 shore zone in Shangyuanmen:

1 -11 ng L -1 estuary in Jiuxiang River:

1 -13 ng L -1 estuary in Sanjiang River: Z.W. Shao, 2011 [138] LOD = limit of detection Japan fish and shellfish: <1 ng g -1 T. Tsuda, et al, 2000 [139] Turkey sediment: 1.68 μg g -1 C.Uguz, et al, 2003 [140] Japan drinking water:<LOD River 1: 0.01 ng mL -1

River 2: 0.05 ng mL -1

River 3: 0.03 ng mL -1 K. Inoue, et al, 2002 [141] United States indoor air: 3.4 -290 ng m -3 dust: <LOD -1.12 μg g -1 R.A. Rudel, et al, 2003 [142] Singapore (Sea) Sembawang Park: 0.03 μg L -1

Punggol: <LOD Pasir Ris: 0.03 μg L -1 Changi: 0.03 μg L -1

Jurong Pier: 1.06 μg L -1

Tuas Jetty: 0.95 μg L -1 C. Basheer, et al, 2004 [143] United States (Sewage) septic tank leachate: 0.16-3.2 μg L -1 untreated sewage: 0.042-0.1 μg L -1 R.A. Rudel, et al, 1998 [144] treated sewage: 0.02-0.032 μg L -1

LOD = limit of detection

According to the monitoring data obtained from China and abroad, it indicated that 4-t-BP is widely spread in various aquatic compartments and might be already accumulated in the organism. In 2006, Campbell et al.

[ 145 ] reported that EDCs had strong estrogenic effects even in very low concentration such as ng L -1 . Thus, the health of human and various organisms are facing particularly to serious threat due to the presence of 4-t-BP.

Research on 4-t-BP

According to the study of the current research literature, most of According to the above research results, the research on 4-t-BP degradation began in the early 21st century and was still in its infancy. It was mainly due to the fact that contaminant itself did not attracted peoples' attention yet. In addition, considering the mechanism of the 4-t-BP degradation, technologies like AOPs was much higher efficiency than the biological degradation technology. It also confirmed that 4-t-BP is slowly biodegradable and is a persistent organic pollutant. Once it enters into the environment, it will accumulate in living organisms and will be a potential threat to our daily life. In this study, the advanced oxidation technologies for 4-t-BP degradation will be further studied.

Chapter 2

MATERIALS AND METHODS

Chapter 2 Materials and methods

Reagents

All the chemicals used in the experiments were shown in 

Preparation of solutions

All the solutions were prepared with Milli-Q ultrapure water.

( 

Irradiation experiments 2.3.1 Irradiation with home-made photoreactor

The irradiation experiments were performed in a homemade photoreactor which was shown in Figure 2-1. The quartz glass tube was placed in the center of the reactor and the inner diameter of the tube was 2.8 cm. The UV light could reach the solution through the quartz glass. The outer tube was connected with the thermostatic water circulation device to ensure the reaction temperature was kept at room temperature (20 ℃). Four fluorescent lamps (TLD 15W/05, Philips, Netherlands) were placed in the four different axes. The emission spectrum of the lamp was continuous from 300 nm to 500 nm with main UV light at 365 nm, 405 nm and 435 nm. A magnetic stirrer was placed at the bottom of the reactor and the solution could be continuously stirred during the irradiation. The solution for experiment was 50 ml and it was poured into the quartz glass tube for irradiation. ΔN PNA could be calculated with equation R2-4 (N A was the Avogadro number; R PNA was the degradation rate of PNA; V was the volume of the reaction solution, 50 ml; r was the radius of the photoreactor, 0.014 m; H was the height of the reaction solution, 0.1 m). Thus, I a could be determined according to above calculation. -7) The irradiation started since the solution was poured into the reactor. 0.5 ml solution was taken as a sample for the HPLC analysis at each fixed time. In this experiment, the effects of pH, Fe(III)-EDDS concentration and dissolved oxygen concentration on the 4-t-BP degradation efficiency were investigated.

) m W ( ) s m photon ( 2 - 1 - 2 - ) ( ∑ ∑ = - - = - - × × - = - =
During the investigation on the effect of dissolved oxygen concentration, the solution was bubbled with oxygen or nitrogen for 30 min before the irradiation and during the irradiation.

B. Photoreaction in the presence of Fe(III)-EDDS and H 2 O 2

The reaction solution was a mixture of 4-t-BP, Fe(III)-EDDS and H 2 O 2 solutions.

The experimental method was similar with photoreaction with Fe(III)-EDDS. In this experiment, the effects of pH, Fe(III)-EDDS concentration, H 2 O 2 concentration and dissolved oxygen concentration on 4-t-BP degradation efficiency were investigated.

C. Reaction in the presence of Fe(III)-EDDS and H 2 O 2

The reaction solution was a mixture of 4-t-BP, Fe(III)-EDDS and H 2 O 2 solutions.

However, it was poured into a brown reagent bottle and the reaction was performed without light. In this experiment, the effects of pH, Fe(III)-EDDS concentration, H 2 O 2 concentration and dissolved oxygen concentration on 4-t-BP degradation efficiency were also investigated.

D. Photoreaction in the presence of Fe(III)-EDDS and S 2 O 8 2-

The reaction solution was a mixture of 4-t-BP, Fe(III)-EDDS and S 2 O 8 2-solution.

The experimental method was similar with photoreaction with Fe(III)-EDDS. In this experiment, the effects of pH, Fe(III)-EDDS concentration, S 2 O 8 2-concentration and dissolved oxygen concentration on 4-t-BP degradation efficiency were investigated.

Irradiation with monochromator

For The SO 4 •-was produced through the photolysis of K 2 S 2 O 8 under the 266 nm laser irradiation. To determine the second-order rate constant for the quenching of SO 4 •-, plots were made of the first-order decay constant of SO 4 •-, determined from the regression lines of the logarithmic decays of SO 4 •-monitored at 450 nm, against the concentration of quencher (4-t-BP/2-Propanol/t-BuOH).

Analytical methods

High Performance Liquid Chromatographic method

The concentration of organic compounds in the aqueous solution were determined by high performance liquid chromatography (HPLC) equipped with a photodiode array detector (Waters 996, USA), two pumps (Waters 515, USA) and an autosampler (Waters 717 plus, USA).

A. Analysis of 4-t-BP

The column was a Nucleodur 100-5 C18 column (5 µm×4.6 mm×250 mm). The flow rate was 1 mL min -1 , and the mobile phase was a mixture of water and methanol 

C. Analysis of Fe(III)-EDDS

The column was a Agilent Eclipse XDB-C18 column (5 µm×4.6 mm×150 mm).

The flow rate was 0.8 mL min -1 , and the mobile phase was a mixture of Eluent A (as described in section 2. 

Determination of dissolved ferrous iron

According to the literature [ 162 ], when the pH value of the solution was between 3 and 10, Fe(II) and Ferrozine could form a stable carmine complex which had the maximum absorption wavelength at 562 nm. In this study, the Fe(II) concentration was determined by complexometry with Ferrozine according to this mechanism. In previous studies, the molar absorption coefficient (ε 562 nm ) was reported as 2.65×10 4 M - 1 cm -1 and 2.79×10 4 M -1 cm -1 [ 163 ].

Different concentrations of ferrous ammonium sulfate solutions were prepared and acetic acid/sodium acetate buffer was used to keep the pH of the solution at around 5.5. The calibration curve was obtained by this analysis method, shown in Figure 2345678. The ε 562 nm was calculated as 2.61×10 4 M -1 cm -1 which was close to the value in the literatures. It proved the feasibility of this analytical method. In this study, some samples with high Fe(II) concentration should be diluted before analysis. 

pH measurement

The pH value of the solution was adjusted with HClO 4 or NaOH. pH values of the solutions were measured using a Cyberscan 510 pH meter.

UV-vis Spectrophotometer

The UV-vis spectra of the solutions were recorded with a Cary 300 UV-visible spectrophotometer. The parameters of UV-visible spectrophotometer were shown in 

4-t-BP IN THE PRESENCE OF Fe(III)-EDDS Chapter 3 Physicochemical properties of Fe(III)-EDDS and the photodegradation of 4-t-BP in the presence of Fe(III)-EDDS

It is well known that iron is one of the most widespread natural elements. Many researchers hoped that the natural resources could be furthest utilized. So the studies had already performed on the photochemical properties of iron complexes (including:

Fe(III)-citrate, Fe(III)-oxalate, Fe(III)-NTA, Fe(III)-EDTA) and their application on the degradation of contaminants.

However, so far, the research on the physicochemical properties of new iron complex Fe(III)-EDDS is not complete. This chapter will study the mechanism of the photodegradation of 4-t-BP in the presence of Fe(III)-EDDS and the effects of pH value, Fe(III)-EDDS concentration and dissolved oxygen on the 4-t-BP degradation efficiency will be investigated. It will provide a theoretical basis for the Fe(III)-EDDS application in advanced oxidation technology.

Characteristics of Fe(III)-EDDS and 4-t-BP

Characteristics of Fe(III)-EDDS

The UV-visible spectrum of Fe(III)-EDDS solution was shown in Figure 3 In solutions where two species were present (A and B), one A molecule might bind to the one B molecule. In some cases, more than one A would bind with a single B. So the Job's Method was used to determine the amount of A binding to B. In this method, the total molar concentrations of the two binding partners (A and B) were held constant, but their mole fractions were varied. An observable that was proportional to complex formation (such as absorption signal) was plotted against the mole fractions of these two species. The maximum on the plot corresponded to the stoichiometry of the two species. The result of Job's Method was shown in Figure 3-2.

According to the results, the stoichiometry of Fe(III)-EDDS formation was Fe(III): EDDS = 1:1. Meanwhile, the experimental result showed that Fe(III)-EDDS solution could keep stable for at least 7 days. 

Characteristics of 4-t-BP

The UV-visible spectra of 4-t-BP solution (100 μM) at different pH were shown in Figure 3-3. The results showed that 4-t-BP remained the molecular form when the pH was lower than 8.8; the 4-t-BP molecule began to ionize in alkaline conditions when the pH was higher than 8.8. 

Photochemical reactivity of Fe(III)-EDDS

The degradation efficiency of 4-t-BP was obtained to present the photochemical reactivity of Fe(III)-EDDS. The 4-t-BP concentration was followed during the irradiation in the presence of Fe(III)-EDDS. The results were shown in Figure 3-5. 4t-BP was not photodegraded without Fe(III)-EDDS because 4-t-BP did not absorb the UV light whose wavelength was higher than 300 nm. 4-t-BP also did not react with Fe(III)-EDDS without UV irradiation. However, in the presence of UV light and Fe(III)-EDDS, approximately 17% of the 4-t-BP was transformed after 10 min of irradiation but only 5% of it was removed in the following 50 min. The Fe(III)-EDDS concentration was followed at the same time. The result showed that 95% of Fe(III)-EDDS was consumed in the first 10 min of the reaction. Therefore, the degradation of 4-t-BP was due to the photolysis of Fe(III)-EDDS.

The photoreduction reaction and a series of radical chain reactions were occurred in the presence of Fe(III)-EDDS during the UV irradiation. Fe(II) and HO • were generated as the final products of these reactions, shown as R3-1. HO • attacked 4 -t-BP and 4-t-BP was degraded. The rate laws usually included zero-order reactions (the reaction rate was independent of concentration), first-order reaction and second-order reaction. Most of the chemical reactions obeyed the first-order kinetic model which meant the reaction rate was proportional to the concentration of reactant. The formula was shown as R3-2.

kC dt dC v = - = (R3-2)
The initial time and reactant concentration were set as t = 0 and C o . The final time and reactant concentration were set as is t and C t . The integral of R3-2 could form the formula R3-3. The k was the first-order reaction rate constant and the unit was s -1 .

kt InC InC t - = - 0 kt C C In t - = ⇒ 0 (R3-3)
In the degradation of 4-t-BP, the reaction process took place efficiently in the first 10 min. So the data obtained in 10 min were plotted according to the first-order kinetic model and the result was shown in Figure 3 The UV-visible spectra of Fe(III)-EDDS solution (200 μM) at different pH were shown in Figure 34567.

According to the results, the form of Fe(III)-EDDS was obviously affected by pH value. Even small changes in pH value could cause the changes in its form. [ 169 ]. H 4 L, H 3 L -, H 2 L 2-, HL 3-and L 4-were the main existence form of EDDS at pH <2.4, 2.4-3.9, 3.9-6.8, 6.8-9.8 and > 9.8, respectively.

- 

+ + → L H H L H 3 4 pK 1 = 2.4 (R3-4) - + - + → 2 2 3 L H H L H pK 2 = 3.9 (R3-5) - + - + →

pH effect on 4-t-BP degradation

To better understand the effect of pH value during the photodegradation of 4-t-BP in the presence of Fe(III)-EDDS, experiments at different pHs between 2.6 and 9.3 were conducted. In this series of experiments, Fe(III)-EDDS concentration was 100 μM. The results reported in Figure 3-9 showed the rapidly increasing degradation rate of 4-t-BP (R 4-t-BP ) between pH 2.6 and 4.5, and the slowly increase of R 4-t-BP between pH 4.5 and 8.0, whereas R 4-t-BP started to decrease at pH higher than 8.0. R 4-t-BP was calculated from the data obtained at the beginning 10 min of irradiation to ensure the pH was unchanged. Li et al. [START_REF] Zhang | Extraction of copper from sewage sludge using biodegradable chelant EDDS[END_REF] reported similar results at pH between 3.1 and 8.0. [ 172 ] in this system. However, for the first part of the effect of pH, until pH 6.0, the effect of Fe(III)-EDDS speciation could be excluded. Indeed, as we evaluated by theoretical calculation the second form of the complex appear from pH 6.0 (Figure 345678). On the contrary, the decrease of the degradation rate of 4-t-BP from pH 8.0, correspond to the presence of the second form Fe(OH)L 2-at 50% and 50% of the starting form FeL -present in acidic pH. For the first time, we proved that the hydroxylated form Fe(OH)L 2-of such complex was less efficient photochemicaly in terms of photoredox process (R3-8).

+ • + → + EDDS Fe(II) hv EDDS - Fe(III) (R3-8) - • + • + → + 2 2 O product O EDDS (R3-9) + - • • + ↔ H O HO 2 2 pK a =4.88 (R3-10) - • - • + + → + + OH O O H O H HO O 2 2 2 2 2 2 k=9.7×10 7 M -1 s -1 (R3-11) - • + + + + → + OH HO Fe O H Fe 3 2 2 2 k=76 M -1 s -1 (R3-12)
The observed increase of the degradation rate of 4-t-BP until pH 8.0 was due to the iron cycle and the relative concentration between Fe(III) and Fe(II) species. These relative concentrations were strongly impacted (reactions R3-13 to R3-16 [ 173 -174175 ])

by the presence of HO 2 • /O 2 •-radicals photogenerated from the complex Fe(III)-EDDS (reactions R3-8, R3-9 and R3-10). Obviously, O 2 •-formed in alkaline condition was in favour of the presence of Fe(II) species. As a contrary, the presence of HO 2 • favoured the formation of Fe(III) species.

2 2 2 3 O Fe O Fe + → + + - • + k=5.0×10 7 M -1 s -1 (R3-13) - + - • + + + → + + OH O H F O H O Fe 2 2 2 2 2 2
2 3 e k=1.0×10 7 M -1 s -1 (R3-14) 

+ + • + + + → + H O F HO Fe 2 2 3 2 e k<1.0×10 3 M -1 s -1 (R3-15) - + • + + + → + + OH O H F O H HO Fe

Effect of Fe(III)-EDDS concentration

4-t-BP disappearance was followed at different initial concentrations of Fe(III)-EDDS ranging from 50 to 600 μM at pH 4.5. The results were shown in Figure 3-10.

The rate of 4-t-BP degradation increased with increased concentrations of Fe(III)-EDDS in the range of 50 to 400 μM, but much higher concentration of Fe(III)-EDDS (such as 500 and 600 μM) inhibited 4-t-BP degradation. Li et al. [START_REF] Zhang | Extraction of copper from sewage sludge using biodegradable chelant EDDS[END_REF] reported the similar degradation rate variation under various Fe(III)-EDDS complex concentrations.

These results gave clear evidence that photolysis of Fe(III)-EDDS could induce the degradation of 4-t-BP due to the reaction between 4-t-BP and HO • which was formed during the photolysis of Fe(III)-EDDS. But HO • could also react with Fe(III)-EDDS. When the concentration of Fe(III)-EDDS was high, Fe(III)-EDDS played the role as a competitor for HO • . In fact, considering that the second order rate constant between Fe(III)-EDDS and HO • has been estimated around 2×10 8 M -1 s -1 [ 176 ], it could be calculated that about 98% of photogenerated HO • reacted with 4-t-BP at lower concentration of Fe(III)-EDDS (50 μM). On the other hand, 23% of HO • were reacting with iron complex at 600 μM of Fe(III)-EDDS. Therefore, the appropriate concentration of Fe(III)-EDDS should be chosen for 4-t-BP degradation. 

Effect of oxygen

The effect of oxygen on 4-t-BP photodegradation in the presence of Fe(III)-EDDS was shown in Figure 3-11. The faster decay of 4-t-BP was noticed at higher oxygen concentration (bubbling oxygen), while at the lower oxygen concentration (bubbling nitrogen) the 4-t-BP removal was retarded. Another control experiment was taken to confirm the mechanism of the photochemical process of Fe(III)-EDDS complex. 5 mM of 2-Propanol was added in the solution which was bubbled with nitrogen. The result showed that 4-t-BP was not degraded due to the quenching of HO • by 2-Propanol and so confirmed the formation of this radical in the photochemical process from Fe(III)-EDDS complex, even in the absence of oxygen. 

Determination of the second-order rate constant between HO • and 4-t-BP

The rate constant of the reaction between HO 

• → + HO 2 hv O H 2 2 ) s (M R 1 f OH - • (R3-17) products BP - t - 4 HO → + • k 4-t-BP, •OH (R3-20) • • + → + 2 2 2 2 HO O H HO O H k H2O2, •OH = 2.7×10 7 M -1 s -1 [ 177 ] (R3-21) products HO propanol 2 → + - • k 2-propanol, •OH = 1.9×10 9 M -1 s -1 [177] (R3-22)
The application of the steady-state approximation to the concentration of HO • yielded to the following equation (Eq. 3-1) to describe the degradation rate of 4-t-BP

(y = R d 4-t-BP ) as a function of 2-propanol concentration (x = [2pr]). [2pr] k ] O [H k BP] - t - [4 k BP] - t - [4 k R R OH 2_pr, 2 2 OH , O H OH BP, t 4 OH BP , t 4 f OH d BP t 4 2 2 • • • • • + + = - - - - - - (Eq. 3-1)
The R d 4-t-BP obtained at different 2-Propanol concentration was plotted in Figure 3-13 and they were fitted with a rational equation type: the second-order rate constants of the reaction between HO • and o-cresol/p-cresol were 1.1×10 10 M -1 s -1 and 1.2×10 10 M -1 s -1 respectively. Both of them had similar chemical structure with 4-t-BP and so the result obtained for k 4-t-BP , HO• seems reasonable.

Bx 1 A y + = with ] O [H k BP] - t - [4 k BP] - t - [4 k R A 2 2 OH , O H OH BP, - t - 4 OH BP, - t - 4 f OH 2 2 + = • • • and ] O [H k BP] - t - [4 k k B 2 2 OH , O H OH BP, - t - 4 OH 2pr,

Conclusion

Theoretical and experimental approaches were used to investigate the stability and photoreactivity of Fe(III)-EDDS complex in this chapter. This study was performed in a large range of pH which was the main parameter influencing the efficiency of the photochemical process and also the effects of Fe(III)-EDDS and oxygen concentrations were studied.

From this part of work, we could conclude that before pH 8 the main process responsible for the observed trend was attributed to the iron cycle reactivity between Fe(III)/Fe(II). The relative concentration between Fe(III) and Fe(II) was mainly due to their reactivity with the radicals HO 2 • /O 2 •-which were photogenerated from the Fe(III)-EDDS complex, and to their oxido-reduction and solubility in aqueous solution. Moreover, the main new result was coming from theoretical calculation for the distribution of the predominant species of the complex Fe(III)-EDDS as a function of pH. We demonstrated that the most photoactive form is the nonhydroxylated present mainly at pH lower than 8.0.

Chapter 4 FENTON-LIKE OXIDATION OF 4t-BP IN THE PRESENCE OF Fe(III)-EDDS Chapter 4 Fenton-like oxidation of 4-t-BP in the presence of

Fe(III)-EDDS

According to the results presented in chapter 1, there were iron complexes which could activate H 2 O 2 without UV irradiation to produce HO • . The Fenton-like reaction was higher efficiency than traditional Fenton reaction and also had a wider pH range of application.

In this chapter, Fe(III)-EDDS would be introduced into the Fenton-like reaction for the degradation of 4-t-BP. The effects of irradiation time, pH, Fe(III)-EDDS, H 2 O 2 and dissolved oxygen concentrations on the degradation performance of 4-t-BP were investigated.

Degradation kinetics of 4-t-BP

The time evolution of 4-t-BP concentration in Fenton-like process was shown in Figure 4-1. When the concentration of both H 2 O 2 and Fe(III)-EDDS were low (100 μM), the initial degradation rate of 4-t-BP (R 4-t-BP ) was almost negligible. With higher concentration of both H 2 O 2 and Fe(III)-EDDS increased to 500 μM, R 4-t-BP was calculated as 1.39 ± 0.09×10 -9 M s -1 . The control experiment of 4-t-BP with high H 2 O 2 concentration (1 mM) alone revealed that there was no degradation of 4-t-BP.

According to the results obtained in the experiments, it was clear that H 2 O 2 could not react with 4-t-BP and the participation of Fe(III)-EDDS achieved the degradation of 4-t-BP. A slow reactivity of the complex with H 2 O 2 led to the generation of Fe(II) and superoxide/hydroperoxide radical (R4-1). Fe(II) would activate H 2 O 2 to produce HO • according to the mechanism of traditional Fenton process (R1-1). The concentration of Fe(II) was followed during the reaction (Figure 4-2). The result showed that only less than 10% of Fe(III)-EDDS (initial concentration was 500 μM) was transformed into Fe(II) at the end of experiment. The formation speed and amount of Fe(II) were both very slow. This resulted in the low formation efficiency of HO • and low degradation rate of 4-t-BP. 4-1. The [HO • ] ss was obtained from the Eq.

+ - • • + • + + + + → + H /O HO EDDS Fe O H EDDS - Fe(III)
4-1. ] [ ] [ ] [ , BP t HO k R dt BP t d ss BP t HO BP t - - = = - - • - - - - • 4 4 4 4
(Eq. 4-1)

BP t HO k - - • 4 
, and [4-t-BP] were the second order rate constant between HO • and 4-t-BP and initial concentration of 4-t-BP, respectively.

BP t R - - 4
was the degradation rate of 4-t-BP obtained in experimental work. According to the results in Table 4- 

+ → + • • 1 1 7 10 7 2 2 2 - - × = • s M . k O H , HO (R4-2)

Effect of pH

To better understand the applicable pH value during the Fenton-like process, experiments at pH between 2.7 to 8.9 were conducted. The initial concentration of both Fe(III)-EDDS and H 2 O 2 were 500 μM. The results reported in Figure 4-4 showed a slow increase of R 4-t-BP at pH less than 6.0 and much more rapid increase of R 4-t-BP between pH 6.0 and 9.0 in Fenton-like process. Huang et al. [100] reported similar results at pH between 3.1 and 8.7 in homogenous Fenton-like process for the BPA degradation. compared with the formation of Fe(II) (R3-15 and R3-16). In the presence of O 2 •-at higher pH, the equilibrium was displaced to the formation of Fe(II) (R3-13 and R3-14). The R 4-t-BP would be significantly affected because of the Fe(III)/Fe(II) cycle and also the formation of Fe(II) was the most important step for the efficiency of Fenton process. Summarizing the experiment results and the mechanisms in this study, Fenton-like process was mainly affected by HO 2 • /O 2 •-formation in different pH.

Effect of oxygen

The effect of dissolved oxygen on 4-t-BP degradation in Fenton-like process was shown in Figure 45. The initial concentration of Fe(III)-EDDS and H 2 O 2 were 1 mM and 500 μM, respectively. The faster decay of 4-t-BP was noticed at higher oxygen concentration (bubbling oxygen), while in the lower oxygen concentration (bubbling nitrogen) the 4-t-BP removal was retarded in Fenton-like process. The Fe(III)-EDDS concentration was also followed during the reaction in order to confirm the mechanism of the effect of oxygen. The result was showed in Figure 4-6 andit showed that the decomposition of Fe(III)-EDDS was not affected by oxygen. The effect of oxygen in Fenton-like process could be mainly attributed to the reaction between O 2 and the 4-t-BP radical (4-t-BP • ) which formed subsequently by the HO • hydrogen abstraction of the phenoxyl hydrogen group of 4-t-BP (R4-3). It would be more easily to form 4-t-BP radical cation (4-t-BP •+ ) in the presence of oxygen (R4-4) and 4-t-BP •+ would be more easily to degrade (R4-5)

[ 180 ]. O H BP t BP t HO 2 + - - → - - + • • 4 4 (R4-3) - 2 2 O BP t O BP t • + • • + - - → + - - 4 4 
(R4-4)

products BP t → → - - + •

4
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Conclusion

In this chapter, a series of experiments were performed to investigate the mechanism of Fe(III)-EDDS activating H 2 O 2 and producing HO • . This reaction was named Fenton-like process in this study. The study was performed in a large range of pH which was the key parameter influencing the efficiency of the traditional Fenton process and also the effects of Fe(III)-EDDS concentration, H 2 O 2 concentration, oxygen concentration were studied.

From this part of work, we could conclude that the Fenton-like process could be used in a lager pH rang, even in alkaline conditions. It was attributed to the stability of In this chapter, the oxidation efficiency of UV/Fe(III)-EDDS/H 2 O 2 system was investigated. The effects of irradiation time, pH, Fe(III)-EDDS, H 2 O 2 and dissolved oxygen concentrations on the degradation performance of 4-t-BP in this photo Fentonlike process were also investigated.

Degradation kinetics of 4-t-BP

The degradation efficiency of 4-t-BP UV/Fe(III)-EDDS/H 2 O 2 system was obtained. The 4-t-BP concentration was followed during the irradiation in the presence of Fe(III)-EDDS (100 μM) and H 2 O 2 (100 μM). The results were shown in (1.48 ± 0.17) × 10 -7 M s -1 . The control experiment with 4-t-BP alone revealed that there was no photolysis of 4-t-BP under the irradiation used in our experimental conditions (300 < λ < 500 nm). 

Effect of Fe(III)-EDDS concentration

The degradation of 4-t-BP using different Fe(III)-EDDS concentrations was performed using following initial concentration: H 2 O 2 100 µM and Fe(III)-EDDS between 20 µM and 1 mM. As shown in Figure 5-4, the highest degradation efficiency of 4-t-BP was performed when the Fe(III)-EDDS concentration was 300 μM in photo Fenton-like process. The mechanism of this trend was similar with Fenton-like process, due to the reaction between HO • and Fe(III)-EDDS. The HO • steady-state concentration was also calculated, shown in Table 5-1. [HO • ] ss increased up to 300 µM in presence of light.

After this maximum 4-t-BP degradation rate, decreases due to the competitive role observed at high Fe(III)-EDDS concentrations. 

Effect of pH

To better understand the applicable pH value during the photo Fenton-like process, experiments at pHs between 2.7 to 8.9 were conducted. The results reported in Figure 5-7 showed that the R 4-t-BP increased between pH 2.7 and 7.5, whereas a decreased degradation rate was noticed at pH higher than 7.5. 

Effect of oxygen

The effect of oxygen on 4-t-BP degradation in photo Fenton-like process was investigated and the results were shown in Figure 5678. The increased degradation rate of 4-t-BP was noticed at higher oxygen concentration. The Fe(III)-EDDS concentration was also followed during the reaction (Figure 56789). The result showed that the decomposition of Fe(III)-EDDS was not affected by oxygen concentration in this process, the same as Fenton-like process. 

Conclusion

In this chapter, a series of experiments were performed to investigate the mechanism of the photo Fenton-like process in the presence of Fe(III)-EDDS. The study was performed in a large range of pH which was the key parameter influencing the efficiency of the traditional Fenton process and also the effects of Fe(III)-EDDS concentration, H 2 O 2 concentration, oxygen concentration were studied.

From this part of work, we could conclude that the photo Fenton-like process performed much higher efficiency than Fenton-like process and the key step had been attributed to the faster generation of Fe(II) under UV irradiation. 

ACTIVATION IN THE PRESENCE

Effect of pH

The pH value of aqueous solution plays a significant role in the degradation of organic compounds. Experiments of 4-t-BP degradation in both UV/Fe(III)-EDDS/ S 2 O 8 2-and UV/Fe(III)/S 2 O 8 2-systems were carried out at pHs between 2.2 to 8.8. The initial degradation rates of 4-t-BP (R 4-t-BP ) with different pH values were obtained and are shown in Figure 6-3. The S 2 O 8 2-concentration was 500 μΜ and Fe(III)/ Fe(III)-EDDS concentration was 100 μM. With the increasing of pH, the efficiency of 4-t-BP degradation decreased in both reaction processes, indicating that the acidic pH was more favorable to the 4-t-BP degradation than neutral and alkaline pHs. However, the efficiency of 4-t-BP degradation decreased much more rapidly in UV/Fe(III)/ S 2 O 8 2- system since the pH was higher than 3. The R 4-t-BP decreased to nearly 0 when the pH was higher than 5 in UV/Fe(III)/S 2 O 8 2-system. However, there was still relatively high degradation rate in UV/Fe(III)-EDDS/ S 2 O 8 2-at pH 5.3. 

Effect of Fe(III)-EDDS concentration

The photolysis of Fe(III)-EDDS formed Fe(II) which was one of the main species that could catalyze S 2 O 8 2-to produce SO 4 •- [START_REF] Anipsitakis | Degradation of organic contaminants in water with sulfate radicals generated by the conjunction of peroximonosufate with cobalt[END_REF]. The existence of Fe(III)-EDDS could influence the efficiency of the pollutant degradation significantly. Figure 6-4 showed the effect of Fe(III)-EDDS concentration on the degradation of 4-t-BP.

The initial S 2 O 8 2-concentration was 100 μM. When the Fe(III)-EDDS concentration varied from 100 μM to 1 mM, the R 4-t-BP increased from 1.25×10 -8 M s -1 to 3.86×10 -8 M s -1 . However, with a further increasing of Fe(III)-EDDS concentration up to 1.5 mM, the R 4-t-BP was reduced to 2.07×10 -8 M s -1 . The higher efficiency of 4-t-BP degradation at the higher Fe(III)-EDDS concentration resulted from the more production of SO 4 •-during the reaction.

However, the photogenerated Fe(II) could also act as a SO When the reactions had gone to completion, no sulfate free radical was available for further attack of target organic contaminants. On the other hand, high concentration of Fe(III)-EDDS could also quench HO • which was another important radical produced in this reaction.

Effect of S 2 O 8 2-concentration

Persulfate played an important role as a source of SO (R6-5)

Determination of the second-order rate constant

4-t-BP was considered to be a quencher as 2-propanol and t-BuOH in the experiments performed in laser flash photolysis. To determine the second-order rate constant for the quenching of SO 4 •-, plots were made of the first-order decay constant of SO 4 •-, determined from the regression lines of the logarithmic decays of SO 4 •- monitored at 450 nm, against the concentration of quencher. there were there reactions as follow (R6-6 to R6-8):

k 4-t-BP, SO4•-

2 8 2 4 4 → O S SO SO - • - • + k SO4•-, SO4•-=5.0×10 8 M -1 s -1[193] (R6-6) product BP t SO → 4 4 - - + - • k 4-t-BP, SO4•-(R6-7) • - • + + 8 2 4 2 8 2 4 → O S SO O S SO 2 k S2O82-, SO4•-=1.2×10 6 M -1 s -1[194] (R6-8)
The SO 4 •-concentration could be calculated by Eq.6- The molar extinction coefficient of SO 4 •-(ε 450 ) was 1000 M -1 cm -1 [192] and the initial SO 4 •-concentration could be calculated as 0.031 mM. But the 4-t-BP concentration (0.1-0.6 mM) was much higher than SO 4 •-concentration and the Eq. 6-1 could be simplified to Eq. 6 The pseudo-first order constants of SO The second-order rate constant between 4-t-BP and SO The second-order rate constant between 2-propanol and SO A series of experiments were also conducted in different pH (pH 2.5 and 6.3) to investigate the effect of pH on the second order reaction rate constant. Table 6-4
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showed the k 2-propanol, SO4•-obtained in different pH. The results showed that the pH value did not have significant effect on the second order reaction rate constant of the reaction between 2-Propanol and SO4 •-. The second-order rate constant between t-BuOH and SO 4 •-(k t-BuOH, SO4•-) was obtained from the linear fitting between k' and t-BuOH concentration. As the results

shown in Figure 6-12, the k t-BuOH, SO4•-was calculated as 8.31 × 10 5 M -1 s -1 . The pH was 4.5 without adjustment. As reported in literatures [118, 198 -199 ], k t-BuOH, SO4•-was determined as (4.0-9.1)×10 5 M -1 s -1 . The k t-BuOH, SO4•-obtained in this research was similar with the literatures. A series of experiments were also conducted in different pH (pH 2.5 and 6.5) to investigate the effect of pH on the second order reaction rate constant. Table 6-5

showed the k t-BuOH, SO4•-obtained in different pH. The results showed that the pH value did not have significant effect on the second order reaction rate constant of the reaction between t-BuOH and SO4 •-. As shown in Figure 6-13, the inhibition of 4-t-BP degradation was about 70% in the presence of 2-Propanol, while it was only about 14% in the presence of t-BuOH, which indicated that SO4 •-rather than HO • was the major active free radical species in UV/Fe(III)-EDDS/S 2 O 8 2-system. It seems that these observations were the same as those in the system of CoCl 2 as catalyst [ 204 ].

Conclusion

In this chapter, the 4-t-BP degradation performance in UV/Fe(III)-EDDS/S 2 O 8 2- system was investigated with a series of experiments. The experiments were performed in a large range of pH which was a key parameter influencing the efficiency of the iron related oxidizing reaction and the effects of Fe(III)-EDDS concentration, S 2 O 8 2-concentration were also studied. It meant Fenton-like process could be used in neutral pH and alkaline condition which overcame the significant deficiency of the traditional Fenton reaction. This is the main advantage of this new iron complex. The 4-t-BP degradation rate also accelerated with the increasing of dissolved oxygen concentration.

Thirdly, the 4-t-BP degradation efficiency in UV/Fe(III)-EDDS/H 2 O 2 (photo Fenton-like) process was investigated. Fe(II) was generated from the Fe(III)-EDDS photolysis and it could activate H 2 O 2 and quickly produced HO • to efficiently degrade organic pollutants. A series of experiments were performed to investigate the oxidation efficiency of UV/Fe(III)-EDDS/H 2 O 2 system. The results showed that the 4t-BP removal efficiency in photo Fenton-like reaction was much higher than that in Fenton-like reaction. The R 4-t-BP was calculated as 1.48 × 10 -7 M s -1 , nearly 100 times higher than Fenton-like process. With the increasing Fe(III)-EDDS concentration, R4t-BP showed firstly increased and then decreased, similar mechanism as Fenton-like process. However, R 4-t-BP kept increasing when the H 2 O 2 concentration was increased.

It was due to the photolysis of H 2 O 2 which produced HO • . When the pH value increased from 2.0 to 9.0, the highest R 4-t-BP was obtained at pH 7.5 in photo Fentonlike reaction. The 4-t-BP degradation rate increased with the increase of the dissolved oxygen concentration. 

4 -

 4 tert-Butylphenol (4-t-BP) has been chosen as a target pollutant in this study. It is widely used as a chemical raw material and is classified as endocrine disrupting chemicals due to the estrogenic effects. The 4-t-BP degradation rate (R 4-t-BP ) is used to indicate the efficiency of the advanced oxidation processes which are based on Fe(III)-EDDS utilization. The main contents and conclusions of this research are shown as follows:

  [ 70 ]. Zepp et al. [ 71 ] reported the kinetic of HO • generated from photo-Fenton reaction at pH 3-8. It confirmed the transient oxidants were generated when H 2 O 2 reacted with Fe(II) which was produced from photo-reduction of Fe(III) (λ = 436 nm). Bauer and Fallmann [ 72 ] not only confirmed that the UV/Fe(II)/H 2 O 2 system was the most efficient compare to TiO 2 /UV, Fe(II)/H 2 O 2 /UV, Fe(II)/O 2 /UV and Fe(II)/O 3 /UV systems but also confirmed the economic feasibility for the photo-Fenton reaction through the actual wastewater treatment experiments. However, Laat and Gallard showed that Fe(III) would be completely dissolved only in the pH < 3 [ 73 ]. When the pH was between 3 to 7, there was possibility for Fe(III) flocculation and the oxidation efficiency of Fenton reaction would be lower [ 74 ]. Pignatello [ 75 ] used Fenton and photo-Fenton reaction in the herbicides degradation and found that the optimum pH value was 2.8. The acid pH value was the limiting parameter of traditional Fenton/photo-Fenton technology which affected its application in wastewater treatment. In the early 21st century, researchers found the replacement of iron by iron complexes could expand the pH value to a wider range. This important discovery led the Fenton technology into a new era of rapid development.

H 2 O

 2 2 into oxidants. It extended the working pH range of the Fe(III)/H 2 O 2 system up to pH 8.5. Deng et al. [ 80 ] studied the degradation of dye in water using iron-oxalate complexes (Fe(III)-oxalate) with UV light. The results showed the optimum pH range was 4-5. Zhou et al. [ 81 ] compared the diethylstilbestrol degradation efficiency in both Fe(III)/UV and Fe(III)-oxalate/UV systems. The Fe(III)-oxalate/UV system showed higher degradation efficiency than Fe(III)/UV system. Hug et al. [ 82 ] studied the oxidation of trivalent arsenic As (III) by different oxidants in neutral pH conditions (pH = 6.5-8) under UVA irradiation. The results showed As (III) could not be removed by Fe(III) or H 2 O 2 oxidation; when the citrate was added, As(III) was removed efficiently due to the formation of Fe(III)-citrate complex. Katsumata et al. [ 83 ] studied

  most widely applied APCAs are Nitrilotriacetic acid (NTA) and Ethylene Diamine Tetraacetic acid (EDTA) [ 86 ]. Fe(III)-NTA and Fe(III)-EDTA complexes were confirmed to have good photochemical activity [ 87 -88 ]. Howsawkeng et al. [ 89 ] and Ndjou'ou et al. [ 90 ] studied the degradation of perchlorethylene (PCE) with Fentonlike (Fe(III)-NTA/H 2 O 2 ) reagents in soil under neutral conditions (pH = 7.6 ). The results showed high degradation rate of PCE in neutral pH value. Kim and Kong [ 91 ]
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 11 Figure 1-1 Chemical structures of EDDS stereoisomers

  system by molecular probes. Zhao et al. [ 121 ] studied the effect of temperature, pH, Fe(II) concentration, S 2 O 8 2-concentration on the degradation of 4-chlorophenol (4-CP). The results showed that the highest degradation rate of 4-CP was obtained at pH = 4 and the degradation rate decreased with the increasing pH value. Zheng et al. [ 122 ] investigated the oxidation of As(III) in Fe(II)/S 2 O 8 2-system. The similar results were found. The highest As(III) oxidation rate was obtained at pH = 3 and the oxidation rate decreased with the increasing pH value. Zhang et al. [ 123 ] studied the kinetics of aniline degradation by persulfate with iron(II) activation at ambient temperature. With

name called 4 -Figure 1 - 2

 412 Figure 1-2 The structure of 4-t-BP

  4-tert-butylphenol (4-t-BP) is an alkylphenols (APs) and is one of the endocrine disrupting chemicals (EDCs) with highly estrogenic effects. EDCs are chemicals with potential negative effects on the reproductive and developmental systems of humans and wildlife [ 129 ]. In the past decade, research of EDCs has grown immensely since the publication of the book 'Our stolen future' [ 130 ]. EDCs are defined by US Environmental Protection Agency (US EPA) as an exogenous organism compound which can affect the synthesis, storage, secretion, transportation and elimination of hormone in the body [ 131 ]. The main types of EDCs are: alkylphenols (such as nonylphenol, octylphenol, butylphenol, bisphenol A, et al.), phthalates (such as, butyl benzyl phthalate, dibutyl phthalate, diethyl phthalate, dimethyl phthalate, di-n-octyl phthalate, et al.), exogenous human hormone (such as estrone, estradiol, ethinyl estradiol alcohol, estriol, diethylstilbestrol, et al.), heavy metals (such as mercury, cadmium, lead, et al.) and organic chlorine pesticides (such as hexachlorocyclohexane, dichloro diphenyl trichloroethane, et al.) [ 132 ]. Many countries in the world have already started the monitoring of EDCs and researching the control methods of them.

  <LOD -24.45 ng g-1 

  [ 150 ] investigated the influence of UV irradiation and combined Microwave-UV irradiation on 4-tert-butylphenol transformation in the presence and in the absence of sensitizers. The results showed that 4-t-BP irradiated by UV and MW-UV and formed dimers with -C-O-C-and -C-C-bonds. In non-polar solvents (hexane, heptane, toluene), 4-t-BP radiation led to the formation of products 1, 2 and 2TBP (Figure 1-3). Triplet-sensitized reaction with benzophenone in hexane gave moreover 2TBP and its ortho-ortho (3) and ortho-para (4) dimers. The simple mechanism was shown in Figure 1-3. Li et al. [ 151 ] studied the 4-t-BP degradation with a new technique, UV/H 2 O 2 /micro-aeration system. It could remove more effectively 4-t-BP in water than in the UV/H 2 O 2 system. Indeed, the 4-t-BP (500 μg L -1 ) could be totally degraded in 30 min with this new system. Sun et al. [ 152 ] investigated the degradation kinetics of 4-t-BP by chlorination in aqueous. The results showed that 4-t-BP was rapidly oxidized by chlorine with different initial concentrations of HOCl and pH value. The optimum pH value for 4-t-BP degradation was 5 in this experiment condition. The corresponding half-life time of 4-t-BP was 12.1 min when chlorine concentration was 3 mg L -1 .
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 13 Figure 1-3 Mechanism of 4-t-BP photodegradation [150]
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 21 Figure 2-1 Home-made photoreactor with four tubes

4 )

 4 According to Lambert -Beer law [ 155 ], the relationship between incident light intensity (I o ) and emitted light intensity (I t ) was shown in the equation R2-5. So the absorbed light intensity (I a ) could be calculated with equation R2-6 and the I o at the particular wavelength could be calculated with equation R2-7. The incident light intensity for a particular wavelength band was the sum of I o at each wavelength, shown in equation R2-8 (h was Planck's constant; c was velocity of light).
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 822 phototreactor was shown in Figure2-2.
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 23 Figure 2-3 A sketch of the laser flash photolysis apparatus [ 157 ]
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 202425 Figure 2-4 Calibration curve of 4-t-BP
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 26 Figure 2-6 Calibration curve of Fe(III)-EDDS
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 27 Figure 2-7 Calibration curve of H 2 O 2
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 28 Figure 2-8 Calibration curve of Fe(II)
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 31 Figure 3-1 UV-vis absorption spectra of Fe(III)-EDDS
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 32 Figure 3-2 Effect of molar ratio on the binding of Fe(III) and EDDS

Figure 3 - 3 Figure 3 - 4

 3334 Figure 3-3 UV-vis absorption spectra of 4-t-BP (100 μM) at different pH

Figure 3 -

 3 Figure 3-5 4-t-BP degradation in the presence of different systems with or without light and with or without Fe(III)-EDDS Chemical kinetics, also known as reaction kinetics, was the study on the rates of

- 6 .Figure 3 - 6

 636 photodegradation in the presence of Fe(III)-EDDS obeyed the first-order reaction

Figure 3 - 7

 37 Figure 3-7 UV-vis absorption spectra of Fe(III)-EDDS (200 μM) at different pH

  ) bound with EDDS and then formed Fe(III)-EDDS. Fe(III)-EDDS also exhibited four different main forms (FeL -、Fe(OH)L 2-、Fe(OH)2L 3-and Fe(OH) 4 -) at different pH [ 170 ].Theoretical calculations with software Gaussian09 were performed and the distribution of four different forms at different pH values was shown in Figure3-8. The results from theoretical calculation showed that FeL -was the main (only) species when the pH value was lower than 6.0. With the increase of pH value, Fe(OH)L 2-、Fe(OH)2L 3-and Fe(OH) 4 -were formed gradually, while the proportion of FeL -was decreased. Meanwhile, with the increase of pH, Fe(OH) 3 was gradually formed, so the total amount of soluble Fe(III) showed a gradual decline.
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 38 Figure 3-8 Proposed theoretical model distribution of the predominant species for the
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 39 Figure 3-9 Effect of pH value on the degradation rate of 4-t-BP

  6 M -1 s -1 (R3-16)To generate the maximum concentration of HO • , a photochemically efficient Fe(III) species was needed and also the formation of Fe(II) species which were essential for the Fenton process producing of HO • (reaction R3-12). Moreover, in the iron cycle the oxidation of Fe(II) into Fe(III) was strongly pH dependent in terms of efficiency and also in terms of Fe(III) species formed. The slow increasing of the 4-t-BP degradation rate observed after pH 4.5 was due to the formation of different forms of iron species and of insoluble iron oxides which present a lowest photoactivity.
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 3 Figure 3-10 Effect of Fe(III)-EDDS concentration on the degradation of 4-t-BP (Insert: The 4-t-BP degradation rate as a function of Fe(III)-EDDS concentration)
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 3 Figure 3-11 Effect of oxygen on the degradation rate of 4-t-BP
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 223 Figure 3-12 Effect of 2-Propanol concentration on the degradation of 4-t-BP

  -9 ± 2.82E-11 B=2283.05 ± 351.[START_REF] Howsawkeng | Evidence for simultaneous abiotic-biotic oxidations in a microbial-Fenton's system[END_REF] 
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 3 Figure 3-13 Degradation rate of 4-t-BP in the presence of different 2-propanol concentration The formation rate of HO • (R f •OH ) and the second-order rate constant of the
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 41 Figure 4-1 Degradation of 4-t-BP in Fenton-like process

Figure 4 - 2

 42 Figure 4-2 The formation of Fe(II) in Fe(III)-EDDS/H 2 O 2 reaction

1 ,[

 1 HO • ] ss increased up to 1 mM of Fe(III)-EDDS and then decreased. After the maximum the decrease of R 4-t-BP was due to the competitive role of Fe(III)-EDDS observed at high concentrations.Table 4-1Hydroxyl radical steady-state concentration as a function of Fe(III)-EDDS concentration in Fenton-like experiment [Fe(III)-EDDS] (M) [HO • ] ss (
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 43 Figure 4-3 Effect of H 2 O 2 concentration on the degradation of 4-t-BP
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 44 Figure 4-4 Effect of pH value on the degradation rate of 4-t-BP
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 4546 Figure 4-5 Effect of dissolved O 2 concentration on the degradation of 4-t-BP

FeChapter 5

 5 (III)-EDDS in alkaline conditions and the oxido-reduction between radicals HO 2 • /O 2 •-and Fe(III)/Fe(II). Moreover, the optimum concentrations of Fe(III)-EDDS and H 2 O 2 were obtained. Because the high concentrations of both Fe(III)-EDDS and H 2 O 2 would inhibit the degradation of 4-t-BP with the quench of HO • . The dissolved O 2 concentration could accelerate the formation of 4-t-BP •+ and then increased the 4-t-BP degradation rate. In general, Fenton-like process in this study was better than traditional Fenton process in the pH application range but the oxidation efficiency of 4-t-BP was not high enough. Photo Fenton-like oxidation of 4-t-BP in the presence of Fe(III)-EDDS According to the results obtained in chapter 3, Fe(II) and oxidative radicals (HO • , HO 2 • , O 2 •-) were generated from the Fe(III)-EDDS photolysis. The literatures showed the mechanism of traditional Fenton reaction, which was Fe(II) activated H 2 O 2 and quickly produced HO • to efficiently degrade organic pollutants. Therefore, it was clear that UV/Fe(III)-EDDS/H 2 O 2 could produce HO • according to the above mechanism.
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 5 Figure 5-1. 4-t-BP was degraded very fast in the beginning 10 min. The initial

Figure 5 - 1 Figure 5 - 3

 5153 Figure 5-1 Degradation of 4-t-BP in photo Fenton-like process
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 54 Figure 5-4 Effect of Fe(III)-EDDS concentration on the degradation of 4-t-BP
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 5556 Figure 5-5 Effect of H 2 O 2 concentration on the degradation of 4-t-BP
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 57 Figure 5-7 Effect of pH value on the degradation rate of 4-t-BP
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 5859 Figure 5-8 Effect of dissolved O 2 concentration on the degradation of 4-t-BP

  PHOTODEGRADATION OF 4-t-BP

Figure 6 - 1 Figure 6 - 2 ,

 6162 Figure 6-1 Molar absorption spectrum of S 2 O 8 2-solution (solid line), absorption spectrum of SO 4 •-transient acquired after 0.5 µs excitation at 266 nm of S 2 O 8 2-10 mM solution (filled circle) and emission spectrum of the irradiation system reaching the solution (dashed line)
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 64 Figure 6-4 Effect of Fe(III)-EDDS concentration on the degradation of 4-t-BP
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 63 Figure 6-7 showed the transient absorption spectra obtained after 266 nm laser
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 67 Figure 6-7 The decay curve of SO 4 •-as a function of time

6. 5 .2 k 2 -Figure 6 -

 526 Figure 6-9 showed the transient absorption spectra obtained after 266 nm laser
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 69 Figure 6-9 The decay curve of SO 4 •-with different 2-propanol concentration

Figure 6 -

 6 Figure 6-10 The fitting of second order reaction rate constant between 2-Propanol and SO4 •-

Figure 6 -

 6 Figure 6-11 showed the transient absorption spectra obtained after 266 nm laser

Figure 6 -

 6 Figure 6-11 The decay curve of SO 4 •-with different t-BuOH concentration

Figure 6 -

 6 Figure 6-12 The fitting of second order reaction rate constant between t-BuOH and SO4 •-

Figure 6 -

 6 Figure 6-13 Effect of 2-Propanol and t-BuOH on the degradation of 4-t-BP

From this part of

  work, we could conclude that the UV/Fe(III)-EDDS/S 2 O 82- system performed higher efficiency than UV/Fe(III)/S 2 O 82-system. The high degradation efficiency of 4-t-BP was obtained in acid pH condition. However, the relatively lager pH range could be used in UV/Fe(III)-EDDS/S 2 O 8 2-. The initial Fe(III)-EDDS and S 2 O 8 2-concentrations had important influence on 4-t-BP removal rate. R 4-t-BP increased with the increasing concentration of Fe(III)-EDDS and was inhibited when the Fe(III)-EDDS concentration was too high. R 4-t-BP kept increasing when S 2 O 8 2-concentrations increased from 100 μM to 1 mM. The transient laser flash photolysis experiments were performed to determine the second order reaction rate constant of the reactions between SO 4 •-and 4-t-BP/2-Propanol/t-BuOH. k 4-t-BP, SO4•-, k 2-Propanol, SO4•-and k t-BuOH, SO4•-were determined as 4.53 × 10 9 M -1 s -1 , 7.42 × 10 7 M -1 s -1 and 8.31 × 10 5 M -1 s -1 , respectively. In the UV/Fe(III)-Fenton-like reaction. The initial degradation rate of 4-t-BP (R 4-t-BP ) was calculated as 1.39 ± 0.09×10 -9 M s -1 . With the increasing Fe(III)-EDDS or H 2 O 2 concentration, R 4-t- BP showed firstly increased and then decreased in the higher concentration. The reaction between Fe(III)-EDDS and H 2 O 2 would produce HO • which was the main reason for the 4-t-BP degradation. However, excessively high concentration of Fe(III)-EDDS or H 2 O 2 would quench HO • and the R 4-t-BP decreased. When the pH value increased from 2.0 to 9.0, R 4-t-BP showed increasing trend in Fenton-like process.

Finally, the 4

 4 photolysis experiments were performed to determine the second order reaction rate
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  [ 20 -21 ] and ultrasonic oxidation [22 -23 ]. Photochemical oxidation processes include UV/O 3 [ 24 -25 ], UV/H 2 O 2 [ 26 ], UV/TiO 2 [ 27 -2829 ], photo Fenton process [ 30 -3132 ]. However, in recent years, many studies have suggested that AOPs can also generate sulfate radical (SO 4 •-) [ 33 -3435 ] besides HO • .

	Chapter 1 Bibliography
	1.1 Advanced oxidation Processes (AOPs)
	Chapter 1
	BIBLIOGRAPHY

•-were also evaluated for the first time by laser flash photolysis experiments. With the rapid development of modern industry of mankind, the natural environment is suffering a heavy burden. Many of emerging pollutants appear in the natural waters with the development of industry and it attracts the attention of researchers all over the world. The innovative wastewater treatment is needed for the elimination of such emerging contaminants. Advanced oxidation processes (AOPs) are efficient technologies for the elimination of pollutants which spring up in the 1980s. The AOPs concept was established by Glaze et al.[ 1 -23 ] who defined AOPs as processes involving the generation of highly reactive oxidizing species able to attack and degrade organic substances. These species, mainly HO • (E o = 2.80 V), have high oxidation capability and could induce a series of radical chain reactions to make that the organic pollutants degrade and are mineralized [ 4 -5 ]. Free radicals in AOPs may be produced by nonphotochemical and photochemical processes. Non-photochemical oxidation processes include ozone oxidation [ 6 -78 ], traditional Fenton process [ 9 -101112 ], chlorine dioxide oxidation [ 13 -14 ], electrochemical oxidation [ 15 -1617 ], wet air oxidation [ 18 -19 ], supercritical water oxidation

  4 

  It exists in different media with different forms and also widely present in natural waters. The total iron concentration has been reported in rivers, lakes around the world (such as United Kingdom, the Atlantic, United States and Israel) [ 48 -49 ] and also in Fog water, rain water [50 -5152 ]. The dissolved iron concentration is ranged between 0.04-91 μmol L -1 . Therefore, the effective application of iron in AOPs will be an important development direction for the future wastewater treatment.

In 1894, chemist Mr. H.J.H. Fenton found that the solution mixed with Fe(II) and hydrogen peroxide (H 2 O 2 ) (named Fenton reagent) had strong oxidation ability, which could oxidize many kinds of organic compounds (such as carboxylic acids, alcohols, and esters) and convert them to CO 2 , H 2 O and inorganic compounds efficiently

[ 53 ]

.

But it would not attract attention of researchers until more than half century later. In the 1970s and 1980s, Fenton reagent found its position in the field of environmental chemistry. Fenton reaction was used in the degradation of refractory organic pollutants, such as polysaccharides [ 54 ], chlorophenol [ 55 ], chlorobenzene, formic acid, polychlorinated biphenyls [ 56 ], nitrophenol [ 57 ], dyes [ 58 ], atrazine [ 59 ] in wastewater and landfill leachate [ 60 -61 ]. The chain reaction in Fenton process is shown in R1-1and R1-2 [ 62 -63 ].

  76 -7778 ]. Lee et al. [ 79 ] added phosphotungstate (PW 12 O 40 3-), a polyoxometalate, into Fe(III)/H 2 O 2 system. PW 12 O 40 3-formed a soluble complex with iron that converted

4 •-) 1.3.1 Oxidant persulfate (S 2 O 8 2-)

  

	Persulfate is an oxidant with strong oxidizing ability and the standard redox
	potential of S 2 O 8 2-is E o = 2.01 V. In 1878, French scientist Marcelin Berthelot [ 102 ]
	firstly produced persulfate by electrolysis of sulfate and started to use persulfate as
	dry-cleaning bleach. Subsequently, persulfate was used as an initiator for
	polymerizations of polytetrafluoroethylene,

polyvinyl chloride, polystyrene and neoprene rubber. It also used as an inhibitor for the recombination of electrons and holes in photocatalytic reaction [ 103 ]. In recent years, persulfate is used as an attractive

  

	candidate to generate strong oxidizing sulfate radical (SO 4 •-, E o = 2.6-3.2 V). Because
	of its high solubility and better stability than H 2 O 2 , persulfate has been used as a
	potential source of SO 4 •-for remediation of contaminated water and soil.

Table 1

 1 

		-1 Standard potential of oxidants	
	oxidant	E o (V)	Oxidant	E o (V)
	F 2	3.06	HClO 4	1.63
	HO •	2.80	ClO 2	1.50

1.3.3 Activated S 2 O 8 2-by iron to produce SO 4 •-

  

	simple and easily operated. It is low energy consumption and does not need harsh
	reaction conditions. The mechanism of SO 4 •-formation through transitional metal
	activation is shown in R1-6 and R1-7 [ 118 ]. Fe 2+ is used most widely in the activation
	of persulfate, because Fe 2+ is cheap, non-toxic and easily to find in natural
	surroundings.																							
	S	2	8 O	2	-	+		M	n	+		→	M	(	n	+	1	+ )	+	4 SO	•	-	+	2 4 SO	-	(R1-6)
			4 SO	•	-	+		M	n	+	→	M	(	n	+	+ ) 1	+	2 4 SO	-	(R1-7)
	Liang et al. [ 119 ] investigated the removal of groundwater contaminant such as
	trichloroethylene (TCE) by SO 4 •-. Fe 2+ was used as an activator under various molar
	ratios of S 2 O 8 2-/Fe 2+ /TCE in an aqueous system. It confirmed that Fe 2+ played an
	important role in generating SO 4 •-and the rapid conversion of all Fe 2+ to Fe 3+ limited
	the ultimate oxidizing capability of the system. Ji et al. [ 120 ] investigated the Fe(II)
	activated decomposition of S 2 O 8 2-, as a potential in situ chemical oxidation (ISCO)
			SO 4	•	-	+		OH	-	→	SO 4	2	+	HO	•	(R1-5)
	The activation of persulfate that by transitional metal to produce sulfate radical is
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 1 2 The current distribution of 4-t-BP in China

	Waters	Concentration	Reference
	Jiaozhou Bay	water: <LOD -28.0 ng L -1	M.Z. Fu, 2007 [136]
		sediment: <LOD -4.2 ng g -1	
	Rivers around Jiaozhou Bay	water: 10.5 -329.8 ng L -1	
	(Baisha River, Moshui		
	River, Licun River, et al.)	sediment: <LOD -7.8 ng g -1	
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 1 3 The current distribution of 4-t-BP in foreign countries

	Waters	Concentration	Reference

  Japanese paddy soils. The results showed that the half-life of 4-t-BP in aerobic condition was approximately 8 days and there was no degradation of 4-t-BP after 224 days in anaerobic condition.Ogata, et al. [ 149 ] studied the removal of 4-t-BP by duckweeds in water. In this study, 4-t-BP was removed from water from four different environments in the presence of Spirodela polyrrhiza, giant duckweed, but 4-t-BP persisted in the natural waters in the absence of S. polyrrhiza. Also, 4-t-BP was not removed from autoclaved pond water with sterilized S. polyrrhiza. These results

	biodegradation and advanced oxidation degradation according to the removal
	mechanism.
	Shibata, et al. [ 148 ] investigated the microbiological degradation of phenol and
	some of its alkyl-derivatives (p-cresol, 4-n-propylphenol, 4-i-propylphenol, 4-n-
	butylphenol, 4-sec-butylphenol, 4-t-butylphenol and 4-t-octylphenol). The
	experiments were performed under both aerobic and anaerobic conditions in seven

4-t-BP researches were concentrated in toxicity and monitoring methods [ 146 -147 ]. The research on 4-t-BP degradation was relatively less significant. However, there were many researches on the degradation of other alkylphenols (such as nonylphenol and octylphenol). The removal technologies could be divided into physical adsorption, suggested that the 4-t-BP removal from the natural waters was caused by biodegradation stimulated by the presence of S. polyrrhiza rather than by uptake by the plants. Under the optimum condition, it took 15 h to achieve complete removal of 4-t-BP. Církva, et al.

Table 2

 2 

	-1. All reagents

  NaH 2 PO 4 /Na 2 HPO 4 buffer: 5.75 g NaH 2 PO4 and 1.14 g Na 2 HPO 4 were dissolved and diluted to 500 ml by adding an appropriate volume of Milli-Q water.

	Milli-Q water and then stocked in the fridge. volume of Milli-Q water.
	(6) K 2 S 2 O 8 stock solution (10 mM) (13) Buffers
	0.1352 g K 2 S 2 O 8 was diluted to 50 ml by adding an appropriate volume of Milli-Q water and then stocked in the fridge. (7) Fe(II) stock solution (1.0 mM) pH = 7.0 pH = 5.5 CH 3 COOH/CH 3 COONa buffer: 4.10 g CH 3 COONa and 1.0 mL
	1) 4-t-BP stock solution (2 mM)
	0.0980 g (NH 4 ) 2 Fe(SO 4 ) 2 •6H 2 O was diluted to 250 ml by adding an appropriate CH 3 COOH were dissolved and diluted to 250 ml by adding an appropriate volume of
	0.15 g 4-t-BP was diluted to 500 ml by adding an appropriate volume of Milli-Q
	volume of Milli-Q water. Fe(II) stock solution was newly prepared every time when it Milli-Q water.
	water and then magnetic stirring was used for several hours to make 4-t-BP
	was needed. The pH was 2.5.
	(10) Na 2 EDTA stock solution (10 mM)
	0.3722 g Na 2 EDTA was diluted to 100 ml by adding an appropriate volume of
	Milli-Q water.
	(4) 2-Propanol stock solution (100 mM) (11) Peroxidase stock solution
	0.765 ml 2-Propanol was diluted to 100 ml by adding an appropriate volume of 0.003 g peroxidase was dissolved and diluted to 50 ml by adding an appropriate
	Milli-Q water and then stocked in the fridge. volume of Milli-Q water.
	(5) t-BuOH stock solution (100 mM) (12) TAOH stock solution (1 mM)
	0.949 ml t-BuOH was diluted to 100 ml by adding an appropriate volume of 0.0152 g TAOH was dissolved and diluted to 100 ml by adding an appropriate

completely dissolved in water. It was stored avoid light. The concentrations of 4-t-BP used in all experiments in this study were 50 μM.

(2) Fe(III)-EDDS stock solution (5 mM) 50 mL of 10 mM EDDS solution and 50 mL of 10 mM Fe(ClO 4 ) 3 • 9H 2 O were mixed together and formed Fe(III)-EDDS complex stock solution 100 ml. The stock solution can be stored and is stable for four days.

(3) H 2 O 2 stock solution (100 mM) 1.02 ml H 2 O 2 (30% , ρ = 1.11 g/cm

3 

) was diluted to 100 ml by adding an appropriate volume of Milli-Q water. It was stocked in the fridge. (8) Ferrozine stock solution (4 mM) 0.0985 g Ferrozine was diluted to 50 ml by adding an appropriate volume of Milli-Q water. (9) Eluent A used in the detection of Fe(III)-EDDS The eluent was the mixed solution of TBA-HS (2 mM) and HCOONa (15 mM) and the pH was adjusted to 4.0.
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	Table 2-2 The experimental parameters of UV-visible spectrophotometer
	Parameters	UV-visible spectrophotometer
	Model	Cary 300, Varian, USA
	Detection wavelength range	200-800 nm
	Precision of wavelength	1.0 nm
	Scanning time	1.0 min
	Chapter 3

  • and 4-t-BP was measured by competition kinetics with 2-propanol, a compound of known reaction rate constant with HO • . The degradation efficiencies of 4-t-BP in the presence of different concentrations of 2-propanol were shown in Figure3-12. H 2 O 2 (1.0 mM) photolysis was used as source of HO • , which would induce the following main reactions (R3-17 to R3-20) in the system containing both 2-propanol and 4-t-BP.
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  To elucidate the effect of H 2 O 2 concentrations on the 4-t-BP degradation, a series of experiments were conducted using Fe(III)-EDDS 1 mM and different concentrations of H 2 O 2 (from 100 μM to 2 mM). As shown in Figure4-3, 4-t-BP removal in terms of initial degradation rate (R 4-t-BP ) increased from 100 to 700 μM of H 2 O 2 and slowly decreased for higher H 2 O 2 concentrations in Fenton-like process.

						3 × 10 -3	1.10 × 10 -15
	4.3 Effect of H 2 O 2 concentration
	Huang et al. [100] reported a similar degradation rate variation under various H 2 O 2
	concentrations.							
	This was mainly due to the high concentration of H 2 O 2 which reacted with the
	HO • (R4-2) [177] as a quencher of HO • . Therefore, 4-t-BP degradation was
	suppressed when the H 2 O 2 concentration was higher than 700 μM.
	HO	H	2	O	2	HO	2	H	2	O
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	-1Hydroxyl radical steady-state concentration as a function of Fe(III)-EDDS
	concentration in photo Fenton-like experiment
	[Fe(III)-EDDS] (M)	[HO • ] ss (M)
	2 × 10 -5	4.38 × 10 -14
	5 × 10 -5	9.88 × 10 -14
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 6 [START_REF] Wu | Toward a Better Understanding of Fe(III)-EDDS Photochemistry: Theoretical Stability Calculation and Experimental Investigation of 4-tert-Butylphenol Degradation[END_REF] The k 1 of 4-t-BP degradation in different reaction condition Fe(II) activation of S 2 O 8 2-(R6-1) was the main source of SO 4 •-in this experiments and the 4-t-BP degradation rate was much higher. However, beside the production of SO 4 •-, Fe(II) was also the scavenger of SO 4 •-(R6-3) [180]. So Liang et al.[124] reported the molar ratio between Fe(II) and S 2 O 8 2-should be controlled lowly, otherwise Fe(II) would turn to the SO 4 •-quencher. This is the reason for the low concentrations of Fe(III)-EDDS and Fe(III) which we used in the study.

	4-t-BP+S 2 O 8 2-2-+UV +Fe(III) 4-t-BP+S 2 O 8 4-t-BP+S 2 O 8 2-+Fe(III)-EDDS
	4-t-BP+S 2 O 8 2-+Fe(III)+UV
	4-t-BP+S 2 O 8	2-+Fe(III)-EDDS+UV

  at pH 4.0, 6.0 and 8.6 respectively. However, the amount of soluble Fe(II) could decrease due to the formation of FeOH + complexes when the pH value is higher than 4.0 [ 188 ]. It would hinder the further reaction between Fe(II) and S 2 O 8 2-.

	and 0.10 In summary, according to the results in this section UV/Fe(III)-EDDS/S 2 O 8 2-
	1.2x10 -7 1.2x10 -7 system was superior to UV/Fe(III)/S 2 O 8 2-system on the performance of 4-t-BP 4-t-BP+S 2 O 8 2-+Fe(III)-EDDS 4-t-BP+S 2 O 8 2-+Fe 3+
	1.0x10 -7 1.0x10 -7 degradation. Subsequently, the UV/Fe(III)-EDDS/S 2 O 8 2-process would be further
	4-t-BP (M s -1 ) investigated.	6.0x10 -8 8.0x10 -8 6.0x10 -8 8.0x10 -8							
	R								
		4.0x10 -8 4.0x10 -8							
		2.0x10 -8 2.0x10 -8							
		0.0 0.0							
		2 2	3	4 4	5	pH	6 6	7	8 8	9
	Figure 6-3 Effect of pH value on the initial degradation rates of 4-t-BP
	The rapidly decreased R 4-t-BP in the neutral and alkaline media might result from
	the precipitation of ferric ions in UV/Fe(III)/S 2 O 8 2-system. The precipitation of ferric
	ions occurs when pH> 4.0 [ 186 ]. But for Fe(III)-EDDS complex, it is much more stable
	than ferric ions in the neutral and alkaline media [ 187 ]. So the decreasing of R 4-t-BP was
	relatively slow in UV/Fe(III)-EDDS/S 2 O 8 2-process. In our previous study, the
	quantum yield of Fe(II) formation (	Fe(II) 400nm 290 f, Φ -	) under the irradiation of Fe(III)-EDDS
	was estimated at pH 4.0, 6.0 and 8.6. Obtained values for	Fe(II) 400nm 290 f, Φ -	are 0.09, 0.11
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 6 4 •-transient decay in different 4-t-BP concentrations were shown in Table 6-2. 2 The k' of SO 4 •-decay in different reaction condition

	[4-t-BP] (mM)	k' (s -1 )
	0	3.30×10 4 ±5.31×10 3
	0.1	4.31×10 5 ±1.80×10 4
	0.2	9.77×10 5 ±4.02×10 4
	0.3	1.53×10 6 ±6.60×10 4
	0.4	1.72×10 6 ±7.26×10 4
	0.6	2.68×10 6 ±1.23×10 5
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	[2-Propanol] (mM)	k (s -1 )
	0	6.10×10 4 ±4.80×10 3
	6.67	7.30×10 5 ±4.50×10 4
	13.3	1.08×10 6 ±3.60×10 4
	20.2	1.56×10 6 ±4.20×10 4
	26.7	1.93×10 6 ±5.40×10 4
	33.4	2.40×10 6 ±7.50×10 4

3 

The k of SO 4 •-decay in different reaction condition
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 6 4 k 2-propanol, SO4•-obtained in different pH value

	pH	k 2-propanol, SO4•-(M -1 s -1 )
	2.5	7.82×10 7 ±4.29×10 6
	4.5	7.42×10 7 ±2.55×10 6
	6.3	7.83×10 6 ±4.30×10 6

6.5.3 k t-BuOH, SO4•-
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 6 5 k t-BuOH, SO4•-obtained in different pH value In this study, S 2 O 8 2-was chemically activated by Fe 2+ to form SO4 •-, and SO4 •- could react with water to yield HO • , which could be expressed by R6-9 and R6-10 [ 200 -201 ].

				pH						k t-BuOH, SO4•-(M -1 s -1 )
				2.5						8.93×10 5 ±2.32×10 4
				4.5						8.31×10 5 ±3.35×10 4
				6.5						8.48×10 5 ±1.51×10 4
	6.6 Sulfate radical identification							
	SO	•	-	+	H	O	SO	2	+	HO	•	+	H	+

3).

Laser flash photolysis experiment

The laser flash photolysis (LFP) experiments were performed to determine the second-order rate constants for the reactions between 4-t-BP and SO 4 •-(k 4-t-BP, SO4•-), 2-Propanol and SO 4 •-(k 2-Propanol, SO4•-), t-BuOH and SO 4 •-(k t-BuOH, SO4•-). The experiments were carried out using the fourth harmonic (λ exc = 266 nm) of a Quanta Ray GCR 130-01 Nd:YAG laser system instrument, used in a right-angle geometry with respect to the monitoring light beam. The single pulse duration was 9 ns with an energy of ∼40 mJ/pulse. The transient absorbance at the preselected wavelength was monitored by a detection system consisting of a pulsed xenon lamp (150 W), monochromator, and a photomultiplier (1P28). A spectrometer control unit was used for synchronizing the pulsed light source and programmable shutters with the laser output. The signal from the photomultiplier was digitized by a programmable digital oscilloscope (HP54522A). A 32 bits RISC-processor kinetic spectrometer workstation was used to analyze the digitized signal. The structure of the LFP device was shown in Figure 2-3.

Effect of Fe(III)-EDDS concentration

The degradation of 4-t-BP using different Fe(III)-EDDS concentrations was performed with the following initial concentrations: hydrogen peroxide 500 µM and Fe(III)-EDDS from 100 µM up to 3 mM. As shown in Figure 4-3, the highest degradation efficiency of 4-t-BP was performed when the Fe(III)-EDDS concentration was 1 mM in Fenton-like process. 

In this chapter, Fe(III)-EDDS was used to activate S 2 O 8 2-under UV irradiation.

The effect of irradiation time, pH, Fe(III)-EDDS concentration and S 2 O 8 2- concentration on the photodegradation performance of 4-t-BP under UV light irradiation (300 nm < λ < 500 nm) was investigated. The second-order reaction rate constant of the reaction between 4-t-BP and SO 4 •-was also evaluated for the first time by laser flash photolysis. 

Degradation kinetics of 4-t-BP

General conclusions

In this study, the advanced oxidation processes based on Fe(III)-EDDS were investigated. It included four processes as follow: photochemical process of Fe(III)-EDDS, Fenton-like process with Fe(III)-EDDS, photo Fenton-like process with